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We investigated the variations in the magnetic field distribution and power transmission efficiency, resulting from changes in the
relative positions of the transmitting and receiving coils, for electromagnetic induction-type wireless power transmission using an
elliptical receive coil. Results of simulations using a high-frequency structure simulator were compared to actual measurement
results. The simulations showed that the transmission efficiency could be maintained relatively stable even if the alignment
between the transmitting and receiving coils was changed to some extent. When the centre of the receiving coil was perfectly
aligned with the centre of the transmitting coil, the transmission efficiency was in the maximum; however, the degree of
decrease in the transmission efficiency was small even if the centre of the receiving coil moved by ±10mm from the centre of
the transmitting coil. Therefore, it is expected that the performance of the wireless power transmission system will not be
degraded significantly even if perfect alignment is not maintained. Animal experiments confirmed good ECG signals for the
simulation conditions. The results suggested a standardized application method of wireless transmission in the utilization of
wireless power for implantable sensors.

1. Introduction

Inductively coupled wireless power transmission, which uses
the electromagnetic induction between two coils, is being
increasingly applied in medical electronic devices [1, 2].
Recently, the requirement for electronic devices that are
much smaller in size than the conventional pacemakers or
cochlear implants, such as microneural stimulators or more
compact integrated implantable devices for the long-term
acquisition of cranial nerve signals, has been increasing [3].
As the size of the implantable smart device becomes smaller,
the size of the coil for power transmission must be reduced.
The realization of an efficient coil structure within a limited
area and volume is thus an important task in wireless power
transmission [4].

Although various wireless power transmission technolo-
gies have been developed so far, they have not yet been com-
mercialized, except for some noncontact induction coupling

methods. In the past, some studies had used microwaves at
5.8GHz to transmit large powers of several tens of watts or
more; however, they have not yet been commercialized
actively owing to their effects on the human body and their
directivity because of the use of high-efficiency antennas.
However, wireless power transmission system is used in the
body despite the dangers of electromagnetic waves, and there
are a number of development and progress in the medical
field [5, 6].

Wireless charging using magnetic induction has been
performed successfully over short distances of a few millime-
ters, and it is possible to use a small-sized device of 3W or
less, and it is known that it can be applied to the human body
by using relatively low energy. However, the charging effi-
ciency is extremely low due to the short-receiving distance
and a large amount of heat [7, 8]. The purpose of this study
is to develop a wireless sensor that can be used in the human
body and its application to wireless electrocardiogram (ECG)
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technology. The wireless ECG sensor is a power supply
method by the wireless power transmission through electro-
magnetic induction between a pair of coils.

In the wireless power transmission system in this
study, the two coils generate induced current to transmit
power. The transmitting coil and receiving coil form a
pair, and the electromotive force induced in the receiving
coil by the magnetic field generated when current is supplied
to the transmitting coil supplies DC power to the circuit
connected to the receiving coil. In this study, we evaluate
the theoretical considerations of a wireless power trans-
mission system and the power transmission characteristics,
through simulations.

2. Experiments and Results

2.1. SystemMode. The magnetic field is analysed according to
the size and shape of the transmitting and receiving coils. The
magnetic field in the gap between the transmitting and
receiving coils and the induced current and voltage in the
receiving coil are evaluated. For this, computer simulations
are performed using the finite element method (FEM). Gen-
erally, when using electromagnetic induction for wireless
power transmission, the transmit coil (L1) and receive coil
(L2) both use the capacitance to simulate the L–C resonance.
A capacitance C1 is connected in series to L1, and a capaci-
tance C2 is connected parallel to L2. R1 and R2 represent the
total resistance in the transmit and receive coils and circuit
(Figures 1(a) and 1(b)). The two circuits are magnetically
coupled and appear as a coupling coefficient that normalizes
the mutual inductance or the mutual inductance to the
inductance of each coil. The power transfer efficiency and
the power delivered to the load of the receiving circuit can
be calculated.

The two circuits are magnetically coupled, and their
connection is represented by the mutual inductance (L12)
or the normalized coupling coefficient (k) given by mutual
inductance to the inductance of each coil (Figure 1(a)).

k = L12
L1L2

1

In general, the power transfer efficiency (η), which is
widely used when expressing the power transfer perfor-
mance, is defined as follows:

η = PL

PS
2

The power PL transmitted to the load of the receive cir-
cuit can be obtained as follows:

PL =
V2

pk

2RL
3

2.2. FEM Modelling. The high-frequency structure simulator
(HFSS) of ANSYS Company, which is a specialized software
for the finite element analysis of electromagnetic fields, is
used. The HFSS can be used to simulate electromagnetic
fields and electronic circuits in all frequency domains; hence,
it is possible to simulate the electromagnetic field generated
by the coil even when a coil for radio power transmission is
connected to the L–C resonance circuit. In the simulations,
the phenomenon, wherein the transmit and receive coils
resonate at 13.56MHz, and the distributions of the magnetic
fields, formed inside the transmit and receive coils, are exam-
ined. In addition, when a specific current is inputted to the
transmit coil, the distance between the transmit and receive
coils and the alignment between the transmit and receive
coils are used to evaluate the voltage and electric power in
the receive coil. The conditions used in the simulations are
as follows:

(1) A wire with a circular cross-sectional diameter of
0.5mm requires a long time for the generation of
meshes and simulations for the FEM. The circular
cross-section can therefore be converted to a rect-
angular cross-section with the same area, to model
the wire as a rectangle of 0.44mm length.

L12
C1 R1

L1U1 L2 C2 RL U2

R
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C1 R1
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Figure 1: Wireless power transmission system. (a) Circuit in which the transmit coil (L1) and the receive coil (L2) are combined (top), an
equivalent circuit of the transmit/receive coil (L1–L2) (bottom). (b) A circular transmit coil (Tx coil, top) and an elliptical receive coil (Rx
coil, bottom).
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(2) The transmit coil (Tx coil) is modelled 5th wind-
ing form with a 5 cm round coil, and the receive
coil (Rx coil) is modelled 5th winding by an ellip-
tical coil with a major axis of 3 cm and a minor
axis of 0.7 cm. In the figure below, orange repre-
sents the transmit coil and yellow the receive coil
(Figure 2(a)).

(3) While determining the size of the space for simula-
tion, increasing the boundary of the magnetic field
intensity and inductance value at a specific position,
so that even if the boundary is increased, there is no
change in the value of the magnetic field strength
and inductance. The convergence point is set to the
optimal boundary satisfying both efficiency and accu-
racy. As shown in the following figures, the size of
500mm is determined suitable for the total system
size to be simulated (Figure 2(b)).

(4) A two-port model of the selectable options in HFSS
was adopted to add a capacitor to resonate at
13.56MHz with both the transmit and receive coils.
After calculating the resonance capacitance from
f = 1/2π LC to C = 1/ 2πf 2L, the capacitance value
was changed slightly based on the calculated value,
and the exact capacitance value was found for the
desired resonance frequency.

When a specific current value is inputted to the transmit
coil, the distance between the transmit and receive coils and
the alignment between the transmit and receive coils are used
to evaluate the voltage and electric power in the receive coil
(Figure 2(c)).

2.3. Simulation and Verification of ECG Sensor. The distri-
bution of the magnetic field (H-field) when an AC current
at 13.56MHz is applied to the transmit coil and the

(a)
Va

lu
e o

f H
 fi

el
d

Dis_boundary (mm)
100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

0.00E + 00

5.00E − 01

1.00E + 00

1.50E + 00

2.00E + 00

2.50E + 00

(b)

−40

−35

−30

−25

−20

−15

−10

−5

0

S-
pa

ra
m

et
er

 (d
B)

Freq (MHz)

−40

−35

−30

−25

−20

−15

−10

−5

0

11 12 13 14 15 16 11 12 13 14 15 16

S-
pa

ra
m

et
er

 (d
B)

Freq (MHz)

dB (S(1,1)) []
dB (S(2,1)) []

dB (S(2,1)) []
dB (S(1,1)) []

(c)

Figure 2: (a) Modelling transmit coil (orange) and receive coil (yellow). (b) Convergence test for the magnetic field strength when the
size of the system simulation is increased. (c) Resonance confirmation at 13.56MHz for transmit (orange) coil (left) and receive
(yellow) coil (right).
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receive coil is located at a certain distance away from the
z-axis. The results of calculating the power transmission
efficiency according to the relative positions of the trans-
mit/receive coils as well as the magnetic field formed are
shown in Figure 3(a).

The change in the magnitude of the magnetic field in the
case where the centres of the receive coil and transmit coil are
perfectly aligned (misalignment is zero); the transmission
coil is shifted 5mm in the major axis direction of the ellipse
until it becomes 25mm. The change in the power transmis-
sion efficiency when the receive coil is moved in the major
axis direction and the alignment turn aside. At this time,
the distance between the transmit and receive coils in the z-
axis direction is fixed to 5mm. In a perfectly aligned state,
the transmission efficiency is approximately 1.85%, and the
transmission efficiency is decreased as the degree of misalign-
ment increases. However, there is no significant difference in
the transmission efficiency until the alignment is changed by
approximately 10mm (Figure 3(b)).

The change in the magnetic field when the alignment is
changed by moving the transmit coil by 0mm to 25mm in
the minor axis direction of the ellipse is shown in
Figure 4(a). There is a change in the power transfer
efficiency when the receive coil is moved in the uniaxial
direction. The distance in the z-axis direction between the

transmit and receive coils is fixed at 5mm, and the trans-
mission efficiency is the highest in a perfectly aligned state.
As the degree of misalignment increases, the transmission
efficiency should decrease. However, it can be seen that
there is no significant difference in the transmission effi-
ciency (Figure 4(b)).

AC current at 13.56MHz is supplied to the transmit
coil, and the distributions of the magnetic field are observed
when the receive coil is located at a certain distance away
from the z-axis. When the distance between the coils is
5mm, the transmission efficiency is approximately 2.74%.
The maximum transmission efficiency is obtained at the
resonance frequency of the transmit/receive coil, and the
transmission efficiency is lower at frequencies other than
the resonance frequency. There is a change in the magni-
tude of the magnetic field in the case where the centres of
the receive coil and transmit coil are perfectly aligned (mis-
alignment is zero). The transmit coil is shifted 5mm in the
long-axis direction of the ellipse until it becomes shifted by
25mm. The change in the power transmission efficiency
when the receive coil is moved along the long-axis and
short-axis directions and the alignment turn aside. At this
time, the distance between the transmit and receive coils
in the z-axis direction is fixed at 5mm. In a perfectly
aligned state, the transmission efficiency is approximately
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Figure 3: (a) Distribution of magnetic field formed when 13.56MHz alternating current flows through the transmitting coil: (left) contour
plot, (right) vector plot. (b) Changes in power transmission efficiency with increase in distance between transmit and receive coils (left)
and frequency (right).
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1.85%, and the transmission efficiency should decrease as
the degree of misalignment increases. However, there is
no significant difference in the transmission efficiency until
the alignment is changed by approximately 10mm. The
transmit coil has the highest transmission efficiency in the
perfectly aligned state, because of the change in the mag-
netic field when the alignment is changed by moving from
0mm to 25mm in the minor axis direction of the ellipse. It
can be seen that there is no significant difference in the
transmission efficiency until the alignment is shifted by
approximately 15mm.

In order to verify the wireless power transmission
observed in the simulations, we performed actual experi-
ments. In the experiments, a circular transmit coil with a
diameter of 5 cm and an elliptical receive coil with a long
axis/short axis of 30mm/7mm were fabricated. Both the
transmit and receive coils were coated with copper wire hav-
ing a diameter of 0.5mm, and the number of turns of the
coils was set to 5. The inductance of the fabricated coil was
measured as 2.8μH for the transmit coil and 0.6μH for the

receive coil. The resonant capacitance used to resonate the
transmit and receive coils at 13.56MHz was 37 pF and
228 pF, respectively (Table 1).

When the distance between the transmit and receive coils
was 5mm, the voltage of the receive coil (using 1 kΩ) was
7.3V, the power was 26.6mW, and the power transmission
efficiency was 3.6%. When the distance between the coils
was 20mm, the voltage, power, and transmission efficiency
at the receive coil were 4.8V, 11.5mW, and 1.5%, respectively.
If the actual load (IC chip of various amplifiers), to which
the receive coil will transmit power, requires 3.3V DC
operating power, when the input exceeds 4.8V, the 3.3V
DC voltage can be generated sufficiently if a full-wave rec-
tifier is used to convert the induced AC voltage to DC
voltage. In other words, if we use the same coils as those
used in this measurement, the transmit and receive coils
will be able to supply enough voltage and power even
when they are 2 cm apart.

An experiment in which the voltage value obtained at the
receive coil is measured while the distance between the coils
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Figure 4: (a) When the alignment between the transmit coil and receive coil is different in the long-axis/short-axis direction of the receive
coil. (b) The power transmission efficiency.

Table 1: Power transmission efficiency.

Distance (mm) Vp (V) VR_Tx (V) Is (A) Ps (W) PL (W) Power efficiency (%)

5 7.3 1.46 0.146 0.73 0.026645 3.65

10 6.7 1.48 0.148 0.74 0.022445 3.033108108

15 5.9 1.52 0.152 0.76 0.017405 2.290131579

20 4.8 1.56 0.156 0.78 0.01152 1.476923077

25 3.28 1.6 0.16 0.8 0.005379 0.6724

30 2.8 1.62 0.162 0.81 0.00392 0.483950617

35 2.3 1.62 0.162 0.81 0.002645 0.32654321

40 1.84 1.6 0.16 0.8 0.001693 0.2116

45 0.82 1.62 0.162 0.81 0.000336 0.041506173

50 0.85 1.62 0.162 0.81 0.000361 0.044598765
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is changed, while maintaining the input to the transmit coil
constant using the transmit/receive coil, was conducted.
The results of measuring the voltage and power were
obtained from the receive coil according to the distance
between the coils. The power transmission efficiency was
calculated as described in (2) and (3) (Figure 4(b)):

Transmission efficiency (η(%)) = (PL/PS) ∗ 100.
Power at the load of the receiving coil (PL) = (“Vpk)2”/
2RL.
Power in the transmit coil (Ps) =Vs ∗ Is.

2.4. In Vivo Model Validation. Fifteen healthy adult male
Sprague-Dawley rats weighing 380–460 g were implanted
with ECG sensors, which were activated. After inserting
sensors between the peritoneal epithelium and the skin, the
surgical site was allowed to heal for a period of approximately
4 weeks. The experiments were performed in accordance
with the guidelines outlined in the Declaration of Helsinki
and were approved by the Ethic Committee of Keimyung
University (Approval number, KM-2015-20R1). The wire-
less power system received signals from the sensor con-
taining the ECG electric power supply, to transmit to an
external monitor via Bluetooth. The display system consisted
of an ECG signal output using a smartphone (Figure 5). The
transplanted ECG sensor showed a normal signal and
confirmed that the experimental animal showed a pattern
similar, less than 5% difference, to the simulation result of
the wireless transmission in the fixed state.

3. Discussion

As the population ages and the welfare is increased, studies
on the implantable medical devices are actively being carried
out, and products providing more various functions are
being released. On the other hand, the power consumption
of the human implantable medical device is increasing due
to the various functions, and thus the primary battery alone
does not provide sufficient power. This study investigated
the efficiency of wireless power transmission system using
magnetic induction method. We confirmed the efficiency of
ECG sensor power transmission through computer modeling
and applied it to an animal model using a rat to check the
applicability of the human body using a magnetic induction
wireless power transmission system. As the required func-
tions of the implantable device are diversified, the power

use time is reduced, and the cycle of reoperation for power
source replacement is shortened, so that additional cost bur-
den and physical and psychological burdens are increased.
The development of a sustainable power module that reduces
the cost and psychological burden of these additional surger-
ies is an indispensable elemental technology that enables
more functional implementation of medical devices for
human implantation.

Recently, the human implantable medical device market
is rapidly growing due to population aging and welfare poli-
cies. Implantable medical devices have been increasingly
applied to various disease treatment fields in order to assist
human weak functions, and power modules have become
increasingly necessary for active treatment through devices.
As the wireless power transmission technology has been
actively studied, many attempts have been made to apply a
method using an electromagnetic wave such as electromag-
netic induction technology or magnetic resonance method
commercialized in an electronic product to a human body
insertion device. However, the low-frequency electromag-
netic wave has a low absorption rate in the human body,
the transmission distance is short, and electromagnetic waves
of high frequency have a large absorption rate in the human
body, which causes a rise in temperature of skin tissues and
which limits the application [9, 10].

The magnetic induction type wireless transmission sys-
tem used in this study receives electric induction between
the transmitter coil and the receiver coil. When a magnetic
field is generated in the transmitter coil, the receiver coil
receives the magnetic field and induces the electric power.
In this method, the transmission efficiency is as high as
90% or more, but the transmission distance is very short as
several millimeters, and if the centres of the coils are not
aligned with each other, the transmission efficiency is greatly
reduced. However, it is known that the safety and efficiency
compared to the magnetic resonance method and the elec-
tromagnetic wave method are the most suitable to be
applied to the medical field so far. The results of this study
can be used as a model for the power transmission system
such as human transplantation sensor using the magnetic
induction method. A limitation of the present study did not
reflect the movement of animals for in vivo transplantation.
In order to efficiently apply the results of this study, it is
necessary to verify the wireless power transmission efficiency
for sensor movement.

Skin

Abdominal muscles

Subcutaneous area

ECG sensor

Gateway

Figure 5: ECG sensor verification using in vivo model and wireless signal transmission.
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4. Conclusion

In the electromagnetic induction-type wireless power trans-
mission, the magnetic field distribution according to the rel-
ative positions of the transmit and receive coils and the
power transmission efficiency are very important. The results
of HFSS simulations using the ECG sensor were compared
with the actual measurement results. If the distance between
the coils was maintained less than 2 cm, the voltage that the
receive coil could deliver was more than 4.8V, and the trans-
mission efficiency was approximately 1.5%. Simulations
showed that the transmission efficiency could be maintained
relatively stable, regardless of the degree of alignment
between the transmit and receive coils; the results were veri-
fied using an animal model.
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