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Design and Development of Low-Loss Transformer
for Powering Small Implantable Medical Devices

Kenji Shiba, Member, IEEE, Akira Morimasa, and Harutoyo Hirano

Abstract—Small implantable medical devices, such as wireless
capsule endoscopes, that can be swallowed have previously been
developed. However, these devices cannot continuously operate
for more than 8 h because of battery limitations; moreover, addi-
tional functionalities cannot be introduced. This paper proposes
a design method for a high-efficiency energy transmission trans-
former (ETT) that can transmit energy transcutaneously to small
implantable medical devices using electromagnetic induction.
First, the authors propose an unconventional design method to
develop such a high-efficiency ETT. This method can be readily
used to calculate the exact transmission efficiency for changes in
the material and design parameters (i.e., the magnetic material,
transmission frequency, load resistance, etc.). Next, the ac-to-ac
energy transmission efficiency is calculated and compared with
experimental measurements. Then, suitable conditions for prac-
tical transmission are identified. A maximum efficiency of 33.1%
can be obtained at a transmission frequency of 500 kHz and a
receiving power of 100 mW for a receiving coil size of 5 mm 20
mm. Future design optimization is possible by using this method.

Index Terms—Capsule endoscope, energy transmission, im-
plantable medical device, magnetic material, transmission
efficiency.

I. INTRODUCTION

R ECENTLY, various types of implantable medical devices,
such as a wireless capsule endoscope and a nerve stimu-

lator have been developed [2]–[17]. The M2A [2]–[12] (Given
Imaging Ltd.), commercially released in 2001, is a wireless cap-
sule endoscope that is 26 mm long and 11 mm in diameter. The
Endo Capsule [17] (Olympus Corp.), which is of the same size,
was released in 2005. These capsule endoscopes capture images
at 2 frames/s for 8 h using internal batteries. However, other op-
tional functions for capsule endoscopy are necessary, such as
sampling or spraying medicine [18]. And if these optional func-
tions are included in a capsule endoscope, its working time re-
duces. Thus, some methods for supplying energy to a capsule
endoscope are needed.

Some researchers have studied the use of wireless energy
transmission systems for implantable medical devices. For ex-
ample, Neagu [19] designed a planar microcoil (air core type)
for implantable microsystems, and confirmed that a receiving
coil with a diameter of 4.5 mm can receive a few milliwatts.
Puers [20]–[22] designed an inductive power-link system for a
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wireless endoscope, and it became possible to transfer energy
up to 50 mW with an efficiency of 36% at a distance of 30 mm
(an efficiency of less than 10% at a distance of 70 mm). Mori-
masa [23] and Hirano [24] developed the air-core-type trans-
former for implantable medical devices, and their receiving coil
10 mm in diameter could receive 30 mW with an efficiency of
16% at a distance of 100 mm. In this research, however, mag-
netic material was not adopted and its loss was not considered.
To obtain more power and to increase energy transmission ef-
ficiency, the introduction of magnetic material into small im-
plantable medical devices is expected. Leuerer [25] developed
a planar coil with a magnetic layer for a telemetric system using
finite-element method (FEM) analysis, and 4–6 mW of energy
could be transferred to the 6-mm diameter receiving coil. How-
ever, FEM analysis is time-consuming and expensive, because
the designer must make and analyze each model with 2-D or
3-D software. Therefore, for a quick analysis of various types of
transformers using various types of magnetic materials at var-
ious frequencies, it is not an adequate method. Incidentally, an
energy transmission transformer (ETT) for an industrial instru-
ment has already been developed [26]–[29]. For example, Kim
et al. [26] transmitted about 40 W using a transmitting coil of
3 000 mm and a receiving coil of 2 500 mm at a transmission
distance of 3 mm. However, this conventional design method
does not consider small magnetic loss and it allows a compar-
atively large power loss because the industrial transformer is
available unless the magnetic material reaches magnetic satu-
ration. Moreover, an industrial transformer is allowed to have a
55–140 C increase in temperature, because there is no limit ex-
cept the Curie temperature of the magnetic core or the melting
temperature of the electrical insulator [30]. For a capsule endo-
scope or implantable medical device, the increase in tempera-
ture of various parts of the transformer must be in the range of
2 –5 at most [31].

In this paper, we propose a design method for the bconstruc-
tion of an ETT for small implantable medical devices. The de-
sign method includes new formulas that accurately express core
loss.

II. ENERGY TRANSMISSION SYSTEM

Fig. 1 shows the energy transmission system for implantable
medical devices. The power is transmitted transcutaneously by
electromagnetic induction between two coils, one placed inside
and the other outside the body. For a wireless capsule endo-
scope, the receiving coil must have the dimensions mm

mm [4]. The power consumption of a commercial capsule
endoscope is estimated at about 10–30 mW [16] and for op-
tional functions, such as self-propulsion and drug administration
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Fig. 1. Parts of an energy transmission transformer.

which are included, even greater power (20–900 mW) would be
necessary.

III. DESIGN THEORY FOR TRANSMITTING

AND RECEIVING COILS

To build a small, high-efficiency receiving coil, magnetic
material is desirable on the secondary-coil side. An accurate
equivalent circuit that can model the characteristics of a mag-
netic material is needed in cases where the shape, transmission
frequency, magnetic flux density, number of turns, etc., are
changed.

A. Equivalent Circuit of Transformer With Core Loss

To transmit a large quantity of power to implantable med-
ical devices, the transformer requires a resonance capacitance
with the inductance of the transmitting and receiving coils. Gen-
erally, the transmitting side (primary side) is a series resonant
circuit, and the receiving side (the secondary side) is a series
resonant circuit or a parallel resonant circuit. Fig. 2(a) shows
the equivalent series resonant circuits for the ETT, and Fig. 2(b)
shows a parallel resonant circuit. In these circuits, , and ,

and , and , and , and , , ,
and and represent, respectively, the angular frequency,
input and output voltages, transmitting and receiving coil resis-
tances, transmitting and receiving coil inductances, resonant ca-
pacitances, equivalent series resistances of the resonant capaci-
tances, mutual inductance, load for the implantable medical de-

Fig. 2. Equivalent circuits of the energy transmission system. (a) Series reso-
nant circuit. (b) Parallel resonant circuit.

TABLE I
MATERIAL AND DESIGN PARAMETERS OF THE TRANSFORMER

vice, and core-loss resistances. The circuit equation of Fig. 2(a)
is expressed by (1), shown at the bottom of the page. Then, the
resonant condition is expressed by

(2)

B. Elicitation Process of Core Loss

Core loss is equal to the sum of hysteresis loss and
eddy-current loss

(3)

and are expressed as

(4)

(5)

(1)
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TABLE II
EXPERIMENTAL CONDITIONS AND MAXIMUM EFFICIENCIES OF TYPE I–VII

where is the transmission frequency and is the maximum
magnetic flux density. It is known that ,
(there is sometimes a case where at a ferrite core),

, and (there is sometimes a case where at a
ferrite core) [32]. is proportional to the differential voltage
between the terminal voltage of the coil and coil resistance
voltage, , and inversely proportional to [33]

(6)

Therefore, is defined as follows:

(7)

where , , and are constants determined by the magnetic
material.

If is connected in parallel with as in Fig. 2, by (7),
is expressed by

(8)

Using , is expressed by

(9)

C. Core-Loss Resistance

In a series resonant circuit, if it is assumed that and are
constant, (8) is transformed as follows because the differential
voltage between the terminal voltage of the receiving coil and
voltage drop of the coil resistance is proportional to

(10)

where , . In a parallel resonant
circuit, (8) is transformed as follows because is nearly equal

Fig. 3. Measurement circuit for core-loss resistance.

to when the voltage drop of the secondary coil resistance is
smaller than

(11)

where , (there is
sometimes a case where at a ferrite core).

The material parameters (Table I) , , , , and ( , ,
, , and ) are proposed by the authors and determined by

a one-time measurement. Fig. 3 shows the measurement circuit
for the core-loss resistance. The current is applied to the mag-
netic coil (receiving coil with magnetic material or the trans-
mitting coil with magnetic material); then, the series resistance
and the reactance are measured by using equipment, such as a
power analyzer or a general-purpose oscilloscope. is calcu-
lated from the real part of the impedance by subtracting the coil
resistance. When measuring using Fig. 3, the supply voltage

in Fig. 3 has to be equal to the actual value of the terminal
voltage of the magnetic coil in Fig. 2. For the series resonant
circuit in Fig. 2(a), on the condition that and are con-
stant, the current flowing out of the magnetic coil corresponds
to . Therefore, the supply current in Fig. 3 has to be
equal to .

Likewise, for the parallel resonant circuit in Fig. 2(b), on the
condition that and are constant, the terminal voltage of
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the magnetic coil corresponds to . Therefore, the supply
voltage in Fig. 3 has to be equal to .

, , , , and in (10), or , , , , and in (11)
are measured as functions of the transmission frequency.

D. Elicitation Processes for Copper Loss and Capacitor Loss

The transmitting coil’s copper loss (the receiving coil’s
copper loss ) is defined as the product of and .

and are defined as follows because of the skin effect [34]:

(12)

(13)

where and are the number of wire turns and the radii, re-
spectively. , , and or , , and are the material
parameters (Table I) determined by the wire type. These mate-
rial parameters for a 1-m length of litz-wire are measured with
equipment, such as an LCR meter, as a function of the transmis-
sion frequency.

The losses in the primary-side and secondary-side resonant
capacitors and , respectively, are defined as the prod-
ucts of and , and and . The equivalent series re-
sistances for the resonant capacitors and are the ma-
terial parameters (Table I) determined by the material of the ca-
pacitor. and are measured as functions of the trans-
mission frequency using equipment, such as a general-purpose
LCR meter.

E. Self Inductance and Mutual Inductance

The analytical solution of the self-inductance is used in (1)
and (2). The self-inductance of the transmitting and receiving
coils can be calculated by a simplified numerical analysis [35].
When the calculation is very complex, depending on the layout
of the magnetic material, the self-inductance is calculated based
on a measured result. The self-inductance of a coil with mag-
netic material is defined as multiplication between the ap-
parent relative magnetic permeability and the self-inductance
of the coil without the magnetic material . The mutual induc-
tance between the transmitting and receiving coils can be
calculated by using Neumann’s law when considering the shape
or relative positions of the coils [35]. In order to calculate the
mutual inductance with magnetic material , the apparent rel-
ative magnetic permeability has to be derived by using the
onetime measured divided by the calculated (from Neu-
mann’s law) or the onetime measured .

F. Energy Transmission Efficiency

The energy transmission efficiency is expressed by

(14)

where is the output power, which is defined as divided by
, is the core loss of the receiving coil, is the trans-

mitting coil’s copper loss, is the receiving coil’s copper
loss, is the loss in the primary-side resonance capacitance,

Fig. 4. Arrangement of the two coils.

and is the loss in the secondary-side resonance capaci-
tance. In this paper, the ETT is optimally designed by maxi-
mizing the efficiency .

In the design process, first, the material parameters shown in
Table I are measured or specified, and then, the transmission
efficiency is optimized in terms of the design parameters defined
by the user for the given constraints by using (14). Table I shows
a list of candidate design parameters from which the user can
choose the necessary ones. The ETT can be designed on the
basis of the proposed design theory.

IV. DESIGN EXAMPLE OF THE TRANSMITTING

AND RECEIVING COILS

As an example, transmitting and receiving coils that are
wound with the same circumference were designed for the
case where , , and change. In this calculation, the output
voltage was set at 3 V, and and in Fig. 4.
The transmitting coils of types I–V had a diameter of 20
cm and a length of 3 cm [Figs. 1 and 5(a)]. The receiving
coils of types I–V had a diameter of 5 mm and a length
of 2 cm. In addition, the length of the coils and change due
to and . The number of wire turns per unit length and

were set at 75 turns/cm and 7.5 turns/cm, respectively.
The transmitting coils of types VI–VII comprised series-con-

nected double solenoidal coils [Fig. 1 and Fig. 5(b)]. Each
solenoidal coil had a diameter of 30–40 cm (ellipse) and a
length of 6 cm. The distance between the two coils was 20
cm. The receiving coils of types VI–VII had a diameter of
10 mm and a length of 2 cm. and for types VI–VII
were set at 4 turns/cm and 47.5 turns/cm, respectively.

A. Measurement of the Material Parameters

First, the material parameters in Table I were measured. The
prototype receiving coils of types I–V (Fig. 5) had 150 turns
of litz-wire (UEW wire, bundles of 15 wires of 0.03 mm)
wound around Material A (EPCOS AG, K1) or Material B (Hi-
tachi Metals Ltd., FINEMET). Material A is a cylindrical ferrite
core. Material B is a fivefold-thinner amorphous magnetic ma-
terial sheet (0.3-mm (thickness) 5) wound around a wooden
stick with a diameter of 2 mm. The prototype receiving coils of
types VI–VII (Fig. 5) had 95 turns of single-wire (UEW wire,

0.2 mm) wound around Material C (a thin amorphous mag-
netic sheet, 0.03 mm in thickness) wound around a wooden stick
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Fig. 5. Transmitting coil and receiving coil of (a) types I–V and (b) types
VI–VII.

Fig. 6. Measured results versus approximation of the core-loss resistance.

with a diameter of 2.5 mm. A wooden stick is used only to fasten
the thin amorphous magnetic sheet.

The core-loss resistances for the receiving coils were mea-
sured by using a power analyzer (Yokogawa Electric Corp.,
PZ4000) at transmission frequencies of 10 kHz to 1 MHz. Fig. 6
shows the measured values for Material A and an approxi-
mation fitted to (10) and (11) by the least-squares method (using
Mathematica 6.0). From the measured results, the material pa-
rameters for the core-loss resistance of Material A were
2.3, , , 1.0, 2.0,
0.1, , , 0.6, and
0.7. The material parameters for the core-loss resistances of Ma-
terials B and C are as follows: 5.3, ,

, 1.0, 2.0, ,
1.7, , 1.0, and 1.0 (Material B);
and , 6.9, , 2.0,
1.0, 4.4 , 1.8, 8.6 , 0.6,

0.7 (Material C).
Then, the resistance of the litz-wire (UEW wire; types I–V,

bundles of 360 wires of 0.05 mm for the transmitting coil and
bundles of 15 wires of 0.03 mm for the receiving coil; types
VI–VII, bundles of 798 wires of 0.05 mm for the transmitting

coil and single wires of 0.2 mm for the receiving coil) was
measured by using an LCR meter (HIOKI E. E. Corp., 3532-50).
The material parameters of the winding wire were

, , , ,
, and 1.7 (types I–V) and ,
, , ,

, and (types VI–VII).
The material parameters of the equivalent series resistances

of resonant capacitances and of types I–V were set
at 0.25 from the measurement results for the polypropylene
capacitor used (Evox Rifa, PHE450) at a transmission frequency
of 100 kHz. and for types VI–VII were, respec-
tively, set at 0.30 and 0.25 from the measurement results
for the polypropylene capacitor used ( : Evox Rifa, PHE450;

: NISSEI Electric, MPE1600J) at a transmission frequency
of 100 kHz.

The material parameter of the apparent relative magnetic per-
meability of types I–VII was 1.0 because the transmitting
coil had an air core. for Material A was found to be 18.0
from the measurement results H) obtained by
using an LCR meter (HIOKI E. E. Corp., 3532-50), along with
the calculated result H). was calculated by using
the Nagaoka coefficient [35] due to the solenoidal coil.
for Materials B and C was 20.07 and 6.19, respectively. These
values were calculated by one-time measurements.

for Material A in types I–V was calculated by using the
prototype transmitting and receiving coils, as described in Sec-
tion III-E. , , and were set at 10 cm, 0 cm, and 0 rad,
respectively. From the results— H and 98.0
nH— was calculated to be 18.1. for Materials B and C
in types I–VII was calculated by using a one-time measurement
of and . The measured value of for Materials B and
C is 20.2 and 10.7, respectively.

B. Calculations of the Transmission Efficiency, Core Loss, and
Copper Loss of Receiving Coil

The transmission efficiency of the type I (Material A) system
was calculated by using the material parameters in Section IV-A
for a series resonant circuit, 3 V, ,
100 mW, and 10 cm. The capsule endoscope must be
of a swallowable size. In addition, the terminal voltage of the
resonant capacitor must have a realistic value that is less than
the maximum voltage [37], [38]. Therefore, the limit is set as
follows:

mm (15)

(16)

The above equation sets the design conditions for the example
capsule endoscope.

Fig. 7 shows an example of the calculated results when
and change. The maximum efficiency was 24.5% at
20.0 mm and 477.1 kHz. The equation for the efficiency
is shown in Appendix B. Fig. 8 shows a partial differential of
the efficiency at 20 mm and 10 mm (example of a
downsized type I system). For 10 mm, is 0 at
627.5 kHz. For 20 mm, is 0 at 477.1 kHz. The
transmission frequency at which becomes 0 is the same
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Fig. 7. Calculated efficiency for type I.

Fig. 8. Calculated ����� for type I.

Fig. 9. Calculated core loss and copper loss for types I and IV.

as the optimal transmission frequency in Fig. 7. Thus, it is easily
possible to design an optimal transformer.

Then, the receiving coil’s core loss for types I and IV and
the receiving coil’s copper loss for type I were calculated
at transmission frequencies of 10 kHz to 1 MHz and a receiving
coil length of 20 mm. Fig. 9 shows the calculated results. The
core loss of types I and IV increased with the transmission
frequency above 100 kHz, and reached an approximate power
loss of 0.2 W at 1 MHz and 600 kHz, respectively. However,
the receiving coil’s copper loss for types I and IV was a
constant power loss of about 4 mW. The designer can easily
find that the core loss is 2–100 times as large as from
Fig. 9.

Fig. 10. Measurement circuit for efficiency.

C. Experimental Measurement of Transmission Efficiency

To validate this design method, an experimental measurement
of the transmission efficiency was conducted. Fig. 10 shows the
measurement circuit used. The transmitting and receiving coils
are shown in Fig. 5. The ac voltage output from a signal os-
cillator (Yokogawa Electric Corp., FG120) was amplified by
a high-speed amplifier (NF Electronic Instruments, 4025) and
transferred to the receiving coil by the transmitting coil through
air or saline. A metal-coated noninductive resistor (error of 1%)
was used as the load resistance , and was set at 3 V. The
energy transmission efficiency was measured at transmission
frequencies of 100–600 kHz (due to limitations in the measuring
equipment) in 100-kHz increments by using a power analyzer
(Yokogawa Electric Corp., PZ4000).

Fig. 11(a) shows the measured and calculated results for
10 cm and the type I (Material A, , 100
mW, with a series resonant circuit), type II (Material A,

, with a parallel resonant circuit), type III (Material A,
, 0.9 W, with a series resonant circuit),

type IV (Material B, , with a series resonant cir-
cuit), and type V (receiving coil of type I placed in saline water)
systems. Fig. 11(b) shows the measured and calculated results
of the efficiency of the type VI (Material C, ,

, with a series resonant circuit) and type VII (Ma-
terial C, , with a parallel resonant circuit) systems.

The maximum efficiency of types I, II, III, and IV are, respec-
tively, 33.1% at 500 kHz, 0.3% at 70 kHz, 9.9% at 300 kHz, and
19.5% at 400 kHz. The maximum efficiency of types VI and VII
are, respectively, 19.2% at 600 kHz and 6.2% at 50 kHz. Types I
and VI achieve the highest efficiency. From the results for types
I and V, we see that there was no attenuation in saline at fre-
quencies less than 600 kHz [Fig. 11(a)].

Fig. 12 shows the results for the type I (Material A,
, with a series resonant circuit) system when and fre-

quency change. Fig. 13 shows the terminal voltage of the reso-
nance capacitor for types I–IV. All of these calculated results
are roughly in accordance with the measured results.

D. Experimental Measurement of the Temperature

The temperatures of the receiving coils in types I, IV, and VI
in Section IV-C were measured at transmission frequencies of
100–600 kHz. A data logger (M-System Co., Ltd., R2M-2H3)
recorded the steady-state temperature after a lapse of 5 min.
The experimental measurement was conducted in a constant-
temperature bath (TOKYO RIKAKIKAI Co., Ltd., NTT-2000)
to keep the temperature at 37 C. A thermocouple (Type J) was
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Fig. 11. Calculated results and measured results of the efficiency for (a) type I
(Material A, � � �� �, � � 100 mW, with a series resonant circuit), type
II (Material A, � � �� �, with a parallel resonant circuit), type III (Material
A, � � �� �, � � 0.9 W, with a series resonant circuit), type IV (Material
B, � � �� �, with a series resonant circuit), and type V (receiving coil of
type I placed in saline water), and (b) type VI (Material C,� � ����, � �

30 mW, with a series resonant circuit) and type VII (Material C, � � ��� �,
with a parallel resonant circuit).

Fig. 12. Calculated and measured results of the efficiency for change in trans-
mission distance.

used as a temperature sensor. The asterisk in Fig. 5 shows the
measurement point. Fig. 14 shows the measured temperature
results as a function of the transmission frequency. The steady-
state temperature for type IV was 45.3 C, which is a high value.
However, the temperature at a transmission frequency of 600
kHz for types I and VI was, respectively, 39.6 C and 37.5 C,
being about 6 C–8 C smaller than that for type IV.

V. DISCUSSION

The results in Fig. 6 show that the proposed formulas for the
core-loss resistance [(10) and (11)] are valid because the mate-

Fig. 13. Calculated and measured VC for types I–V.

rial parameters and are appropriate, as deter-
mined by conventional research [32].

The results of Fig. 7 show that the optimal value of the trans-
mission frequency depends on . To design a receiving coil that
can be swallowed, it is necessary to choose the transmission fre-
quency in accordance with the coil length. This design method
is very useful since it allows the creation of an optimal design
without the need for fabricating a real device. When only a vari-
able parameter exists, the optimization is easily performed, as
in Fig. 8.

In addition, the results shown in Fig. 11 confirm that and
depend on and the resonant circuit. In this case, an optimal
design is also possible with numerical calculation.

For types I and II, the maximum efficiency is only 0.3% while
the maximum efficiency of type I was 33.1%. For the discrep-
ancy in efficiency between types I and II, the capacitor loss
is very large in type II ( of type II at 600 kHz is 17.8 W,
while of type I is 0.16 W) because the terminal voltage of
the resonance capacitor shows a very high value (see Fig. 13).

Figs. 11 and 12 show the accordance between the calculated
and measured results. Therefore, the equivalent circuit and mea-
surement method for the core loss are considered to be accurate.
In this study, we confirmed that the type I system could pro-
vide a higher efficiency than type IV. ( 24.4% for type I
and 15.2% for type IV at a transmission frequency of 500
kHz). However, the results of conventional analysis [23] show
that type IV is more efficient than type I ( 46.5% for type
I and 51.9% for type IV at 500 kHz). It seems that our
new analysis method is useful not only for the design of im-
plantable medical devices, but also for the design of various in-
dustrial devices.

Fig. 9 shows that the core loss of types I and IV increased
with the transmission frequency. In addition, Fig. 14 shows that
the temperature of types I and IV increased with the transmis-
sion frequency, though the transmission efficiency reached a
maximum value at a transmission frequency of about 500 kHz
and 300–400 kHz, respectively (Fig. 11). The efficiency is not
proportional to the temperature. Form this result, to design im-
plantable devices, we find that the ability to rapidly and accu-
rately calculate not only efficiency but also power losses in var-
ious parts, such as the core loss, copper loss in the receiving coil,
and loss in the resonance capacitor, is important. For these rea-
sons, our method is very valuable for the development of ETTs
for implantable devices.

As for the temperature, it is well known that a temperature of
42.5 causes heat injury to biological tissue [31]. Therefore,
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Fig. 14. Measured temperatures of types I, IV, and VI.

the receiving coil of type IV cannot be easily used because of
its high temperature of more than 45.3 at 600 kHz. On the
other hand, it is possible to use the receiving coil of types I and
VI for a capsule endoscope or implantable medical device due
to the low temperature of 37.5 C–39.6 C at 100–600 kHz.

Compared with conventional studies, type I of our trans-
former can achieve the highest efficiency for the condition of a
distance of 100 mm and a receiving coil size of mm mm.

When a transformer is actually designed, it is expected that
the design parameters will include many more constraints. How-
ever, it is possible to design an optimal transformer by using this
method.

VI. CONCLUSION

In this paper, we proposed an unconventional design method
for a high-efficiency ETT for a small implantable medical de-
vice. This method can be used to calculate the transmission ef-
ficiency in a rapid and accurate manner when the magnetic ma-
terial of the ETT, transmission frequency, load resistance, etc.,
are changed. Our experiments confirmed the validity of the cal-
culated results and, thus, the validity of our design method.

In the future, we will design ETTs for implantable medical
devices with even higher efficiency and smaller size by ex-
ploring the various kinds of magnetic materials that are usable.

APPENDIX A
MUTUAL INDUCTANCE OF THE SOLENOIDAL COIL

The solenoidal coil’s is expressed by

(A1)

(A2)

where and are, respectively, the number of turns per
meter length of the transmitting and receiving coils; and
are, respectively, the diameters of the transmitting and receiving
coils; is the permeability of vacuum; is the distance be-
tween the transmitting and receiving coils; is the distance

between the transmitting and receiving coil axes; is the incli-
nation angle from the coil axis; is the complete elliptic
integral of the first kind; is the complete elliptic integral
of the second kind; and k is expressed by

(A3)

In addition, is simply expressed as follows in a case where
0 and 0 [32]:

(A4)

(A5)

In this case, and are expressed as functions of , , ,
, and .

APPENDIX B
ENERGY TRANSMISSION EFFICIENCY

The equation for the energy transmission efficiency is ex-
pressed by

(A6)

where is the input current, is the output current, and
is the current through the core-loss resistance in Fig. 2(a).
These currents are expressed as follows:

(A7)

(A8)

(A9)
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