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Energy Transmission Transformer for a Wireless
Capsule Endoscope: Analysis of Specific Absorption
Rate and Current Density in Biological Tissue
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Abstract—Thispaper reports on the electromagnetic influences
on the analysis of biological tissue surrounding a prototype energy
transmission system for a wireless capsule endoscope. Specific ab-
sorption rate (SAR) and current density were analyzed by elec-
tromagnetic simulator in a model consisting of primary coil and a
human trunk including the skin, fat, muscle, small intestine, back-
bone, and blood. First, electric and magnetic strength in the same
conditions as the analytical model were measured and compared to
the analytical values to confirm the validity of the analysis. Then,
SAR and current density as a function of frequency and output
power were analyzed. The validity of the analysis was confirmed
by comparing the analytical values with the measured ones. The
SAR was below the basic restrictions of the International Commis-
sion on Nonionizing Radiation Protection (ICNIRP). At the same
time, the results for current density show that the influence on bio-
logical tissue was lowest in the 300-400 kHz range, indicating that
it was possible to transmit energy safely up to 160 mW. In addition,
we confirmed that the current density has decreased by reducing
the primary coil’s current.

Index Terms—Capsule endoscope, International Commission on
Nonionizing Radiation Protection (ICNIRP), current density, en-
ergy transmission, specific absorption rate (SAR).

I. INTRODUCTION

HERE has been a great deal of recent progress in the devel-

T opment of wireless capsule endoscopes for taking video
images of digestive organs [1]-[8]. M2A [1] (Given Imaging,
Ltd.) and Endo Capsule [2] (Olympus Corporation) are com-
mercially available systems for this purpose. These systems are
very small, measuring 26 mm in length and 11 mm in diameter.
However, this type of system is unable to take videos or in-
spect the whole gastrointestinal tract in detail because of time
restraints for filming (8 h, 2 frames/s) imposed by operating with
internal batteries. Thus, methods for supplying energy from out-
side the body to a capsule endoscope have been proposed to ex-
tend the operating time of these systems. One of these methods
involves transmitting energy using electromagnetic induction
between two coils placed inside and outside the body [9]-[12].
However, for practical application of this method, it is neces-
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sary to investigate the electromagnetic influence of the energy
transmission system on biological tissue.

Electromagnetic influences on biological tissue include ther-
mal effects and stimulant action. The former is the effect of gen-
erating Joule heat on biological tissue, and the latter involves
exciting neurons and muscles by the induced current. The spe-
cific absorption rate [SAR, watts per kilogram (W/kg)] [13], [14]
is often used as an index of the thermal effects, and current den-
sity, ampere per square meter (A /m?), is often used as an index
of the stimulant action.

Research on the effects of SAR and current density on bio-
logical tissue when radiated with an electromagnetic field in-
cludes studies of energy transmission apparatus for artificial
hearts [15]-[18] and apparatus for transcranial magnetic stim-
ulation [19]. For example, Schuder et al. used numerical inte-
gration to estimate the power loss in the tissue surrounding an
air-core transcutaneous transformer for an artificial heart [15].
Howeyver, their method was not a detailed estimation, but rather
a simple calculation, which treated the biological tissue as a
homogeneous substance. Shiba et al. [16]-[18] numerically an-
alyzed the SAR in the biological tissue surrounding an externally
coupled transcutaneous transformer and air-core transcutaneous
transformer for an artificial heart using the transmission-line
modeling (TLM) method [18], [20]-[23]. In these studies, it
was possible to transmit power with high efficiency (90%—-98%)
because the transmission distance was short (about 5 mm) and
the coils were large (¢: 70 mm X 5 mm) and fixed in position. In
the system for the capsule endoscope, however, it is necessary
to use an electromagnetic larger field because the transmission
distance is large (about 100 mm or more) and the coils are very
small (<¢: 11 mm x 26 mm). Therefore, it is necessary to
conduct an investigation focusing on the capsule endoscope.

In this paper, to determine the appropriate transmission con-
ditions (frequency and output power) to reduce the electromag-
netic influences on biological tissue, we analyzed the localized
SAR (average value of biological tissue 10 g) and current density
on biological tissue surrounding a primary coil for transmitting
power by an electromagnetic simulator using the TLM method.
We also measured the electric and magnetic fields with a biolog-
ical phantom in an actual environment and compared the results
with the analytical values to determine whether analytical values
derived by the electromagnetic simulator are correct.

II. ENERGY TRANSMISSION SYSTEM

A wireless capsule endoscope with an energy transmission
system consists of an image transmitter, an image sensor, LEDs,

0018-9294/$25.00 © 2008 IEEE
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Fig. 1. (a) Equivalent circuit of the energy transmission system. (b) Coils for
energy transmission.

electronics circuit, and receiver coil (secondary coil). According
to recent reports, these devices require a power input of about
15 mW to 0.9 W [4], [5], [12].

Fig. 1(a) shows a typical circuit of the energy transmission
system. This circuit can transmit power efficiently by apply-
ing a large voltage to the primary coil, which resonates the
capacitances, C and C, with inductances, I.; and Lo, respec-
tively. In this circuit, w, V1, Vo, I1, I5, 71,72, Rr, and M show,
respectively, the angular frequency, input and output voltages,
input and output currents (primary and secondary coil currents,
respectively), primary and secondary coil resistances, load for
the capsule endoscope, and mutual inductance. The power from
the power supply was transmitted to the secondary side via the
primary coil, and supplied to the load R .

In previous studies, we found that high efficiency and high
output power can be obtained with the following prototype coils
at a frequency of 200-500 kHz [11]. Therefore, in the present
study, we calculated SAR and current density as a function
of frequency 100-700 kHz, with the coils described earlier [see
Fig. 1(b)]. The primary coil had 14 turns (L; = 100 uH, square),
and the secondary coil had approximately 150 turns, wound
around a ferrite core (Lo = 470 uH; ¢: 5 mm x 18 mm; M =
2.0 uH, coupling coefficient £ = 0.01 at a transmission distance
of 10 cm). These coils were designed with consideration for the
primary coil’s current and transmission efficiency.

III. SPECIFIC ABSORPTION RATE AND CURRENT DENSITY
Generally, SAR is expressed by (1):

2
SAR = % (1)
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where o is the electrical conductivity of the biological tissue
[in mho per meter (S/m)], E is the rms of the electric field
(in volts per meter), and p is the density of the biological tis-
sue (in kilogram per cubic meter). The SAR is evaluated by
two methods [24], one experimental and one analytical. In the
experimental method, the electric field in a liquid phantom is
measured, but it is very difficult to measure accurately because
the electric field sensor is too large and the resolution is too low.
The second method, which is much easier to use, analyzes the
distribution of electromagnetic fields. In this paper, SAR was
analyzed numerically.
Current density J is expressed by (2):

J = WRfU,uHavc (2)

where R is the radius of the loop for induced current (in meter)
and p is the magnetic permeability [in henry per meter (H/m)].
H,,. (in ampere per meter) is expressed by (3):

H, L [" Hd
o= | Har )
where H is the rms of the magnetic field (in ampere per meter).
Current density is evaluated by numerical analysis. The average
value of the magnetic fields in the loop for induced current
(H,ve) is obtained by substituting the magnetic field (H) as
analyzed by an electromagnetic simulator for (3). Thus, current
density J is obtained by substituting H,. into (2).

SAR and current density have basic restrictions defined by
the International Commission in Nonionizing Radiation Pro-
tection (ICNIRP) [25]. To protect against adverse effects on
health, these basic restrictions should not be exceeded. In this
research, basic restrictions for occupational exposure were em-
ployed [SAR < 10 W/kg, J < f/100 mA], because a capsule
endoscope with the energy transmission system is used in med-
ical practice under the supervision of a physician. A value of
SAR =10 W/kg has been adopted by the IEEE standard (C 95.1,
2005) [26].

IV. METHODS

A. Experimental Measurement of Electric and Magnetic Fields
With the Biological Phantom

First, the electric and magnetic fields generated by the pri-
mary coil were measured and compared to the analytical values
to determine whether the analytical values derived by the elec-
tromagnetic simulator were correct.

A signal oscillator IWATSU, SG-4105), a high-speed am-
plifier (NF Electronic Instruments, 4025), and a capacitor for
resonance (Evox Rifa, PHE450SB) are placed 700 mm from the
primary coil on a nonconductive table at a height of 800 mm.
The primary coil was placed 5 mm from a biological phantom
that mimicked the electrical characteristics of biological tis-
sue. The biological liquid phantom [27] composed of deionized
water, polyethylene powder, sodium chloride, boric acid (Sigma
Aldrich Japan), and the viscosity improver TX-151 (Anzai Com-
merce Corporation, Ltd.) was inserted into a circular polypropy-
lene container (¢: 280 mm; height: 400 mm; thickness: 2 mm)
and was used as a model of the human body [see Fig. 2(a)].
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Fig. 3. Electrical characteristics of the biomedical tissue.

The conductivity ¢ and relative permittivity €, were mea-
sured to examine whether the electrical characteristics of the
biological phantom were simulated correctly [28]. The electri-
cal characteristics of the biological phantom are shown in Fig. 3
with diamonds. It was adjusted to be in the vicinity of those of
the small intestine, blood, and muscle, which have large conduc-
tivity. The relative permittivity of three tissues are 2000—14 000
in this frequency range. These values were based on those re-
ported by the Institute for Applied Physics (IFAC) [29], [30].

The electric fields E and magnetic fields H were measured
with a frequency of 200 kHz and an output power of 0.9 W.
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The electric fields were measured with an electric field probe
(Holaday, HI-4421G, isotropic deviation: 0.5 dB, linearity:
£0.5 dB), and the magnetic fields were measured with a near
field probe (Hewlett—Packard, 11941A, absolute error: +-2 dB).
The measurement points for the electric fields (around F and G;
distance from primary coil, F: 5 cm and G: 25 cm) and magnetic
fields (A-F: distance from primary coil, A: 5 cm, B: 10 cm,
C: 15 cm, D: 20 cm, and E: 25 cm) are shown in Fig. 2(b).
These measurements were taken in a radio anechoic chamber
(W2.6m x H2.6 m x L 6.6 m; Hiroshima Technoplaza) that
had a shield performance of 80 dB at 150 kHz to 30 MHz.

B. Numerical Analysis of the Electric and Magnetic Fields, SAR
and Current Density

To investigate the electromagnetic influence on biological
tissue in more detail, we estimated SAR and current density as a
function of frequency and output power by numerical analysis.
This section explains the methods, models, and conditions used
in the analyses.

1) Transmission-line  modeling  method: Microstripes
(Flomerics, Japan Branch), an electromagnetic simulator
employing the TLM method [20], was used for the analyses.
The procedure of numerical analysis using microstripes is as
follows. First, biological and electrical circuit models similar
to the human configuration and electrical characteristics are
created in the analytical space. This analytical space is then
divided into small grid cells, and the magnetic field H, electric
field F, and SAR are calculated for each grid cell. Then, the
current density J is calculated from the magnetic field obtained
by analysis using (2) and (3). This paper also analyzes SAR as
a localized SAR, which is represented as an average value of
10 g of biological tissue. This corresponds to as many as about
68 cells measuring 3.9 mm X 3.9 mm x 9.7 mm.

2) Biological model for numerical analysis: Fig. 4 shows a
biological model for numerical analysis. In Fig. 4(a), the trunk
(abdominal part) of a human body is modeled as an elliptical
cylinder with diameter 300 mm, and a primary coil (200 mm
x 200 mm, 14 turns) is placed at a distance of 5 mm from the
trunk. Fig. 4(b) shows the top view of the trunk model, which
is composed of skin (thickness: 5 mm), fat (thickness: 10 mm),
muscle (thickness: 15 mm), small intestine (¢ 240 mm), blood
(¢ 20 mm), and backbone (¢ 30 mm x 50 mm). The primary
coil was arranged in a—y, as shown in Fig. 4(c).

Fig. 3 shows the electrical characteristics of the biological
tissue for numerical analysis. The figure shows the conductivity
o and the relative permittivity €, of the skin, fat, muscle, small
intestine, blood, and backbone as a function of frequency. These
values were based on those reported by the IFAC. In addition,
an average value of 1000 kg/m?® was used to represent the den-
sity of biological tissue consisting of skin, fat, muscle, small
intestine, and blood, a value of 1850 kg/m® was used only for
the backbone, and relative permeability was 1 [31], [32]. The
analytical model was divided into 404 800 cells [cell size (near
primary coil): : 0.5 mm; y: 4 mm; z: 10 mm; others: x: 3.9 mm;
y: 4 mm; z: 10 mm).
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Fig. 4. (a) and (b) Analytical model (human body’s trunk). (c) Arrangement
of the primary coil. (d) Equivalent circuit for the analytical model.

3) Circuit model for the numerical analysis: The equivalent
circuit of the analytical model is shown in Fig. 4(d). The primary
coil current /; and the terminal voltage of the coil V7, were ad-
justed by V; and R to be equal to the actual measurement values
in the prototype coils. As analysis conditions, the frequency was
varied between 100 and 700 kHz on output power of 0.01, 0.05,
0.1,0.5, and 0.9 W (when R; = 10 ).

V. RESULTS

A. Experimental Measurement of Electric and Magnetic Fields
With the Biological Phantom

Fig. 5(a) and (b) shows the measurements of the electric
and magnetic fields, respectively. Here, all measured data are
presented as means =+ standard deviation (SD) (n = 8). The
crosses show the simulated values. The electric field showed that
the measurement values change because the size of the electric
field probe is large and the position of the sensor is rotated.
Then, we used the t-test to confirm whether the simulation
values were within tolerance. The results confirmed that all the
simulated data were within the 95% confidence interval (P =
0.07 - 0.96).
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Fig.5. Measurement and simulated results of the electric and magnetic fields.

B. Analysis of Localized SAR

At a frequency of 200 kHz and an output power of 0.1 W, the
maximum SAR values for the arrangement of the primary coil
(a—y) were a: 12.2mW/kg, 8: 12.1 mW/kg, and v: 11.2 mW/kg.
From these results, the maximum SAR value appears in arrange-
ment .. Therefore, the results for arrangement o are shown here.

The SAR distributions for a frequency of 200 kHz and output
power of 0.9 W are shown in Fig. 6. Fig. 6(a) shows the SAR
distribution of an x—z plane through the model’s central axis,
and Fig. 6(b) shows that of an z—y plane at z = 0. The results
indicated that SAR was large on the inner side of the trunk’s
surface and was the maximum at point X, which is the part at
the boundary of the muscle and small intestine.

Next, Fig. 7 shows the analytical results of the localized SAR
on point X as a function of frequency when the output power
was varied. Here, the dotted line indicates the ICNIRP basic
restrictions on exposure. The plot shows that the localized SAR
increased as the frequency and output power increased. The plot
also shows that for every value of output power, it was possible
to remain within the ICNIRP basic restrictions.

C. Analysis of Current Density

The magnetic field distributions at a frequency of 200 kHz and
output power of 0.9 W are shown in Fig. 8. Fig. 8(a) shows the
magnetic field distribution of an x—z plane through the model’s
central axis, and Fig. 8(b) shows the magnetic field distribution
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of an x—y plane at z = 0. These results indicate that the magnetic
field grew as the distance with the coil decreased. The current
density was calculated from the magnetic field results, (2) and
(3). At a frequency of 200 kHz and output power of 0.1 W, the
maximum value for current density for arrangement a—y of the
primary coil was an equivalent value: 2.21 A/m?. Therefore, the
results for arrangement o are shown here.

Fig. 9 shows the analytical results of the maximum current
density as a function of frequency when the output power was
varied. Here, the dotted line indicates the ICNIRP basic re-
strictions. The plot shows that the current density increased as
the frequency and output power increased. The plot also shows
that the influences on biological tissue became smallest at 300—
400kHz when compared with the ICNIRP basic restrictions.
Thus, it is possible to transmit power up to a maximum of
100 mW.

VI. DISCUSSION

First, electric and magnetic fields generated by a primary
coil were measured and compared to the simulated values to
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confirm whether the simulated values derived by the electro-
magnetic simulator were correct. Given the previous findings,
the computed results were in good agreement with the experi-
mental data. Therefore, the simulated results derived using the
electromagnetic simulator appeared to be correct.

The SAR results showed that SAR was maximized in the
boundary of muscle and the small intestine, and it increased as
the frequency and output power increased. The results of SAR
showed that it is possible to remain within the ICNIRP basic re-
strictions for every value of output power from 10 mW to 0.9 W.

Fig. 10 shows the measurement results of the terminal voltage
of the prototype primary coil V,; with an output power of 0.9 W.
V11 is equal to the terminal voltage of the resonant capacitance
Vi1 at the resonant frequency. A comparison of the plots shown
in Fig. 7 with Fig. 10 shows that the SAR was dependent on the
terminal voltage of the primary coil. Therefore, to develop an
energy transmission system that involves SAR, it is necessary
to reduce the terminal voltage of the primary coil by designing
the opposite configuration and size of coils because the terminal
voltage is essentially proportional to the square root of coil
inductance rate L, /Lo and secondary coil resistance 75 [11].
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The results showed that current density increased as fre-
quency and output power increased. Moreover, the influences
on biological tissue became smallest at 300-400 kHz as com-
pared with the ICNIRP basic restrictions. Thus, it is possible to
transmit power up to a maximum of 100 mW.

Fig. 11 shows the normalized current density J’, which is
divided by the ICNIRP basic restrictions in Fig. 9. Fig. 11 shows
that if J’ < 1, the current density remains within the ICNIRP
basic restrictions. In addition, the measurement results of the
primary coil current I; with an output power of 0.9 W are
shown in Fig. 12. The plot in Fig. 11 corresponds with that
in Fig. 12, suggesting that the current density depends on the
current in the primary coil. This is a reasonable result, because
the primary coil current I; is proportional to [, which is known
to be a cause of current density JJ. Therefore, to transmit more
power safely, it is necessary to reduce the current density by
reducing the primary coil current [;.

Here, the primary coil current I; is expressed by (4) [11]

(ro + Ryp) P 01 /2
L= 4)
wMR;

where P and R, are output power and load resistance, respec-
tively (both of which are constant). Using (4), we devised the
following methods to reduce the current density by reducing the
primary coil current: 1) enlarging the mutual inductance M, or
2) reducing the secondary coil resistance r5.

For method (1), the easiest way to enlarge M is to enlarge the
number of turns in the coil. However, increasing the number of
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turns in the primary coil, ny, is not an effective method, because
the current density J is dependent on not only I, but also on
ny (Joony ;) when ny is not constant. Therefore, the current
density JJ does not change, even if the number of turns in the
primary coil, n;, increases. In addition, it is difficult to enlarge
the number of turns in the secondary coil, ns, considering the
size of the secondary coil.

On the other hand, method (2) is possible. Changing the con-
ventional winding wire (UEW wire, ¢: 0.1 mm; cross-sectional
area: 0.0078 mm?) to Litz wire (UEW wire, bundles of 15 wires
of ¢: 0.03 mm (¢: 0.13 mm); cross-sectional area: 0.0106 mm?)
decreases the secondary coil resistance 7o by 22.5%-24.5%,
which decreases the input current I; by 8.2%-20.2% and the
current density by 8.1%—-20.9% (at a frequency of 200400 kHz
and an output power of 0.9 W). In addition, it was confirmed
that it is possible to transmit power up to a maximum of 160 mW
below the ICNIRP basic restrictions at a frequency of 400 kHz.
Therefore, the design of an energy transmission system to reduce
the primary coil current /; is important.

The wireless capsule endoscope, which is a commercially
available system, has frame restraints and operating time limi-
tations for filming (2 frames/s for 8 h with power consumption
of about 15 mW) imposed by the use of internal batteries. On
the other hand, the results of the present study indicated that
it is possible to transmit power of up to 160 mW. Thus, it is
estimated that it is possible to take detailed pictures of at least
21 frames/s [=2 frames x (160 mW/15 mW)].

In this paper, the relative position and direction of the sec-
ondary coil to the primary coil were fixed where the maximum
power was transmitted. However, the position and direction of
the secondary coil cannot be uniquely determined inside the
human body. In future, we will use three coils in the x, y, and 2
directions and pass the current through only the highest coupling
primary coil to suppress the increase in transmitting power and
electromagnetic influence caused by the position and direction
of the secondary coil.

VII. CONCLUSION

In this paper, we analyzed SAR and current density in the
biological tissue surrounding the primary coil of an energy
transmission system for a wireless capsule endoscope, and
examined the transmission conditions needed to reduce the
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electromagnetic influence on biological tissue. The results
showed that the SAR remains within the ICNIRP basic
restrictions for every value of output power from 10 mW to 0.9
W at frequencies of 100—700 kHz, and the current density was
smallest at 300400 kHz; thus, it is possible to transmit power
up to a maximum of 160 mW. Our results also confirmed that
it is possible to reduce the current density by reducing the sec-
ondary coil resistance, which opens the possibility of extending
the maximum transmission power. In future, we will analyze the
SAR and current density using a more precise human model,
such as MRI-based models, and will perform the analyzes
with transmission distances of 200 mm, 300 mm, and more. In
addition, it will be necessary to design an energy transmission
system taking both safety and performance into consideration.
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