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Abstract— This paper reports on the electromagnetic in-
fluences on the analysis of biological tissue surrounding a
prototype energy transmission system for a wireless capsule
endoscope. Specific absorption rate (SAR) and current den-
sity were analyzed by electromagnetic simulator in a model
consisting of primary coil and a human trunk including the
skin, fat, muscle, small intestine, blood and backbone. SAR
and current density as a function of frequency and output
power were analyzed. The SAR was below the basic restrictions
of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP). At the same time, the results for current
density show that the influence on biological tissue was lowest
in the 300-400 kHz range, indicating that it was possible to
transmit energy safely up to 100 mW.

I. INTRODUCTION

Recently, much progress has been made in the develop-

ment of a wireless capsule endoscope for taking video im-

ages of digestive organs [1]-[6]. Currently, M2A [1] (Given

Imaging) and Endo Capsule (Olympus) [2] are commercially

available systems for this purpose in the world. However,

this system is unable to take video pictures or inspect

in detail all of a gastrointestinal organ, because of the

time restraints for filming (8 hours, 2 frames per second)

imposed by operating with internal batteries. Thus, methods

for supplying energy from outside the body to a capsule

endoscope have been proposed to extend the operating time

of the capsule endoscope. One of these methods involves

transmitting energy using electromagnetic induction between

two coils, respectively placed inside and outside the body

[7]-[10]. However, to make this method practical, we must

investigate the electromagnetic influence of an energy trans-

mission system on biological tissue.

Electromagnetic influences on biological tissue include

thermal effects and stimulant action. The former is the

effect of generating Joule heat on biological tissue, and the

latter involves exciting neurons and muscles by the induced

current. The Specific Absorption Rate (SAR, W/kg) is often

used as an index of the thermal effects, and current density,

A/m2, is often used as an index of the stimulant action.

The guidelines for SAR and current density are provided

by the International Commission in Non-Ionizing Radiation
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Protection (ICNIRP) [11] for the frequency range of 100

kHz-10 MHz.

In this paper, we analyze the previously unknown SAR and

current density in biological tissue surrounding the energy

transmission system for the capsule endoscope. To determine

the proper transmission conditions (frequency and output

power) to reduce electromagnetic influences on biological

tissue, we analyze the localized SAR (average value of

biological tissue 10 g) and current density on the biological

tissue surrounding a primary coil for transmitting power by

an electromagnetic simulator using TLM method [12]-[13].

II. METHODS

A. Energy Transmission System

A wireless capsule endoscope with an energy transmission

system consists of an image transmitter, image sensor, LEDs

and receiver coil. According to recent papers, these devices

require a power input of about 15 mW-0.9 W [1],[10].

Fig. 1(a) shows a typical circuit of the energy transmission

system. In this circuit, ω, V1, V2, I1, I2, r1, r2, RL and M

show, respectively, the angular frequency, input and output

voltage, input and output current, primary and secondary

coil’s resistance, load for the capsule endoscope and mutual

inductance. Voltage from the power supply was transmitted

to the secondary side via primary coil, and supplied to the

load RL.

In past research, 100-700 kHz was used for the trans-

mission frequency. For example, we determined that an

output power of 0.9 W was obtained when AC voltage

was applied at a frequency of 500 kHz [9]. Therefore, in

the present study, we calculated SAR and current density

as a function of frequency 100-700 kHz, with the above-

mentioned coils (of Fig. 1(b)). There were 14 turns of the

primary coil (L1=100 mH, square), and approximately 150

turns of the secondary coil, which was wound around a

ferrite-core (L2=470 mH, φ5 mm × 18 mm). These coils

were decided with consideration for the input current and

transmitting efficiency.

B. Specific Absorption Rate and Current Density

Generally, SAR is expressed by Equation (1):

SAR =
σE2

ρ
(1)

where σ is the electric conductivity of the biological tissue

(S/m), E is the root mean square of the electric field (V/m),

and ρ is the density of the biological tissue (kg/m3).
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Fig. 1. (a) Equivalent circuit of the energy transmission system. (b) Coils
for energy transmission.

TABLE I

BASIC RESTRICTIONS (IN OCCUPATIONAL EXPOSURE) FOR TIME

VARYING ELECTRIC AND MAGNETIC FIELDS FOR FREQUENCIES

100KHZ-10MHZ (ICNIRP).

Localized SAR

(head and trunk)

(W/kg)

f/100 10

Current density 

for head and trunk

(mA/m ) (rms)2

Current density J is expressed by Equation (2):

J = πRfσµH (2)

where R is the radius of the loop for induced current (m),

µ is the magnetic permeability (H/m) and H is the average

value of the magnetic fields in the loop for induced current.

SAR and current density have basic restrictions (Table I)

defined by ICNIRP. In this research, basic restrictions for

occupational exposure were employed.

C. Numerical analysis of the SAR and current density

1) Transmission-Line Modeling method: Micro-Stripes

(Flomerics, Japan branch), an electromagnetic simulator em-

ploying the TLM method [12], was used for the analyses.

TLM is based on an analogy between the electromagnetic

field and the grid of transmission lines. A mathematical

derivation of the TLM method can be directly obtained from

a full wave time-domain solution to Maxwell’s equations.

SAR is obtained from analysis, and current density J is

calculated from the magnetic field obtained from analysis by

Eq. (2). This paper also analyzes SAR as a localized SAR,

V1

L1

I1

rω

B
io

m
ed

ical

    tissu
eVL

(d)(c)

A

B

C

400mm
5mm

Trunk

Muscle

Skin

Fat

Primary coil

300mm

(a)

(b)

10mm

5mm

300mm

Source V1 and

Resistance r

200mm

Small intestine

Backbone

Blood

15mm

x

y

z

x

y

z
Primary coil

Primary coil
x

y

z

Trunk

Fig. 2. (a), (b) Analytical model (human body’s trunk). (c) Arrangement
of primary coil. (d) Equivalent circuit for the analytical model.

which is represented as an average value of biological tissue

10 g.

2) Biological model for numerical analysis: Fig. 2 shows

a biological model for numerical analysis. In Fig. 2(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 × 200 mm, 14 turns) is placed 5 mm away from

the trunk. Fig. 2(b) shows a top view of the trunk model,

which is composed of skin (thickness: 5 mm), fat (thickness:

10 mm), muscle (thickness: 15 mm), small intestine (φ 240

mm), blood (φ 20 mm) and backbone (φ 30 mm × 50 mm).

The primary coil was arranged in A-C as shown in Fig. 2(c).

The biological tissue’s electrical characteristics were based

on IFAC (Institute for Applied Physics ”Nello Carrara” [14]-

[15]). In addition, an average value of 1000 kg/m3 was used

to represent the density of biological tissue consisting of skin,

fat, muscle, small intestine, blood and backbone, and relative

permeability was 1 [16].

3) Circuit model for the numerical analysis: The equiv-

alent circuit of the analytical model is shown in Fig. 2(d).

Input current I1 and the terminal voltage of coil VL were

adjusted by V1 and r to be equal to the actual measurement

values in the prototype coils (when RL=10 W).

As an analysis condition, the frequency was varied be-

tween 100-700 kHz on output power of 0.01, 0.05, 0.1, 0.5

and 0.9 W.
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III. RESULTS

A. 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-C) were A: 12.2 mW/kg, B: 12.1 mW/kg and C: 11.2

mW/kg, respectively. From these results, the maximum SAR

value appears in arrangement A. Therefore, the results for

arrangement A is shown here.

The SAR distributions for a frequency of 200 kHz and

output power of 0.9 W are shown in Fig. 3. Fig. 3(a) is the

SAR distribution of an x-z plane through the model’s central

axis, and Fig. 3(b) is one of an x-y plane at z=0. The results

show that SAR was large on the inner side of the trunk’s

surface and was the maximum at point X, which is the part

in boundary of muscle and small intestine, as muscle and

small intestine are more conductive than skin and fat.

Next, Fig. 4 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 ICNIRP’s

basic restrictions on exposure. The plot shows that for every

value of output power it’s possible to remain within the
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Fig. 5. The current density as a function of frequency.
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Fig. 6. The measurement results of the terminal voltage of the primary
coil.

ICNIRP’s basic restrictions.

B. Analysis of Current density

At a frequency of 200 kHz and output power of 0.1 W, the

maximum value for current density for arrangement of the

primary coil (A-C) was an equivalent value, A-C: 2.21 A/m2.

Therefore, the results of the arrangement of A is shown here.

Fig. 5 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 ICNIRP’s basic

restrictions. The plot shows that influences on biological

tissue become smallest at 300-400 kHz when compared with

the ICNIRP’s basic restrictions; thus, it is possible to transmit

power up to a maximum of 100 mW.

IV. DISCUSSION

The SAR and current density in biological tissue surround-

ing the primary coil were analyzed.

The SAR results show that SAR was maximized in the

boundary of muscle and the small intestine, and it increased

as frequency and output power increased. The results of SAR

show that it is possible to remain within the ICNIRP’s basic

restrictions for every value of output power from 10 mW-0.9

W.

Fig. 6 shows the measurement results of the terminal

voltage of the prototype primary coil with an output power

of 0.9 W. A comparison of the plots in Fig. 4 with Fig. 6

shows that the SAR depended on the terminal voltage of the

primary coil. Therefore, to reduce the SAR, it is necessary

to reduce the terminal voltage of the primary coil.
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In Fig. 5, the results of the current density show that

current density increased as frequency and output power

increased. Moreover, the influences on biological tissue

become smallest at 300-400 kHz when compared with the

ICNIRP’s basic restrictions. Thus, it is possible to transmit

power up to a maximum of 100 mW.

Next, Fig. 7 shows the normalized current density J ′,

which is divided by the ICNIRP’s basic restrictions in Fig. 5.

Fig. 7 shows that if J ′≤1, the current density remains within

the ICNIRP’s basic restrictions. In addition, the measurement

results of input current I1 with an output power of 0.9 W,

are shown in Fig. 8. The plot in Fig. 7 corresponds with that

in Fig. 8, suggesting that the current density depended on

the current in the primary coil. Therefore, to transmit more

power safely, it’s necessary to reduce the current density by

either reducing the primary coil’s current.

V. CONCLUSION

In this paper, we analyzed SAR and current density in the

biological tissue surrounding a primary coil of an energy

transmission system for a wireless capsule endoscope. In

the results, the SAR remains within the ICNIRP’s 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 become smallest at 300-400 kHz; thus, it is possible

to transmit power up to a maximum of 100 mW.

In the future, it will be necessary to design an energy

transmission system considering safety and performance.
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