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Outer-Wall Loop Antenna for Ultrawideband Capsule
Endoscope System
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Abstract—The capsule endoscopy system has been used to ob-
tain an image from the inside of the human digestive tract. To ac-
quire high-resolution images, a loop antenna with ultrawide band-
width is proposed. It is part of the outer wall of the capsule, thus
decreasing volume and increasing performance, and uses a mean-
dered line for resonance in an electrically small area. The proposed
antenna makes maximal use of the capsule’s outer surface, en-
abling the antenna to be larger than inner antennas. The measured
result shows that the gain of the proposed antenna is higher than
that of inner antennas. Return loss and radiation pattern are in-
vestigated through simulation and measurement, showing that the
proposed antenna has an ultrawide bandwidth of 260 MHz (from
370 to 630 MHz) for ���� � and an omnidirectional radia-
tion pattern. Using identical antenna pairs in the equivalent body
phantom fluid, antenna efficiency is measured to 43.7% ( 3.6 dB).

Index Terms—Capsule antenna, endoscopy system, loop
antenna, meander, small antenna, wideband.

I. INTRODUCTION

T HE CAPSULE endoscopy system uses a wireless trans-
ceiver system to obtain medical images of the inside of

the human body [1]. This wireless inspection has changed the
way subjects are examined. A subject just takes the endoscopy
capsule and lives a normal life. The swallowed capsule travels
through the digestive tract, gathering images from the camera
module and transferring them to the external receiver, where
they are saved. Medical diagnosis can be made after inspection
of these images. This wireless alternative also creates less dis-
comfort when compared to conventionally intrusive methods.

Transmit power in a capsule endoscope system is limited by
the safety guide for human body to electromagnetic (EM) field
and by the battery capacity. Also, the data rate is limited by
the bandwidth of the system. An ultrawideband (UWB) capsule
endoscope system using chirp spread spectrum modulation was
proposed to obtain a higher data rate than 10 Mb/s with low
power consumption [2].

As the capsule moves through the digestive tract, properties of
the body tissue surrounding it change. Therefore, a narrowband
antenna can be detuned due to the various material properties. A
UWB antenna, however, could maintain its operation because of
its ultrawideband characteristic. UWB also enables monitoring
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through high-resolution images. However, designing a UWB
antenna into the capsule is fundamentally difficult due to the
fact that the capsule size is electrically small.

For wideband operation, monopole antennas enclosed by a
capsule were presented [3], [4] with wide bandwidth around
500 MHz. Their cylindrical volume, however, occupies space
inside the capsule, which increases the size of the capsule and
makes it uncomfortable to swallow.

To decrease the minimum size of the capsule, a dipole an-
tenna with meandered line was fabricated on the outer wall of
the capsule [5]. It had a higher center frequency (1.4 GHz) than
monopole antennas [3], [4]. Lines of dipole are meandered in
the way current is aligned for the extension of effective length
of the antenna. It enveloped only the top dome of the capsule
and achieved polarization diversity by a meandered dipole
line. However, its bandwidth was less than 200 MHz, not wide
enough for a UWB system at 1.4 GHz.

In this letter, we propose a UWB antenna fabricated on the
outer wall of the capsule. In small antenna theory, as the radius
of sphere including the full antenna structure increases, the lim-
itation of radiation efficiency increases [6]. Since the proposed
antenna uses the whole capsule surface, it is expected to show
better radiation efficiency than antennas inside the capsule. The
proposed antenna therefore not only saves capsule volume, but
also increases radiation efficiency.

II. ANTENNA DESIGN

A. Operation Frequency

During the entire endoscopy procedure, the capsule is sur-
rounded by lossy body tissues that significantly reduce the
signal strength and affect the radiation of the antenna. There-
fore, it is essential to investigate propagation in a lossy medium.

To investigate these effects, the human body is considered as
an averaged homogeneous medium as described by the Federal
Communications Commission (FCC) [7].

The homogeneous human body model is shown in Fig. 1.
The permittivity and conductivity of the body change with the
change in operating frequency.

On the basis of Friis’s formula, the total loss between trans-
mitter and receiver was calculated with the distance between
the transmitting and the receiving antennas set to 15 cm. It was
calculated that the minimum total loss is achieved when oper-
ation frequency is between 400 600 MHz [8]. Thus, the oper-
ation frequency of the proposed antenna is determined around
500 MHz.
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Fig. 1. Homogeneous human body model [8].

B. Meandered Loop Antenna

As the size of the antenna is limited by the properties of the
capsule, the dimensions and material properties of the capsule
should be described first. The capsule is made of the dielectric
material ultem (relative permittivity 3.15), which is very stable
against variation of temperature, humidity, and frequency. The
outer and the inner radius of the capsule are 5.5 and 5 mm,
respectively. Its length is 24 mm. The top dome lies over the
camera, so it is excluded from the design area, as antennas there
could affect image quality. The conductor used for antenna
structure is copper. Gold or other stable materials can also be
used for safe operation.

The fundamental design issue in designing the capsule
antenna is the antenna miniaturization, as at 500 MHz, the
free-space wavelength (60 cm) is much larger than the cap-
sule length. Fortunately, the homogeneous body material
surrounding the capsule has high permittivity, giving a dielec-
tric loading effect [9] that significantly reduces the effective
wavelength. Thus, it is relatively easy to design a small antenna
in the human body than in air.

The proposed antenna is placed on the outer wall of the cap-
sule, as illustrated in Fig. 2. It is a full-wavelength loop antenna
with symmetric pattern with respect to center of the capsule.
The resonance frequency depends on the length of the loop. For
resonance in the electrically small design area, the loop length
needs to be extended. A meander technique is suitable for this
purpose. By meandering sides of the loop antenna, total length
can be increased enough to resonate at 500 MHz. The height of
the meander line and the gap between meander patterns can be
used as tuning parameters. After adjusting the dimension of the
meander and number of meander patterns, the optimum values
of these parameters are obtained. The height of the meander line
and gap between meander patterns are set to 7 and 2.8 mm, re-
spectively. The opposite side of the loop line is meandered in
the same way. The feeding point of the proposed antenna is in-
dicated by a triangle in Fig. 2.

III. SIMULATION AND MEASUREMENT

In simulation, the external medium of the capsule is set to ho-
mogeneous body-equal material (relative permittivity 56.4, con-

Fig. 2. Proposed outer-wall loop antenna.

Fig. 3. Comparison between simulated return loss and measured return loss.

ductivity S/m at 500 MHz) referring to the FCC [7].
The antenna is placed at the center of body-equal material. The
simulation is performed using CST Microwave Studio.

The proposed antenna is fabricated on a flexible printed cir-
cuit board (PCB) with a polymide of thickness 25.4 m and a
copper line of thickness 18 m. The fabricated antenna is at-
tached to the outer wall of the capsule as illustrated in Fig. 2.
For differential feeding, a balun (Analen B0322J5050A00) is
used at the feeding point of the antenna, with an SMA connector
connected to the unbalanced line of the balun. For measure-
ment, the capsule is inserted in the plastic container filled with a
human-equivalent phantom with the same electrical character-
istics as an averaged homogeneous body at 500 MHz.

The simulated return loss and the measured return loss in the
human-equivalent phantom are presented in Fig. 3. The mea-
sured result shows that the proposed antenna has an ultrawide
bandwidth ranging from 370 to 630 MHz for . The
measured result agrees well with the simulated result. With 50%
fractional bandwidth, proposed antenna can be used in a UWB
system.
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Fig. 4. Simulated return loss with battery in various positions. (�: distance from
the center of cylindrical capsule face to the center of the battery).

Fig. 5. Simulated return loss in various tissues.

The endoscopy capsule should contain many electrical com-
ponents, i.e., camera, battery, PCB. However, electrical compo-
nents near the antenna can affect its operation of the outer-wall
loop antenna. Because of their size, batteries are expected to
have the most significant effect. Batteries are simply represented
as a PEC cylinder with diameter 9.5 mm and height 7.2 mm as
shown in Fig. 4. By adjusting distance from the center, effects
of batteries in various positions are simulated.

The simulated return losses are shown in Fig. 4. Although
there are decreases in resonance frequency, return losses lower
than 10 dB are maintained around 500 MHz.

Once a capsule is swallowed, it passes the stomach
( , S/m), small intestine ( ,

S/m), colon ( , S/m, all at
500 MHz), and other small digestive organs. Fig. 5 shows the
simulated return loss of the proposed antenna in various tissues
and air. Because of its UWB characteristic, it can maintain S11
lower than 10 dB for a range of 100 MHz about the center
frequency. In air, first resonance of the proposed antenna occurs

Fig. 6. Simulated radiation patterns of proposed antenna in (a) ��-cut plane
and (b) ��-cut plane.

Fig. 7. Current distribution.

at 2.75 GHz, and the radiation efficiency at first resonance is
simulated to 0.025 dB.

The radiation pattern of the proposed antenna is shown in
Fig. 6. It indicates that the proposed antenna pattern is omnidi-
rectional like a conventional dipole antenna. The radiation pat-
tern considering battery is also simulated with the battery placed
at mm. It has a similar pattern as that of the battery-free
case, except for a slight increase in the directivity.

To illustrate its operation, current distribution is presented in
Fig. 7. The current is oriented downward at the feeding point,
which is placed at one end of the loop. It flows to the opposite
end of the loop. Since the current changes its direction at the
center of the meander pattern, maximum current flows in the
same direction at each end of the antenna, as presented in Fig. 7.

Two aligned currents make radiation pattern similar to the
dipole pattern. At the center of the meander pattern, radiations
from meander pattern are out of phase to each other because
the current is reversed at the center of the meander pattern. As
currents in the meander line cancel out, they contribute little to
radiation.

Compared to antennas inside the capsule, outer-wall an-
tennas use the given design space maximally. In small antenna
theory, as antenna size increases, limitation of maximum gain
increases. Therefore, it is expected that an outer-wall antenna
would have a higher gain than an inner antenna. We compared
the gain of the proposed antenna to those of inner antennas in
the same capsule at 500 MHz. Fat monopole spiral antenna [3]
and monopole spiral antenna [4] are used as reference inner an-
tennas. Dimensions of each antenna are shown in Table I. They
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Fig. 8. Simulation setup.

Fig. 9. Normalized measured power of receiving antenna.

TABLE I
AVERAGED MEASURED POWER

have wide bandwidth at either side of 500 MHz.
Inner monopole antennas and the proposed antenna have
omnidirectional radiation patterns at 500 MHz. We compared
gain in the H-plane, using the measurement setup illustrated
in Fig. 8. The antenna to be measured is placed at the center
of a plastic container filled with human-equivalent phantom.
Each antenna is integrated with the same transmitter, of which
output power is 1 mW [10]. The receiving antenna is placed
outside of the container, 15 cm from the transmitter. Received
power is measured using a power spectrum and normalized to
the maximum value of the received power when the transmitter
is integrated with the outer-wall loop antenna. The result is
shown in Fig. 9 and Table I.

The result shows that, in overall angle in H-plane, the outer-
wall antenna has higher gain than inner antennas. As we ex-
pected, the receiving antenna on the surface of the container
could receive more power when power is transmitted by the
outer-wall loop antenna.

Using an identical outer-wall loop antenna in the human-
equivalent phantom, antenna efficiency is calculated. One an-
tenna is set to transmitter, and the other to receiver, with the
H-planes of each antenna in the same plane. Then, we can mea-
sure receiving power from a transmitter with 1 mW. The dis-
tance between two antennas set to 15 cm. Because the effect
wavelength in the human-equivalent phantom at 500 MHz is
7.633 cm, 15 cm is enough for satisfying the far-field conditions.

From the received power, antenna efficiency can be calculated
from Friis’s formula. Attenuation loss in the human-equivalent
phantom and insertion loss of balun is also considered in the cal-
culation. The simulated directivity of 1.9 is used in calculation
as illustrated in Fig. 6.

In measurement, received power is 57.8 dBm. Using Frii’s
formula, antenna efficiency of the proposed antenna is calcu-
lated to be 43.7% ( 3.6 dB).

IV. CONCLUSION

A loop antenna with meander pattern is proposed for a UWB
endoscope system. It is fabricated on the outer surface of the
capsule, thus reducing the size of the capsule by the volume
previously occupied by the inner antenna. Although capsule size
is reduced, the radius of sphere enclosing the entire structure
of the antenna is increased, giving higher gain than an inner
antenna. The proposed antenna has omnidirectional radiation
patterns, favorable in endoscopy communication.

The proposed antenna has , a bandwidth of
260 MHz (from 370 to 630 MHz), and radiation efficiency
of 43.7%. With its UWB characteristics and high radiation
efficiency, it can be used in UWB endoscope systems.
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