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Abstract

A study of camera-integratable inverted-F antenna

for capsule endoscope

Se Woong Kim
Advisor : Prof. Youn Tae Kim, Ph.D.
Department of IT Fusion Technology,

Graduate School of Chosun University

Capsule endoscopy is a painless and more pleasant experience alternative to the
usual endoscopic examination of the small intestine. A capsule endoscope consists
of a subminiature camera, a lens, a light emitting diode, an instrument for
recording pictures, a wireless transmitter, and a battery. The capsule endoscope
captures images while moving through the digestive tract, and the image is
transmitted to the outside of the human body through an antenna.

This paper presents an inverted F antenna for a capsule endoscope. This
antenna operates in the 2.4 GHz ISM band. The proposed antenna has high gain
and accomplishes miniaturization by employing an inverted-F antenna structure.
The proposed antenna is also designed to have an electric shield to prevent
coupling with other electronic components at both sides of the capsule endoscope.
In addition, it is designed to avoid interference with the view of the camera. A
human phantom consisting of de-ionized water is used for simulation and to
measure the antenna performance. The designed antenna has average and
maximum gain of -799 and -3.13 dBi. And the center frequency and the
bandwidth are 2.386 GHz and 151 MHz. Therefore, accurate disease diagnosis in

_Xi_
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the digestive tract with a capsule endoscope using the proposed antenna is

possible at wide viewing angles.

- Xii -
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I. Introduction

Capsule endoscopy 1s a painless and more pleasant alternative to the usual
endoscopic examination of the small intestine. A capsule endoscope consists
of a subminiature camera, a lens, a light emitting diode, an instrument for
recording pictures, a wireless transmitter, and a battery. The capsule
endoscope captures images while moving through the digestive tract, and the
image is transmitted to the outside of the human body through an antenna
[1]1-[5]. For the image transmission, a transmitting antenna is required.

A capsule endoscope has a limited space and size; hence, the transmitting
antenna should be designed to take minimum space. For this, various
microstrip line antennas positioned on the surface of a capsule endoscope
have been proposed [6]-[11]. Such a surface antenna, however, has a high
complexity because the antenna should be installed on a curved surface.
Instead of the surface, a transmitting antenna can be installed inside a
capsule endoscope [12]-[17]. Such a modular antenna, however, obstructs the
view of the camera and therefore, should be installed on the opposite side of
the camera. In addition, the modular antenna can experience signal loss or
frequency shift due to coupling with other electrical components composing
the capsule endoscope. Therefore, it is essential that the modular antenna is
electronically shielded and does not interfere with the view of the camera.

This paper proposes an inverted-F antenna that is printed on a
ring-shaped substrate. The proposed antenna has a structure that helps avoid
the obstruction of the view of the camera while simplifying the fabrication
process of the antenna. As a result, the antenna can be integrated with a
camera for the capsule endoscope at the same side. This will help in accurate
diagnosis of diseases by bi-directional photographing and securing of a wide
viewing angle without power consumption for direction control. The antenna
1s designed to prevent the electrical coupling with the other components of

the capsule endoscope. The proposed antenna operates at the 24 GHz
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industrial, scientific, and medical (ISM) radio band. The antenna is designed
considering the effects of light emitting diodes (LEDs) and the camera

module on the antenna performance.

II. Previous methods

A. Purpose

This study presents a new antenna structure for transmitting image data

captured by a capsule endoscope to an external image acquisition device.

B. Capsule endoscopy

The capsule endoscope includes a small camera, a battery, a signal
processing circuit, and a wireless transmission circuit in a capsule having a
volume of about 4cc. The capacity of the battery is not as large as 60 mAh
or less. With this small battery capacity, the capsule endoscope should be
taken continuously for more than 8 hours.

In the medical field, endoscopy is used for examination and surgery.
Typically, there is an upper digestive tract endoscopy that examines the
esophagus, gastric, and duodenal with the endoscope inserted through the
mouth or nose, and a colonoscopy that examines bowel disease with the
endoscope inserted through the anus.

The small intestine which is long and twisted proceeds a digestive process
through repeated contract and relax. Although it is not appropriate to use
conventional endoscopes, a method of inserting an endoscope with a balloon
into the mouth or anus and fixing the small intestine has been introduced.

However, this method is too difficult for patients because it takes too long.
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Figure 2.1. Capsule endoscope and internal components in Mayo clinic.

A capsule endoscope can solve this problem. As shown in figure 2.1, the
capsule endoscope 1s a capsule-shaped endoscope. It consists of a camera
(image sensor) that observes the inner wall of the digestive tract, a light
emitting diode (LED) for photographing illumination, a  wireless
communication circuit, a signal processing circuit, an antenna, and a coin cell
battery.

A person who is examined by a capsule endoscopy has a receiver on the
abdomen. Then swallow the capsule endoscope with water. The capsule
endoscope passes through the esophagus, stomach, and duodenum to the
small intestine. The capsule endoscope continues to photographing until it
reach the small intestine. The capsule endoscope continuously transmits the
photographed image to the outside. The received signal is stored as image
data through an external acquisition device. It is also possible to observe

photographed pictures in real time.
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Figure 2.2. Capsule endoscopy classification by transmission method.

Figure 2.2 shows a method of transmitting image data stored in the
capsule endoscope to the outside [18]. The transmission method includes an
RF transmission method, a human body communication method, and an
internal memory method. The RF transmission method and the HBC method
transmit the images taken in the digestive tract immediately by the wireless
communication, so there is no need to collect the capsule endoscope after use.
And capsule endoscopy has the advantage of confirming results quickly. On
the other hand, the internal memory method require a cumbersome process of
retrieving the capsule endoscope in order to obtain the image data stored in
the memory, which is a drawback that it takes more time to check the
result. Therefore, the capsule endoscope market occupies more than 90% of
the capsule endoscope with wireless communication module.

However, a capsule endoscope with a wireless communication module can
not be free from the problem of capsule size and transmission speed. Capsule
endoscopy has many limitations on the size of the capsule for the patient to
take it. If the size of the product is increased due to the wireless

communication module, the product is inevitably out of the market. Therefore,
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it 1s essential to design an optimized antenna for a small capsule size in

order to miniaturize the capsule endoscope.

C. WBAN system

WBAN(Wireless Body Area Network) application system can be classified
into the medical system which measures human vital signs such as blood
sugar or electrocardiogram, transmits by wireless or operates devices in the
human body, and the non-medical system which transmits voice or image
data around the body or provides entertainment. Medical WBAN 1is classified
into the wearable device which is attached to the body, and the implant
device which i1s implanted to the body. WBAN technology measures vital
signs inside and outside human body, accesses to the network through many
devices, it is the wider concept service than existing health care service and

this technology can provide true health care service.

On-bady Medical Entertainment

?l

ECG & Tilt Scﬂmrl
SpO2 &
Motion Sensor

Body Area:
Network

In—body Medical

| " o k) €S
L j . Vo T
fugoir: 1§ @

L™ Bionic Eye
r r g Telescopic Eye
“ Capsule Endoscope
Wy

Progthesis

Figure 2.3. The concept of WBAN.
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As shown in figure 2.3, WBAN 1is attached or implanted to the body
according to the usage to collect vital information and utilized to the
application of entertainment around human body. The coordinator forms Star
topology with these devices to provide two ways communication, and controls
and manages these devices. In addition, the coordinator is realized into the
individual portable terminal type to provide various multimedia services that
users want, and provides the function to collect, analyze and manage own
health information .

The figure shows the structure WBAN service. It supports the interface for
the medical service and non-medical service. The medical service is divided
into the implantable type and the wearable type, the non-medical service
provides the entertainment services such as voice, video stream delivery, data
stream delivery and game. In order to provide these services, WBAN is
implanted to human body for operation or performs the function to deliver
personal medical service, so it needs the features such as Low latency, low

power and high security.

Field Application service

EEG, ECG, EMG, Vital signals monitoring, Temperature, Respiration monitor, SpOZ2, Blood

Wearable BAN B : 5 y
pressure monitor, pH monitor, Glucose sensor, Hearing aid

Disability assistance Muscle tension monitor, Muscle tension stimulation, Weighing scale, Fall detection

Aiding professional and amature sport training, Assessing emergency service personnel

H s nagement 5 ; : : .
B performance, Assessing soldier fatigue and battle readiness, Non Human(Animal)

Glucose sensor, Cardiac arrhythmia monitor/recorder, Brain liquid pressure sensor,
Endoscope capsule, Drug delivery capsule, Deep brain stimulator(e.g. Epilepsy, Parkinson's
therapy), Cortical stimulator, Visual neuro-stimulator, Audio neuro stimulator, Brain—
computer nterface

Pacemaker, Implantable cardioverter defibrallitor ICD, Implanted actuator, Insulin pump,
Hearing aid(wearable and implanted), Retina implants

Voice communication/Music for headsets, Sound track/Music - 5.1 channel, Video
streaming, 3D video

Data/image/video file transfer, Remote control of entertainment devices, Body motion

Implant BAN

Remote control of medical devices

Real-time audio/video streaming

Data file/stream transfer capture/gesture recognition, position, Control signal from PC peripheral devices, Forgotten
things monitor, Vital sign and body information based entertainment service
Entertainment applications Gaming applications using BAN, Social Networking

Table 1. Application service of WBAN.

WBAN should provide various features required to the application service,

the application service submitted to CFA of IEEE 802.15.6 TG BAN in table

_6_
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1 1s proposed. When it comes to medical WBAN application service, about 40
services are suggested in the application fields such as wearable BAN,
implantable BAN, remote control of medical device and hospital related fields,
when it comes to non-medical WBAN, 20 services are suggested in the
entertainment fields such as real time video, audio streaming, delivery of data

file and stream and game.

EEG

VISION
POSITIONIMNG

HEARING
ECG

GLUCOSE

BLOOD PRESSURE

DA
o PROTEIN

CELLULAR, T

IMPLAMTS

Figure 2.4. Configuration of WBAN healthcare system.

Figure 2.4. shows WBAN health care system for the provision of healthcare
service has the structure which is similar with the existing system. WBAN
health care system needs the mobile service of WBAN unit focusing on the
coordinator according to the movement of human in order to provide seamless
service anytime and anywhere. In addition, WBAN system should be able to
manage the subscription and withdrawal of individual devices commonly used
such as training machine or weighing machine of fitness center according to
the need [19]-[22].

WBAN health care system consists of WBAN which collects vital

information, the medical server that collects, stores and manages vital
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information and the network which interlocks them. It is composed of various
WBAN devices focusing on WBAN coordinator. WBAN devices is implanted
in human body or worn by human to play a role to collect vital information
or operate devices.

WBAN services are provided through WBAN devices. WBAN coordinator
plays a role to manage various WBAN devices, to collect vital information
from WBAN devices and operate them. WBAN devices deliver the detected
vital information to the personal server or the medical server, or detect vital
information under the request of medical server or personal server, or operate
devices.

Medical server performs the function to save, analyze and print the
collected vital signs by managing the subscription to WBAN, the control of
various WBAN devices, the type of data and the detection cycle of vital
signs.

WBAN can figure out the present and past health condition of people
through personal portable terminals because it provides mobility according to
the trace of human. The personal portable terminal performs the function to
collect the data from the device that subscribed WBAN system for analysis,
and the function to check the health information stored in the remote medical
server. Network should secure stable quality of transmission and provide the

security technique in order to delivery personal medical data.

D. Planar inverted-F antenna

The Planar inverted-F antenna(PIFA) consists of a ground plane, a patch, a
feed line, a shorting plate, or a shorting pin, as shown in Figure 2.5. The
ground plane and the patch are connected by a shorting plate or a shorting

pin, and the antenna is fed through the feed line.
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Figure 2.5. The basic structure of PIFA.

Figure 2.6. The principle of miniaturization of PIFA.

The operating principle of the PIFA is that the patch is excited through the
current feeding in the state where the rectangular patch is placed on the

finite ground plane and serves as the radiation element together with the
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ground plane. As shown in Figure 2.6, one side of the patch is shorted to the
ground plane through a shorting pin, so that it can resonate at about 1/4
wavelength or less instead of 1/2 wavelength. Therefore, the size of the
antenna can be reduced half or more. PIFA can be miniaturized, light in

weight and easy to manufacture, so it is widely used as a small antenna.

E. Smith chart

The loop shaped inverted-F antenna was designed considering the basic
principle of PIFA. The radiators of the designed antenna are connected to the
feeding point as shown in the figure, and the radiators are located on the
first and second layers of the multilayer substrate. The conductive line
constituting the radiator has a resistance corresponding to the sum of the
radiation resistance and the conductive resistance. The radiation resistance is
a resistance representing the electric power of a radio wave from the
conductive line. In the case of an antenna, the radiation resistance is known
to be expressed by the following equation.

2
177-N-A) 1)

Where R i1s the radiation resistance, N is the number of turns of the
conductive line, A is the area of the antenna, and Lambda is the wavelength
at the operating frequency. On the other hand, the conductivity resistance due
to the conductivity of the conductive line is expressed by the following
equation according to the definition of the conductivity.

Ro=— )
Where Rc i1s the conductive resistance, o is the conductivity, 1 is the length
of the conductive line, and A is the area of the conductive line.

It is easy to use the smith chart for impedance matching when designing
the antenna. In the Smith chart, the diameter of the circle starting from the
right means the real part, and the curve spreading dispersedly means the

imaginary part. For impedance matching, the thickness and length of the

_10_
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copper line can be adjusted by moving the load impedance at the target
frequency along the real and imaginary trajectories from the center of the

circle to the point of 50 Q.

III. Proposed structure

A
A
Radiator on ol "
1t layer
Radiator on
2nd |ayer < Shorting Pin
Ground Pla’rf; ™ Probe Feed

Figure 3.1. Structure of the proposed antenna.

Figure 3.1 shows the proposed antenna structure. This is a modified
structure of an Inverted-F antenna that resonates at a quarter wavelength.
And it is easy to match the input impedance by adjusting the space between
the shorting pin and the probe feed point. That being so, it can be
manufactured as an small antenna for capsule endoscope. Also, in the fourth
layer, there is a ground plane which effectively prevents interference of
internal electronic elements of the capsule endoscope.

Capsule endoscopes are difficult to adjust their position and orientation
themselves in the digestive tract. For this reason, the antenna should have a
omni-directional radiation pattern in order to reliably transmit data to the
external image acquisition device. Also, considering the complexity of the
human body [23]-[24], the antenna should be designed to have wide

bandwidth characteristics. The new structure of the inverted-F antenna

_11_
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proposed in this study satisfies all the requirements mentioned above.
Simulations and measurement results that support this are explained in detail

in Chapter 4.

Radiator at 1 layer
Radiator at 2 layer

Ground

Coaxial cable

. LED
Bonding material 1—4 e - §
F 1

Figure 3.2. Structure of the camera-integratable inverted—-F antenna.

Figure 3.2 shows the structure of the modified inverted-F antenna. The
inverted—-F antenna has the ring shaped and multi-layer substrate. The
proposed antenna has the advantage that it is very easy to tune by adjusting
the length of the radiator in first layer. The inverted-F antenna has a
multilayered substrate of a ring shape. The radiator of the proposed antenna
has a modified shape to fit the ring-shaped substrate. The proposed
inverted—F antenna i1s located on the first and second layers. A copper
radiator placed along the ring-shaped substrate and has a width of 0.5 mm.
A line of radiator connecting the shorting pin is located on the second layer.
The two radiators are connected through the via. A capsule endoscope has a

camera and LEDs to illuminate inside the digestive tract. The LEDs could
_ 1 2 _
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affect the antenna performance. In Consideration of this, the LEDs and the
copper pads for LEDs to be mounted were included in the design stage. The
copper pads for the LEDs are connected to a ground plane through via
respectively. The ground plane with copper is located on the fourth layer of
the multi-layer substrate. A coaxial cable is used to feeding. The coaxial
cable is connected to the ground plane at fourth layer. A signal is fed to the
radiator on the first layer through the via. The feeding line connected to the
radiator has a radius of 0.4 mm. Each via has a radius of 0.15 mm.

The substrate is made of Teflon with dielectric constant of 2.16, it is
relatively low dielectric constant and it increase the radiation efficiency of the
antenna. The inner radius is 3.25 mm and the width is 2.5 mm. The
thickness of the layer is 0.25 mm. The bonding material between the bonded
two substrates 1s located between the second and third layers. The
mmverted—-F antenna is composed of two lines whose lengths are equal to L1
and L2, respectively, as shown in Fig. 3.1. In the proposed antenna, L1 and

L2 are 21.4 mm and 1.5 mm respectively.

_13_
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IV. Experiment and result

A. Simulation

26mm

14mm

-

vacuum Dielectric material

antenna

Figure 4.1. The antenna inside a capsule module.

Figure 4.1 shows the antenna installed inside a capsule module with a
camera module. In the proposed antenna, the antenna substrate has a ring
shape; hence, the camera module can be inserted inside the antenna and
accordingly, the antenna and camera modules can be located on the same left
side, as shown in Figure 4.1, while the other electronic components can be
located on the right side. The capsule module has a dielectric constant of 3.15
and a thickness of 1 mm. In the proposed antenna, the antenna is located on
the same side with the camera modules and LEDs; hence, the antenna’s
performance could be affected by the LEDs and the camera. To investigate
this, the return losses of the designed antenna were simulated, with the
camera module and LEDs added to the antenna sequentially. In the

simulation, the camera module was modeled with homogeneous dielectric

_14_
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material whose dielectric constant is 2.75; the LED was modeled with metal
pads and a semiconductor substrate whose dielectric constant is 10.

The operating frequency of the antenna is greatly affected by the
permittivity. Therefore, it is necessary to analyze the influence of the objects
having the permittivity adjacent through the simulation. The effect on the
dielectric can be confirmed by the return loss graph of the antenna. The
camera module does not affect the return loss of the antenna as shown in
figure 4.2. This is because, as shown in Figure 3.2, the antenna radiator has
a separation distance from the inner ring of the antenna substrate and hence,
the effects of the camera module is reduced. The LED, however, affects the
return loss of the antenna. The center frequency decrease slightly when the
LEDs are added to the antenna.

The center frequency of the antenna can be affected by other electronic
components contained in the capsule endoscope. As in the previous simulation,
the effect of the electronic components was simulated. In the simulation, the
electronic component was simply modeled with a single perfect electric
conductor (PEC) cylinder. The radius and length of the PEC cylinder were
475 and 7.2 mm, respectively. The PEC cylinder was placed on the right side
of the antenna. The return losses were simulated varying the distance
between the antenna and the PEC cylinder. Figure 4.3 shows the simulated
return losses with PEC cylinder. In comparison with the absence of the PEC
cylinder, the center frequency 1s not significantly affected by the PEC
cylinder. This confirms that the ground plane on the fourth layer of the
antenna substrate effectively prevents coupling between the antenna and the

electronic components inside the capsule endoscope.

_15_
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Figure 4.2. Simulated return losses with the LEDs and camera.
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Figure 4.3. Simulated return losses with the PEC cylinder.
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B. Performances of fabricated antenna

Figure 4.4. Fabricated antenna.

Figure 4.5. Assembling parts and antenna assembled with the capsule module.

Figure 4.4 and 4.5 show the fabricated inverted-F antenna, the assembling

parts, and the assembled antenna, respectively. As shown in Figure 4.4, the

_17_
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proposed antenna was fabricated on the multilayered substrate of the ring
shape. Chip LEDs having a size of 1.0 X 1.5mm? respectively were mounted
on the antenna surface. To assembling the fabricated antenna with the
capsule module, the assembling parts shown in figure 4.5 were used. A
connector board was used to connect the outside cable to the coaxial cable
feeding the antenna. During the simulation, it was confirmed that the
connector board does not affect the antenna’s performance. The antenna
should be fixed inside the capsule module for the antenna measurement. For
this, the filler was located between the antenna and the connector board.
After assembling all the parts with the camera model, the assembled antenna
was 1inserted into the capsule module. The capsule module has an outside
cable for the antenna measurement. A waterproof tape was wrapped around

the capsule module to prevent water leakage during the antenna

measurement.

19 AR
WERE L

De-ionized
water

Figure 4.6. Measurement setup to measure return loss.
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Figure 4.7. Measured return loss.

Figure 4.6 shows the measurement setup used to measure the return loss of
the fabricated antenna. The capsule module including the fabricated antenna
was placed at the center of the container. The antenna was located at a
height of 75 mm from the bottom of the container. The container has a
diameter and a height of 12.5 and 30 cm, respectively. The container was
equipped with vertical and horizontal arms that were used to fix the position
of the capsule module inside the container. After fixing the position of the
capsule module, the container was filled with deionized water that was used
as the human phantom. The return loss was measured using a vector
network analyzer (VNA). Figure 4.7 shows the measured return loss of the
fabricated antenna. The center frequency and the bandwidth are 2.386 GHz
and 151 MHz, respectively. As shown in Figure 4.2, the LEDs decrease the
center frequency of the antenna. During the return loss measurement, the
antenna was tuned to compensate for the deviation of the center frequency.
The tuning could be easily done by cutting off the antenna radiator at the

first layer, shown in Figure 4.4.
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Figure 4.9. Radiation patterns at 6 =90" .
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For the fabricated antenna, the radiation pattern was measured. Figure 4.7
shows the return loss that was measured after removing the deionized water
in the container. The center frequency slightly increased, but the return loss
1s still low enough to measure the radiation pattern at the center frequency
before removing the deionized water. This means that the return loss does
not affect the radiation pattern even when the radiation pattern is measured
in the free space at the center frequency before removing the deionized
water. The radiation pattern was measured in a full anechoic chamber. The
gain of the fabricated antenna was measured using a standard horn antenna
located 3 m away from the capsule module. Figure 4.8 and 4.9 shows the
antenna gains that were measured on two orthogonal planes respectively. The
fabricated antenna has average and maximum gains of -7.99 and -3.13 dBj,
respectively, when © is 90°. In general, a capsule endoscope cannot control its
direction and position when it moves along the digestive tract. Therefore, the
transmitting antenna for a capsule endoscope should have an isotropic
radiation pattern so that a signal receiver outside the human body can receive
a constant-power signal regardless of the direction and position of the
capsule endoscope. The radiation pattern close to an isotropic radiation

pattern, in which the deviation of the antenna gain is less than 10 dB.

IV. Conclusion

In this study, an inverted-F antenna was proposed for a capsule endoscope
[25]. The proposed antenna can be integrated on the same side with a
camera inside a capsule endoscope. Various electronic components, such as a
camera and LEDs, can affect the antenna’s performance including its return
loss and radiation pattern. The antenna’s performance was simulated to
investigate the effect of the electronic components. The simulation results

show that the ground plane of the proposed antenna prevents coupling with
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the electronic components. The human phantom for the simulation was a
homogeneous one consisting of deionized water. The fabricated antenna has a
height and a radius of 0614 and 5.25 mm, respectively. The fabricated
antenna operates at 2.386 GHz while having the bandwidth of 151 MHz. It
has average and the maximum gains of -7.99 and -3.13 dBi, respectively.
The fabricated antenna has an isotropic radiation pattern.

The proposed antenna satisfies the basic requirements that can be used in
capsule endoscope. It has an omni-directional radiation pattern for constant
data transmission efficiency in any position and direction. And it has a wide
bandwidth considering the frequency shift caused by the complexity of human
body. It is also suitable for capsule endoscopes with optimized antenna size.

The proposed antenna has several advantages compared with the existing
microstripline antenna. The proposed antenna operates at 2.4 GHz, which is
higher than that of conventional micro strip line antenna, and has a
bandwidth of about 2 times. Therefore, a higher data rate is guaranteed when
data is transmitted from the capsule endoscope to the outside. The existing
microstripline antenna occupies much space of capsule surface and does not
effectively protect the interfere with radiation characteristics of antenna. On
the contrary, the proposed antenna has a structure that can effectively
prevent the interference of the electronic devices while satisfying the
optimized size.

The proposed antenna has a performance that is satisfactory enough to be
used as a transmitting antenna for a capsule endoscope while occupying a
small space inside a capsule endoscope. Accurate disease diagnosis in the
digestive tract i1s possible with a capsule endoscope equipped with the

proposed antenna.
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