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ABSTRACT In this paper, a new dual-polarized (DP) omnidirectional hemisphere dielectric resonator
antenna (DRA) for wireless capsule endoscope system (WCE) is proposed. The antenna was excited in
its omnidirectional TM01δ and TE01δ modes to radiate DP wave by a feeding probe and arc microstrip
line, respectively. Omnidirectional DP wave can be obtained when the TM01δ and TE01δ mode are equal in
amplitude and phase. The TM01δ mode that is equivalent to electric dipole can be obtained by probe feeding.
The TE01δ mode is excited by four arc microstrip lines feeding. They provide a pair of equivalent magnetic
dipoles that are orthogonal to TM01δ mode. The DP omnidirectional DRA be fabricated without the need of
feed network than circularly polarized. The WCE and the human body equivalent tissue model are adopted
in simulation. Water is equivalent to gastric juice during measurement. Communication links between the
proposed capsule antenna and the external receiving antenna are measured to demonstrate the advantages
the DP brings when capsule antenna is placed in different orientations. The capsule endoscope system with
different antennas is placed in water to measure receiving power. The measurement shows that the fabricated
antenna exhibits a wide impedance bandwidth for S11 < −10 dB (2.4–2.48 GHz). The radiation efficiency
of the antenna is between 15-18%, and the peak gain is between −13.5 and −15dBi.

INDEX TERMS Dielectric resonator antenna, dual-polarized, omnidirectional, wireless capsule endoscope
system.

I. INTRODUCTION
Wireless capsule endoscope system (WCE) has the technical
characteristics of whole digestive tract examination, painless
and non-invasive [1]. It can obtain the image information of
gastrointestinal tract and realize the clinician’s direct obser-
vation on the image of gastrointestinal lesions, so as to realize
the diagnosis of gastrointestinal diseases [2], [3].

Among the numerous implanted medical systems, WCE
system is a comprehensive integrating communication sys-
tem including optoelectronic engineering, biomedicine and
image processing. The antenna used for image data trans-
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mission is an important part for the wireless communication
system [4]. When the WCE system is operating in the diges-
tive tract, the sensor is responsible for collecting the internal
information of the digestive tract [5]–[7]. The chip modu-
lates these data signals and transmits them to the antenna,
which sends the modulated signals to the external receiving
device in the form of electromagnetic waves. The medical
diagnosis needs to rely on a large number of high-resolution
images, which requires the communication system to have
high data transmission rate and broad bandwidth. The tra-
ditional antenna is no longer satisfied with the requirements
of WCE system due to its large size, narrow bandwidth and
complex structure. The antenna used for WCE is develop-
ing towards miniaturization, multi-function, broadband and
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easy conformation. Because the antenna performance directly
affects the data transmission quality of WCE system, it is of
great significance and broad market prospect to research on
WCE antenna [8], [9].

Given Imaging company is devoted to the development
and experiment of capsule endoscope, and the company has
made great achievements especially in the field of clinical
application. In 2000, the company launched the world’s first
capsulated wireless endoscope, the M2A [10]. TheWCE sys-
tem antenna belongs to the category of implantable antenna.
In the process of medical examination of patients, the antenna
will keep moving inside the human body due to the influ-
ence of gravity and gastrointestinal peristalsis. This situation
will make it difficult to determine the specific position and
direction of the antenna, which requires the antenna to have
good omni-directional radiation characteristics. When the
antenna is miniaturized as much as possible, it is should also
be considered how to keep the omni-directional radiation
characteristics of the antenna.

The implantable antenna inside the body will rotate and
move with the influence of gravity and gastrointestinal peri-
stalsis. So the polarization direction of the antenna cannot
be determined. If the internal antenna is linearly polarized,
the angle between the implantable antenna and the external
antenna will change. The situation will lead to the polar-
ization mismatch and affect the communication quality. The
body structure is complex, and it has features with high
dielectric constant, non-uniform, high loss. The influence
of antenna size, bandwidth, radiation efficiency and radia-
tion to human body on the system should be considered.
It is the difficult and hot spot of research to design high-
performance implanted miniaturized antenna. In 2017, Pro-
fessor Yong-Xin Guo’s team from the National University
of Singapore designed a small implantable circular-polarized
antenna working in the ISM frequency band (2.4-2.48ghz),
but the antenna did not achieve omnidirectional radiation
characteristics [11]. In 2017, Hyoungsuk Yoo’s team at Ulsan
University in South Korea designed a wideband circular-
polarized antenna for high-speed data transmission WCE
system. The antenna is bent into a cylindrical shape so that
it is conformal with capsule (11 mm × 26 mm). The size of
the antenna is reduced by attaching curved slots of different
lengths [12]. But electronic components, such as CMOS
cameras, batteries and LED lights have serious effects on the
radiation performance of the antenna [13]–[18].

Dielectric resonator antenna, which is made of mate-
rial with high dielectric constant, is a kind of miniatur-
ized antenna which is different from traditional antenna in
radiation principle [19]–[22]. Because the material loss of
dielectric resonator is usually very small, and there is no
surfacewave loss, thewhole surfacewill produce electromag-
netic wave radiation except the ground part, so the radiation
efficiency of dielectric resonator antenna is generally very
high [23]–[25].

In order to solve the problem of polarization mismatch,
circular polarization antennas are mostly proposed. As is well

FIGURE 1. Geometry of the proposed antenna: (a) Top view; (b) Top view.

known, human body is a inhomogeneous object with electro-
magnetic (EM) material characteristics. However, the axial
ratio of implantable circular polarized antenna is extremely
unstable inside the human body because of the diversity and
complexity of tissues. In this paper, the dual polarization
omnidirectional DRA is proposed as the WCE transmitting
antenna, which has the characteristics of miniaturization
and stability. The problem of polarization mismatch can be
solved, and the axial ratio can be ignored. The shape of the
antenna is hemispherical, which is easy to be conformal with
the end of the capsule. The antenna structure is simple and
easy to process.

II. ANTENNA STRUCTURE DESIGN
Fig. 1 shows the configuration of the dual polarization omni-
directional hemispherical DRA that is fed by a planar arc-
shaped microstrip and probe. The DRA has a dielectric con-
stant of εr = 22, loss tangent of 0.002. The material is a
mixture of ceramic and low-loss dielectric material. And the
relative dielectric constant and loss tangent are provided by
the processor after testing. A method of designing an omni-
directional dual polarization antenna is seen as an electric
dipole and a magnetic dipole. This approach is adopted in
designing an omnidirectional dual polarization DRA, where
the electric and magnetic dipoles are realized by using the
TM01δ and TE01δ mode of the DR, respectively. The height
of the DRA was R = 5 mm. Fig. 1 (b) displays the feeding
microstrip, which is printed on a circular substrate with a
thickness of 0.5 mm, radius of R = 5 mm, and dielectric
constant of ε = 4.4. The microstrip cross has a small circular
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TABLE 1. Optimal value of structural parameters.

FIGURE 2. Reflection coefficient of the antenna for different liquid
chemicals. (a) S11 with the feeding probe of different length L; (b)
S11 with microstrip lines of different widths W1.

patch at the center and a diameter of D. The four feeding arc
microstrip lines are connected by a microstrip line of width
W2 with the center patch, respectively.

To feed the DRA, a probe is used in Fig. 1 (a). The pro-
posed DRA resonates at 2.45 GHz with 10 dB bandwidth of
200 MHz (2.36–2.56 GHz, simulation result) covering most
of the application ISM band. The compact structure of the
antenna makes it a suitable choice for WCE applications. The
final dimension of the dual polarization DRA was optimized
with High Frequency Structure Simulator (HFSS) and the
values are given in Table 1.

III. THE SIMULATION ANALYSIS
A. PARAMETERS ANALYSIS
The simulations using HFSS software for the parametric
study were carried out. The influence of the length of the
feed probe L and the width of the arc feed microstrip line
W1 on the reflection coefficient of the dielectric resonant
antenna is discussed. The influence of parameter L on the
antenna performance is shown in the Fig. 2 (a). It can be seen
from the figure that the operating frequency of the antenna
moves to the low-frequency band with the increase of L.
As shown in the Fig. 2 (b), the operating frequency shifts to
the low-frequency band with the increase ofW1. Considering
the impedance of each parameter to the antenna performance
and the shadow of radiation performance, the antenna finally
chooses L as 3.5mm and W1= 0.3mm as the optimal values.
The impedance characteristic deteriorates to different arc
microstrip line degrees θ . This parameter is not shown in the
diagram. All these parameters are simulated with gastric juice
and human tissue model without capsule structure.

The proposed antenna is a dual-polarization antenna. The
radiation characteristics of the antenna are shown here, when
fed with single-polarization. As shown in the Fig. 3 (a), the

FIGURE 3. Radiation pattern with single polarization. (a) The
co-polarization and cross polarization radiation patterns only with the
probe feeding; (b) The co-polarization and cross polarization radiation
patterns only with the microstrip feeding.

radiation characteristics of the dielectric resonant antenna are
displayed with only feeding probe. The normalized radiation
characteristics of themain polarization and cross-polarization
of plane E are shown here. The feeding input impedance of
the antenna was 100 � by this time. When the antenna is
fed only by arc microstrip lines, the four arc microstrip lines
form a current ring and the dielectric resonant antenna radi-
ates omni-directional horizontal polarized electromagnetic
waves. When the antenna is fed separately, the feeding port
adopts 100 � as the input impedance. In this way, the final
antenna input impedance is 50� and the horizontal wave and
vertical polarization wave have equal amplitude distribution.

B. ELECTRIC FIELD ANALSIS AND RADIATION PATTERN
The Fig. 4 shows the electric field distribution diagram of
the antenna in different modes. When only the probe fed,
dielectric resonance operates in TM01δ mode, as shown in
Figure 4 (a). At this time, the electric field inside the probe
is in reverse with the electric field inside the dielectric res-
onance. When only the arc microstrip line fed, the antenna
works in TE01δ mode. The electric field distribution diagram
of dielectric resonant antenna is shown in Figure 4 (b), and
the electric field presents a circular characteristic at this time.

Normalized radiation pattern of dielectric resonance
antenna with co-polarization and cross polarization was
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FIGURE 4. Simulated near fields of DP omnidirectional DRA using HFSS.
(a) E-field in elevation (yz) plane at x = 0, when only the probe fed, (b)
E-field in azimuthal (xy) plane at z = 0, when only the arc microstrip line
fed.

FIGURE 5. Radiation pattern of dielectric resonance antenna (a) 2D
radiation pattern of co-polarization and cross polarization was shown;
(b) 3Dgain radiation pattern.

shown in the Fig. 5 (a). The co-polarization is E-plane radi-
ation pattern of vertically polarized electromagnetic wave
and the cross polarization is H-plane radiation pattern of

FIGURE 6. Distribution of the surface SAR.

horizontal polarized electromagnetic wave. The antenna has
the characteristics of radiating dual-polarization electromag-
netic waves. Figure (b) is the antenna three dimensions (3D)
gain radiation pattern. When electromagnetic wave pene-
trates human tissue, it will bring about scattering and loss.
So antenna gain is only −15dBi.

C. SAR AND COMPATIBILITY ANALYSIS
Specific Absorption Rate (SAR) refers to radio frequency
energy absorbed by the human body. In the process of data
and energy transmission between wireless implanted devices
and external devices, the transmission of electromagnetic
wave in human body will be absorbed by human body. The
electromagnetic radiation absorbed by human body will lead
to the increase of body temperature. The temperature rise
of tissue around the implanted device should not exceed 1-
2 ◦C. For the safety of human body, the radiation value to
human body needs to be regulated. Therefore, all implantable
devices must comply with the standard set by the IEEE for
SAR. There are currently two IEEE (Institute of Electrical
and Electronics Engineers) standards for reference [26]: (1)
the IEEE c95.1-1999 standard limits the SAR value no more
than 1.6 W/kg of 1g /m3 of human tissue for an input power
of 2mW. (2) THE IEEE C95.1-2005 standard limits the SAR
value no more than 2 W/kg of 1g /m3 of human tissue for an
input power of 2mW. Peak SAR can be defined as:

SAR =
1
2
σe |E(r0)|2

ρ(r0)
(1)

In formula (1), σe (S/ M) and ρ (kg/m3) represent
the conductivity and mass density of the medium, respec-
tively. Moreover, 1/2σe |E(r0)|2 is the average energy density
absorbed by the body in the point of r0 place.

In this study, we use HFSS simulation software combined
with a simple human tissue model to calculate the SAR value
of human body under a specific input power. In figure6,
the peak SAR value is 0.8199W/kg at 2.45 GHz under condi-
tion of 2mW input power.

Generally, electronic interference (EMI) refers to any
electromagnetic disturbance that can cause the perfor-
mance degradation of equipment signal transmission sys-
tem; and electromagnetic disturbance is an electromagnetic
phenomenon, which can reduce the performance of equip-
ment system, and even endanger human health. For example,
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the mobile phone carried by human beings will emit electro-
magnetic radiation. When the mobile phone is close to the
electronic medical equipment, it will reduce the performance
and accuracy of the equipment. There are three essential
factors for electromagnetic interference to cause substantial
damage.

(1) Interference source is the main body of interference,
including electronic components, equipment and natural phe-
nomena;

(2) Interference channel, also known as coupling channel,
is the way for interference source to transmit disturbance
energy to interference object. Generally, there are three kinds
of coupling: direct coupling, inductive coupling and radiation
coupling;

(3) Interference object, that is sensitive electronic compo-
nents or equipment system interfered by interference source.

Electrostatic discharge (ESD): the contact discharge of
±4KV. Due to the non-metallic shell with biological com-
patibility of the capsule, the static electricity fails to produce
a functional breakdown of the system.

To interference: 150 KHz - 80 MHz (80% amplitude mod-
ulation, 1 KHz frequency modulation) of the radio frequency
interference sources in the form of electromagnetic wave
produced interference in the equipment connecting cable,
which generates current on the equipment. The data between
capsule endoscope and receiver is transmitted wirelessly, and
the conducted interference is mainly caused by the USB cable
between the receiver and PC. By adding anti-interference
magnetic ring on USB data line, the interference is reduced.
And when the power circuit is designed, corresponding EMC
analysis was considered; and by increasing the overvoltage,
overcurrent and overheating protection circuit to weaken the
conduction interference.

Radiation interference: Interference source (80 MHz-
2.5GHz) with frequency modulation of 1KHz and amplitude
modulation of 80%, field strength 3V/m generates induction
current to sensitive parts (such as antenna) in the form of
radiation electromagnetic waves, and then enters the equip-
ment, causing interference to the equipment. The experimen-
tal results did not affect the function of the capsule endo-
scope. The capsule endoscope mainly radiated electromag-
netic waves outward and only received startup and wake-up
signals under certain signals.

D. WCE SYSTEM ANALYSIS
The overall structure of the WCE system is shown in the
figure 7 (a), which includes the camera sensor, the data pro-
cessing chip, the battery, the magnetic core used to control the
orientation, the RF transmitter and the antenna. The overall
size of capsule endoscope is 20× 11 cm. Capsule endoscope
shell is made of a special sealed biocompatible material,
which can resist strong gastric acid and digestive enzymes.
Capsule endoscope is swallowed into the human digestive
tract, so the simplified human tissue model needs to be estab-
lished in the HFSS simulation software. In the figure 7 (b),
a simplified three-tier organization model is established. The

FIGURE 7. (a) WCE system structure diagram; (b) Structure diagram of
three-layer organization simulation model.

FIGURE 8. Reflection coefficient of the proposed antenna with different
conditions.

capsule endoscope is placed in the stomach fluid. The size of
the hexahedral model is 50 mm× 50 mm× 75mm, with skin
of 4 mm, fat thickness of 6 mm and muscle thickness of 15
mm. Human tissue is the dispersion medium, so its electrical
conductivity and relative permittivity change with the change
of frequency. However, antenna working band (2.45 GHz
ISM) is narrow, the electrical characteristics parameters of
human tissue approximation is set at the center frequency
of 2.45GHz. Figure 7 (b) shows the specific relative dielectric
constant and conductivity of the skin, fat and muscle, and
gastric juice at the 2.45GHz.

The simulated results of S11 with different conditions are
shown in Figure 8. The impedance matching varies with dif-
ferent conditions. The results of S11 in free space and gastric
fluid are compared. Dielectric resonance antenna has higher
external permittivity with gastric fluid, skin, muscle and other
human tissues than in free space. So the resonant frequency
of antenna in free space will shift towards high frequency.
Effect of human tissue on reflection coefficients of antenna
can be seen from the simulation results of S11 that in the case
of three layers of tissue and gastric juice with the same size
and only gastric juice. The resonance frequency is lower and
the mismatching without than with the tissue layers, which
is caused by the dielectric constant of the tissue layers. The
performance of S11 does not vary much with or without the
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FIGURE 9. Reflection coefficients of the proposed antenna.

FIGURE 10. (a) WCE system structure diagram; (b) Structure diagram of
three-layer organization simulation model.

FIGURE 11. Transmission coefficient (S21) of the communication links
when the capsule antenna is rotated in different orientations.

WCE system model, indicating that the proposed antenna is
robust and suitable for the WCE system.

IV. RESULTS AND DISCUSSION
The simulated and measured reflection coefficients of the
proposed and the external receiving antenna are shown in fig-
ure 9. The proposed antenna has the measured bandwidth
(2.4–2.48 GHz). The measured reflection coefficients the
resonance depth is worse than the simulation. The main cause
of this problem is machining error. The actual machined
dimensions and shape of the antenna are shown in Figure 10.

TABLE 2. The measurement of link loss S21 at 2.4GHz.

FIGURE 12. The received power is compared when flexible monopole
antenna and dielectric resonance antenna as transmitting antenna,
respectively.

As shown in figure 11, the external antenna is set 100 mm
far away from the capsule antenna. 100 mm is far enough
to guarantee the distance between the capsule antenna in
the human stomach tissue and the external antenna. The
coordination system is also established in figure 11. To sim-
plify the measurement, the communication links were only
measured in some representative situations. The axis of the
capsule is defined as the orientation of the antenna. During the
measurement, the antenna is rotated in different orientations,
while the external antenna orientation stays the same. Mea-
sured communication links in terms of S21 at the resonant
frequency 2.4 GHz of various orientations and rotation angles
are tabulated in Tables 2.

In order to further verify the performance of the antenna,
the capsule endoscope system with different antennas is
placed in water to measure. The signal radiated by the capsule
endoscope is received by the receiving antenna and sent to
the Spectrum Analyzer (FSH4), as shown in figure 12. When
other conditions remain unchanged, the receiving power of
the dielectric resonant antenna as the transmitting antenna is
higher than the traditional flexible monopole.

Figure 13 is the measurement photograph and radiation
pattern of passive antenna in microwave anechoic chamber
when it is in water. Figure 13 (b) is a radiation pattern without
normalization. The value represents the level value, not the
gain. E-theta and E-phi represent the radiation pattern of
horizontal polarization and vertical polarization, respectively.
From this measurement radiation pattern, it can be concluded
that the antenna radiate dual polarized electromagnetic wave.
The radiation efficiency of the antenna is between 15-18%,
and the peak gain is between −13.5 and −15dBi.

In order to show the advantage of the proposed antenna,
Table 3 compares it with the capsule endoscope antennas in
the published papers. The antenna in [4] has a wide BW, but it
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FIGURE 13. Measurement of radiation pattern. (a) Picture of
measurement environment, (b) Radiation pattern at 2.45GHz.

TABLE 3. Performance comparison of the proposed DP antenna with
capsule endoscope antennas.

has directional radiation pattern. Among the conformal anten-
nas, the antenna in [9] radiation pattern distortion because of
electronic components have serious effects on the radiation
performance of the antenna.

V. CONCLUSION
In this paper, TM01δ mode and TE01δ mode have been used
in DP omnidirectional DRA. The proposed antenna, together
with parameters, electric field, SAR and the WCE system,
has been analysed and discussed through HFSS simulation.
The antenna is different from other types of the previous one
(thin film, PCB, conformal antenna and so on). And it is
simple structure and easy to manufacture, and not suscepti-
ble to external environment. The simulated results in three
organs indicated that the proposed antenna is very stable and
suitable for the WCE system. Finally, the fabricated antenna
was measured in water. The polarization characteristic of
the proposed antenna has been verified by measuring its
communication links at different orientations. Variation of

communication links in terms of S21 is within 9dB. The
measured results exhibit good properties of the WCE. The
antenna gain, radiation pattern and efficiency measurement
results are consistent with the simulation results. At the same
time, the dielectric resonant antenna is compared with the
flexible monopole antenna in combination with WCE. It is
proved that the resonant antenna has higher gain than flexible
monopole antenna.
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