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With the advent of new medical diagnostic techniques, the wireless capsule
endoscopy has been emerged as more convenient than traditional endoscopy for
the digestive tract monitoring. The typical use of wireless capsule endoscopy is
to diagnose intricate areas of the small intestine. However, the current wireless
capsule endoscopy systems suffer from low data rate which cannot meet the
requirement for transmitting high resolution images. The poor quality of received
images can bring ambiguities during the diagnosis.
In this master thesis, the MIMO antennas employing polarization diversity
is proposed for a wireless capsule endoscopy system at 433 MHz ISM band.
The polarization diversity between in-body capsule and on-body receiver is
considered to be main responsible for increasing the data rate. Two conformal
dual polarized loop antennas are designed for the in-body capsule transmitter,
while two planar dual polarized printed monopole antennas are designed for the
on-body receiver. The on-body receiving antennas are designed using the flat
and flexible substrates to study their impacts on the size, bandwidth and efficiency.

The simulated refection coefficients of proposed in-body MIMO antennas
are less than -10 dB over the required bandwidth (400-500 MHz). The mutual
coupling between them is found to be less than -20 dB over a wide range of
frequencies. The on-body MIMO antennas are measured on the liquid phantom to
validate the simulated results. The simulated and measured results showed good
agreement of matching in terms of reflection coefficients and mutual coupling.
Moreover, the size of on-body antennas found to be compact by using the high
permittivity substrate. The on-body MIMO antennas are also measured on the
human body. It is observed that the lossy properties of skin significantly reduce
the mutual coupling between the MIMO antennas.

Keywords: MIMO, conformal loop antennas, body phantom, printed monopole
antennas, dielectric loading effect, mutual coupling, liquid phantom
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1 Introduction

The importance of healthcare technologies in improving the quality of life is broadly
well recognized. For several decades, imaging techniques, such as x-ray, ultrasound
and computerized tomography have been mostly used to diagnose diseases inside the
human body. To acquire reliable diagnosis in the medical field, microwaves and ra-
dio waves have received much more attention, thus leading to the use of implantable
medical devices [1]. In the earlier use of implantable medical devices, wireless tech-
nology was not very common. However, the latest research in understanding the
interaction between electromagnetic (EM) waves and human body has facilitated
health monitoring with wireless implantable devices.

One of the important possible applications of wireless implantable devices is
wireless capsule endoscopy (WCE) which is used to record images of the diges-
tive tract for diagnosis [2]. A typical advantage of the capsule endoscopy is to
examine convoluted areas of the small intestine that cannot be seen by other two
types of endoscopy, such as colonoscopy and esophagogastroduodenoscopy (EGD).
A colonoscopy is a lower endoscopy technique and it is inserted through the rectum
of the digestive tract. It can record images of the colon and distal portion of the
small intestine, while the EGD is used to examine esophagus, stomach and the first
part of the small intestine. These two types of endoscopy are not able to visualize
majority of the small intestines middle portion. In addition, these endoscopy tech-
niques are still painful and time consuming. On the other hand, capsule endoscopy
is non-invasive, painless and requires no sedation [3]. It can comfortably diagnose
bleeding, iron deficiency, abdominal pain and tumors in the small intestine.

The procedure of capsule endoscopy entails swallowing a wireless capsule about
a size of a multi-vitamin that has a tiny camera attached to it. The capsule moves
through the digestive tract and takes images. The captured images are transmitted
to the on-body receiving unit. Physicians can interpret the images for diagnosis in
the real time or offline. A typical WCE system is shown in Fig. 1.

Wireless capsule

On-body receiver

Fig. 1: Wireless capsule endoscopy system.
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A wireless capsule consists of several components, such as illuminating light
emitting diode (LED), lens, camera, batteries, ASIC (application specific integrated
circuit) transmitter and an antenna as shown in Fig. 2. Among other components
in the wireless capsule, antenna is an important element for wireless communication
with the on-body receiver. This particular master thesis focuses on antenna solu-
tions for a WCE system.

Fig. 2: Wireless capsule structure.

In a wireless capsule endoscopy (WCE) system, the quality of received images
plays an important role for the reliable diagnosis by physicians. A minimum 3.5
Mb/s data rate is required for sufficient quality of images [4], whereas 110 Mb/s
data rate is required to receive video [5]. Recently, considerable research has been
devoted to improve the data rate for receiving high resolution images. In [6], an ap-
proach based on image compression technique was used to increase the frame rate of
the received images, while a low complexity video encoding method was used in [7].
The high power consumption and intensive computations in the capsule are the main
challenges in implementing image compression and encoding schemes. Another ap-
proach to improve the data rate of a WCE system is the use of ultra-wideband
(UWB) technology as presented in [8–10]. However, the absorption of EM waves in
the body tissues are more at higher frequencies which increases the propagation loss
between the capsule transmitter and on-body receiver. For instance, propagation
losses in the human body increases exponentially for frequencies above 1.5 GHz [11].
In order to avoid high propagation losses in the body tissues, most of the commer-
cially available WCE systems operate at low frequency bands, such as industrial
scientific and medical (ISM, 433-434.8 MHz) and medical implant communication
service (MICS, 402-405 MHz) [12,13]. The channel bandwidth in these bands is not
sufficient to support high data rate communication through the body.

The multiple-input-multiple-output (MIMO) technique has been one of the most
promising method for increasing wireless performance in terms of data throughput
and reliability. The MIMO antennas employing polarization diversity scheme in
a wireless system can increase the data rate without additional bandwidth. In
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[14] and [15], a transmit polarization diversity scheme was used in the implant to
improve the data rate at ultra-wideband (UWB) frequencies (3.4-4.8 GHz). Two
orthogonal planar elliptical loop antennas were used in the implant to communicate
with multiple on-body receiving antennas. However, the propagation losses in the
body tissues are more at ultra-wideband frequencies as compared to MICS and ISM
bands.

This master thesis presents the design and analysis of dual polarized MIMO an-
tennas for in-body capsule and on-body receiver to increase the data rate of a WCE
system. The unlicensed 433 MHz ISM band is selected to reduce the propagation
losses through the body tissues. Moreover, according to the best of author knowl-
edge, no experimental validation is reported in the literature for a multi-antennas
WCE system at 433 MHz ISM band.

The objective of this thesis is to design dual polarized MIMO antennas for the
in-body capsule transmitter and on-body receiver at 433 MHz ISM band. For this
purpose, two orthogonal conformal loop antennas have been designed for the capsule
transmitter, whereas two orthogonal printed monopole antennas have been designed,
simulated and measured for the on-body receiver. As the distance between the
capsule transmitter and on-body receiver is small, polarization diversity scheme will
be mainly responsible for increasing the data rate. However, the analysis of potential
increase in the data rate is considered for future work.

The rest of thesis is organized as follows: Chapter 2 describes the human body
characteristics and human equivalent tissue models. The in-body capsule antenna
design and simulation results are presented in chapter 3. Chapter 4 reports the de-
sign and simulations results for on-body receiving antennas. Measurement results of
the on-body antennas are described in chapter 5. Chapter 6 presents the conclusions
and future areas of research in the WCE systems.
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2 Human Body Characteristics and Tissue

Models

Recent developments in the communication technologies have enabled the use of
wireless communication for improving health care. Thus, the body area networks
(BANs) are becoming an emerging technology for their applications in the medical
field. The BANs are wireless networks in which sensors are placed over the human
body. There are two main categories of BANs, such as wearable and implantable.
A wearable BAN operates on the surface of the human body, while an implantable
BAN operates inside [16]. They have distinctive features and requirements as com-
pared to the traditional wireless networks. For instance, they need to operate with
specified power levels so that the exposure of electromagnetic waves to humnan body
can be reduce [17]. In Fig. 3, a typical wearable BAN application in health care
is shown in which many sensors are placed over the body to communicate with an
on-body base station. The base station collects information from the sensors and
process it for monitoring various physiological data, for example blood temperature,
body motion and so on.

Blood temperature Blood pressure

Base station

Motion sensors

Fig. 3: Wearable BAN application in health care [18].

For diagnosing diseases inside the human body, the implantable BANs are mostly
used. They exhibit distinguished features as compared to wearable BANs, such as
compact size, battery power limitations and signal transmission through the lossy
tissues. The wireless capsule endoscopy is a typical example of an implantable
BAN where an ingestible wireless capsule is used to record images of the digestive
tract [2]- [15].
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2.1 Electrical properties of the body tissues

The human body is an inhomogeneous, lossy and dispersive medium. It consists
of several tissues. The tissues vary in their composition and electrical properties,
such as permittivity, conductivity and loss tangent [19]. These electrical properties
are frequency dependent and affect the performance of an antenna in their close
proximity. Fig. 4 shows the permittivity and conductivity of skin, fat, muscle and
colon tissue as a function of frequency [20]. Fat is a low water content tissue with
significantly different dielectric properties than skin, muscle and colon tissue. The
conductivity of tissues increases with frequency, while permittivity decreases.
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Fig. 4: Electrical properties of the skin, fat, muscle and colon tissues: (a) permit-
tivity; (b) conductivity.

2.2 Impacts of the body tissues on an antenna performance

The electrical properties of body tissues affect the characteristics of an antenna, such
as electrical length, radiation efficiency and gain. The electrical length of an im-
plantable and on-body antenna increases due to high permittivity of the surrounding
body tissues. Therefore, a lower resonant frequency is obtained as compared to the
free space scenario for the given fixed dimensions of an antenna . This phenomena
is called as dielectric loading effect and the amount of detuning depends on the
antenna distance from the body tissues. For example, Fig. 5 shows the simulated
reflection coefficient of an implantable antenna when it is placed in the free space
and colon tissue. It is observed that the high permittivity colon tissue (ε = 62.019)
detunes the antenna towards lower frequencies by increasing its electrical length as
compared to the free space (ε = 1).
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Fig. 5: Dielectric loading effect on an implantable antenna due to the high permit-
tivity of colon tissue.

The power radiated from an antenna defines it efficiency. For any antenna in
free space, the radiated power mainly depends on the far field components as the
near field is mainly reactive [21]. However, the near fields of an implantable and
on-body antenna strongly couples in the surrounding tissues. Thus, tissues absorb
most of the radiated power and decrease the efficiency of an implantable antenna.

2.3 Human equivalent tissue models

The dielectric properties of body tissues have significant effect on the performance
of an implantable and on-body antenna. Thus, it becomes essential to study the
antenna performance inside the inhomogeneous lossy medium. For numerical sim-
ulations, the implantable antennas are mostly studied inside the human body that
simulate biological tissues. The computational cost heavily depends on the com-
plexity of the tissues models. There are three main types of tissue models which are
being used for numerical simulations, such as canonical, anatomical and full body
model.

2.3.1 Canonical tissue model

For speeding up the simulations with appropriate dielectric properties, canonical
geometries, such as rectangular cuboid box [22–24], cylindrical [25,26] and spherical
tissue models [27] are mostly used in literature. The shape of canonical tissue models
can be selected according to the application of interest. These tissue models can be
single layered or multilayered. A single layered tissue model is shown in Fig. 6(a).
It takes less time to compute but ignores reflections in the multiple layers of the
body tissues. In contrast, a multilayered canonical tissue model provides accurate
estimation of reflections and absorptions in different body tissues [28]. Fig. 6(b)
shows an implantable antenna inside a four layered canonical tissue model which
consists of skin, fat, muscle and colon tissues.
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(a) (b)

Fig. 6: Canonical tissue models: (a) single layered; (b) multilayered.

2.3.2 Anatomical tissue model

The anatomical tissue model provides more realistic results as compared to the
canonical tissue model. It improves the accuracy of the design but requires more
computational time. Fig. 7(a) shows anatomically defined chest model from ANSYS
human body model.

  

(a) (b)

Fig. 7: Tissue model: (a) anatomically defined chest model from ANSYS [29]; (b)
Laura voxel full body model from CST [30].

2.3.3 Full body models

These are the most comprehensive body models which provide the highest level of
accuracy in the numerical study. However, they require longer simulation time.
In [31], the complete Japanese males and female computational body models were
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designed for the electromagnetic dosimetry. A Laura voxel body model for charac-
terizing the performance of an on-body wearable antenna is shown in Fig. 7(b).

2.4 Human equivalent phantom models

The experimental investigations are required to validate the results obtained from
numerical simulations of an implantable or on-body antenna. Due to safety guides
by the Federal Communications Commission, a human body cannot be used for the
experimental investigations of an implantable antenna. Therefore, tissue equivalent
phantoms and animal tissues are mostly used to characterize the performance of an
implantable antenna.

2.4.1 Tissue equivalent phantom

The testing of an implantable antenna is convenient to perform inside the tissue
equivalent phantom. A tissue phantom is usually a container filled with liquid or
gel material that behaves electrically similar as an implant tissue. There are several
recipes available to formulate the tissue equivalent liquid or gel. For example in [24],
an implantable antenna is tested in a skin mimicking gel which is composed of
deionized water, sugar, salt and agarose. In [32], a liquid with the muscle tissue
properties is formulated by mixing sugar, salt and water. Fig. 8 shows single layer
liquid phantom which is used to test an implantable capsule antenna.

Fig. 8: Antenna testing inside a muscle mimicking liquid phantom [32].

2.4.2 Testing with animal tissue

The use of animal tissues provide realistic approach in the design verification of an
implantable antenna. The implantable antenna can be tested either by embedding
in the tissue samples from a donor animal i.e. ex-vivo studies or by implanting the
antenna inside live animal by using surgical methods i.e. in-vivo studies. Fig. 9(a)
shows the implantation of an antenna inside the rat skin for performing ex-vivo stud-
ies. To further assess the performance on an implantable antenna in real scenario,
in-vivo studies are performed as shown in Fig. 9(b).
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(a) (b)

Fig. 9: Implantable antenna testing with animal tissue: (a) antenna inside the rat
skin [33]; (b) antenna inside the porcine test subject [29].
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3 Design and Analysis of Dual Polarized MIMO

Antennas for the in-body Capsule Transmitter

In a WCE system, the transmitting antenna of a capsule module plays vital role
for establishing robust communication links with an on-body receiver. This chapter
describes the design and simulation results of the dual polarized MIMO antennas
for an in-body capsule transmitter. Two orthogonal conformal loop antennas are
proposed at 433 MHz. One loop antenna is conformed on the inner surface of the
capsule shell, while a second loop antenna utilizes the outer surface. The perfor-
mance of both loop antennas is evaluated inside a body phantom with the properties
of colon tissue which is an integral part of the digestive tract. The CST microwave
studio is used for the design and simulation of dual polarized MIMO antennas.

This chapter is organized as follows: Section 3.1 presents the design challenges
for an in-body capsule transmitting antenna. The different types of capsule antenna
structures and the design of MIMO antennas are described in Section 3.2. The body
phantom properties are presented in Section 3.3. Simulation results of the MIMO
antennas are described in Section 3.4. The impacts of capsule orientations on the
performance of MIMO antennas are presented in Section 3.5. The chapter summary
is described in Section 3.6.

3.1 Antenna for an in-body capsule transmitter

3.1.1 Design challenges and requirements

There are certain challenges and requirements to design an antenna for the in-body
capsule transmitter. For instance, an antenna should have compact size due to lim-
ited available space in the capsule module. The diameter of capsule module is 11 mm
and its shell is made of 0.5 mm thick Ultem material (εr = 3.5 and tan δ = 0.00027)
as shown in Fig. 10. However, the antenna size becomes large at 433 MHz (λair =
692 mm) and miniaturization techniques are required for its placement.

26 mm

(a)

Capsule shell

11mm

(b)

Fig. 10: Capsule module: (a) side view; (b) cross section view.
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Once the capsule is swallowed by the patient, it travels through the entire diges-
tive tract which is composed of several tissues with different dielectric properties.
Thus, it experiences a diverse propagation environment during the travel period.
Therefore, ultra-wide operational bandwidth is required for an antenna to exhibit
robustness against the detuning. In addition, an antenna should have omnidirec-
tional pattern in order to maintain the continuous communication with an on-body
receiver irrespective of the capsule orientation.

3.2 Antenna structures for an in-body capsule transmitter

There are two promising antenna types which have been reported in the literature,
such as embedded [34] and conformal [35–37] antenna structures. Fig. 11(a) and
Fig. 11(b) shows the embedded and conformal antenna structures respectively for
the in-body capsule transmitter. The embedded antennas are placed inside the cap-
sule module, while conformal antenna structures are designed on the surface of a
capsule module. The conformal antenna only occupies the surface of a capsule mod-
ule and leaves the interior portion for other electronic components. Thus, the size
of a capsule module can be reduced as compared to an embedded antenna structure.

(a) (b)

Fig. 11: Antenna types for a capsule transmitter: (a) embedded antenna inside a
capsule module; (b) conformal antenna around the outer surface of a capsule module.

The antenna of an in-body capsule transmitter should be less sensitive to the
lossy properties properties of body tissues. For this reason, magnetic loop antennas
are mostly preferred for the capsule as they are less sensitive to influence by the body
tissues than other electrical antenna types, such as dipoles and monopoles [32]. In
this section of the chapter, the MIMO antennas for an in-body capsule transmitter
are proposed. One conformal loop antenna is designed on the outer surface of capsule
shell, while second conformal loop antenna utilizes the inner shell.

3.2.1 Outer shell loop antenna

Fig. 12(a) shows the geometry of outer shell loop antenna which is patterned on a
0.55 mm thick flexible substrate called as Polyimide (ε = 3.5 and tan δ = 0.0003).
The flexible nature of Polyimide material helps in conforming antenna on the outer
surface of capsule shell as shown in Fig. 12(b).
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10 mm
1 mm

11.5 mm

10 mm

5 mm

8 mm

28 mm

20.17 mm

Polyimide substarte5.3 mm
4.6 mm

4 mm

2 mm

(a)

Feed 

(b)

Fig. 12: Outer shell loop antenna structure: (a) before; (b) after conforming on the
outer surface of a capsule shell.

3.2.2 Inner shell loop antenna

An antenna around the inner surface of capsule shell is 0.5 mm away from the body
tissues. Therefore, the dielectric loading effect is lower as compared to an antenna
on the outer surface of capsule shell. To miniaturize the antenna dimensions, mean-
der lines are used as they increase the electrical length within compact dimensions.
The configuration of inner shell loop antenna before and conforming on the inner
surface of capsule shell is shown in Fig. 13. The antenna is designed on the same
substrate material which is used for the outer shell loop antenna. Two feed lines of
7.5 mm length and 0.5 mm width are used to form the loop.

15.2  mm

1.65 mm

7.5 mm

20.6 mm

20.25 mm

Polyimide substrate

(a)

Feed

(b)

Fig. 13: Inner shell loop antenna structure: (a) before; (b) after conforming on the
inner surface of capsule shell.

3.2.3 MIMO antennas for the in-body capsule transmitter

The designed inner and outer shell loop antennas are now conformed together around
the capsule module as shown in Fig. 14(a). The antennas are placed orthogonal to
each other in order to obtain dual polarization in the capsule transmitter. The feed



13

lines of both inner and outer shell loop antennas are shown in Fig. 14(b).

Outer shell antenna

Inner shell antenna

(a)

Inner shell antenna
Outer shell antenna

(b)

Fig. 14: MIMO antennas for the in-body capsule transmitter: (a) conformed around
the capsule shell; (b) feeding structure for dual polarization.

3.3 Human equivalent tissue model for simulation

A rectangular single layered canonical tissue model with the colon tissue properties
(ε = 62.019 and tan δ = 0.58719 at 433 MHz) is used to simulate the MIMO an-
tennas of the in-body capsule transmitter. The colon tissue equivalent tissue model
is shown in Fig. 15. Moreover, the size and shape of the tissue model is similar
to the body phantom which will be used for performing measurements. The body
phantom is 0.5 mm thick plastic (ε = 1.9 and tan δ = 0.003) rectangular box that
contains the colon tissue equivalent liquid.

Colon tissue

Plastic

Colon tissue

Pla

120 mm

220 m
m

2
2
0
 m

m

Fig. 15: Rectangular shaped single layer canonical tissue model with the colon
tissue properties at 433 MHz.
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3.4 Simulation results of MIMO antennas inside the body
phantom

To study the performance of MIMO antennas in realistic environment, the capsule
module is placed at the center of body phantom as shown in Fig. 16. Port 1 is
assigned to the inner shell loop antenna, while port 2 is used for the outer shell loop
antenna. The MIMO antennas are simulated for characterizing their performance
in terms of reflection coefficient and mutual coupling.

Fig. 16: Capsule module at the center of body phantom.

3.4.1 Reflection coefficients

The simulated reflection coefficients are shown in Fig. 17. The reflection coefficients
of inner and outer shell loop antennas at 433 MHz are -21.66 dB and -33.02 dB
respectively. The reflection coefficient of outer shell loop antenna is less than -10 dB
over a wide bandwidth. In contrast, the inner shell loop antennas has shown narrow
-10 dB bandwidth (336-540 MHz) due to meander lines inductance and compact
dimensions.
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Fig. 17: Simulated reflection coefficients of the MIMO antennas.
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3.4.2 Mutual coupling

The simulated mutual coupling (|S21| = |S12|) is less than -20 dB over a wide
bandwidth as shown in Fig. 18. The low mutual coupling is due to 0.5 mm thick
capsule shell which prevents the flow of electric current between the MIMO antennas.
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Fig. 18: Simulated mutual coupling between the MIMO antennas.

3.5 Analysis of MIMO antennas performance with different
capsule orientations

The capsule swallowed by the patient undergoes random orientations while moving
through the digestive tract. Therefore, it is important to study the impacts of
capsule orientations on the performance of MIMO antennas. The MIMO antennas
are simulated with three different orientations of the capsule as shown in Fig. 19.

z

x

y

Fig. 19: Three different orientations of the capsule.

The simulated reflection coefficients are shown in Fig. 20. It is observed that
the MIMO antennas have not detuned despite the capsule orientations. Thus, the
capsule orientations have insignificant impact on the reflection coefficients of MIMO
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antennas. Moreover, the reflection coefficients are less than -10 dB in the required
bandwidth (400-500 MHz) irrespective to the capsule orientations.
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Fig. 20: Simulated reflection coefficients for the capsule orientations: (a) inner shell
loop antenna; (b) outer shell loop antenna.

The simulated mutual coupling (|S21|=|S12|) is illustrated in Fig. 21. It can be
seen that the MIMO antennas have maintained good level of isolation over a wide
range of frequencies. Thus, the design of MIMO antennas is robust against the
capsule orientations.
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Fig. 21: Simulated mutual coupling between MIMO antennas for three capsule
orientations.
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3.6 Chapter summary

In this chapter, the design and analysis of dual polarized MIMO antennas were pre-
sented for the capsule transmitter in a WCE system. One conformal loop antenna
was designed on the inner surface of capsule shell, while the second loop antenna
utilized the outer surface. The antennas were conformed orthogonal to each other
to obtain dual polarization in the capsule transmitter. The performance of MIMO
antennas was characterized inside the rectangular shaped body phantom with colon
tissue properties at 433 MHz. From the simulated results, it was found that the
reflection coefficients of dual polarized MIMO antennas were less than -20 dB at
433 MHz. Moreover, the -10 dB bandwidth of inner shell loop antenna was narrow
as compared to the outer shell loop antenna. The mutual coupling between MIMO
antennas was also studied in this chapter. It was observed that the mutual coupling
is less than -20 dB over a wide bandwidth. Lastly, the impact of capsule orienta-
tions on the performance of MIMO antennas was studied. It was found that the
MIMO antennas showed robustness against the detuning and maintained good level
of matching and isolation at 433 MHz.
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4 Design and Analysis of Dual Polarized MIMO

Antennas for the On-body Receiver

In the context of receiving high quality images, a WCE system requires an efficient
on-body antenna. The on-body antenna should be flexible and compact in size in
order to ensure the comfortability for patients. However, the dielectric loading effect
of body tissues is lower for an on-body antenna as compared to an in-body antenna.
Thus, the design of compact size and efficient on-body antenna is a challenging task
at 433 MHz ISM band.

In this part of the thesis, the design and analysis of dual polarized MIMO an-
tennas are presented for an on-body receiver of a WCE system. The performance of
MIMO antennas are characterized using the flat and flexible substrates. The FR-4
and RT Duroid are used as flat substrates, while a 0.55 mm thick material is used as
flexible substrate. The motivation of considering different substrates is to determine
their impacts on the size, flexibility, bandwidth and efficiency of MIMO antennas.
Moreover, meander lines are used in the antenna structures for their considerable
miniaturization at 433 MHz. The body phantom with the colon tissue properties is
used to characterize the performance of the designed antenna structures.

The chapter is organized as follows: Section 4.1 describes the design and analysis
of on-body MIMO antennas using the FR-4 substrate. In Section 4.2, the MIMO
antennas are simulated using the RT Duroid substrate. Moreover, separate ground
planes are proposed to reduce the mutual coupling between MIMO antennas. In
section 4.3, the MIMO antennas are designed and simulated using the flexible sub-
strate. The chapter summary is presented in Section 4.4.

4.1 Design and analysis of on-body MIMO antennas using
the FR-4 substrate

Printed monopole antennas are being used in various wireless systems due to their
light weight and low cost of fabrication. They belong to the monopole antennas
family and have a radiating element on the top side of substrate. The ground plane
is designed on the bottom side of substrate and its dimensions affect the antenna
resonant frequency. In this section, two orthogonal printed monopole antennas are
designed on the commonly available 1.5 mm thick FR-4 substrate (ε = 4.3 and
tan δ = 0.025).

4.1.1 Geometry of the MIMO antennas structure

The geometry of proposed MIMO antennas structure is shown in Fig. 22. It consists
of dual polarized printed monopole antennas on the FR-4 substrate with the size
of 87 mm × 87 mm. Moreover, the meander lines and common ground plane are
used to increase the electrical length of each printed monopole antenna for compact
dimensions at 433 MHz.
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(a) (b)

Fig. 22: Geometry of the MIMO antennas structure using the FR-4 substrate: (a)
top view; (b) bottom view.

4.1.2 Simulation set-up and results

The designed MIMO antennas structure is placed on the body phantom as shown
in Fig. 23. The simulated environment is designed with respect to the measurement
set-up. For instance, the SMA connectors of printed monopole antennas will keep
the antenna structure approximately 2 mm away from the body phantom. Therefore,
the air gap is considered in the simulation environment to validate the measurement
set-up. The antenna structure is simulated by assigning port 1 and port 2 to antenna
1 and antenna 2 respectively.

Fig. 23: MIMO antennas structure on the body phantom.

The simulated reflection coefficients of the MIMO antennas are shown in Fig. 24.
It is observed that the MIMO antennas are well matched at 433 MHz. The simulated
reflection coefficients of antenna 1 and antenna 2 at 433 MHz are -19.64 dB and -
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21.44 dB respectively. Moreover, the -10 dB impedance bandwidth of both printed
monopole antennas is 145 MHz (365-510 MHz).
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Fig. 24: Simulated results of MIMO antennas using the FR-4 substrate: (a) reflec-
tion coefficients; (b) mutual coupling.

On the common ground plane, the electric current which is flowing between the
antenna ports is mainly responsible for mutual coupling. The lossy properties of
colon tissue absorb the flow of electric and decrease the mutual coupling. As the an-
tenna structure moves towards the body phantom, the absorption of electric current
on the common ground plane increases. However, in our simulation environment,
the antenna structure is 2 mm away from the body phantom. Thus, the impact
of colon tissue is less significant for reducing the mutual coupling. The simulated
mutual coupling (|S12|=|S21|) between MIMO antennas is -4.687 dB at 433 MHz as
shown in Fig. 24(b).

The simulated gain and total efficiency of MIMO antennas are shown in Table
1. The total efficiency is low due to the absorption of radiated power in the lossy
properties of colon tissue.

Table 1: Gain and total efficiency of the MIMO antennas.
MIMO antennas Gain Total efficiency
Antenna 1 -15.19 dB -20.15 dB
Antenna 2 -15.73 dB -20.29 dB

4.2 Design and analysis of on-body MIMO antennas using
the RT Duroid substrate

The substrate material with high permittivity and small thickness can considerably
reduce the dimensions of an antenna [38]. Therefore, a 0.635 mm thick RT Duroid
substrate (εr = 10.2 and tan δ = 0.0022) is used to design the on-body MIMO
antennas.
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4.2.1 Geometry of the MIMO antennas structure

The printed monopole antennas on the FR-4 substrate are optimized for the high
permittivity RT Duroid substrate. The new geometry of proposed printed monopole
antennas is shown in Fig. 25. The size of antenna structure is reduced to 45 mm
× 45 mm due to higher permittivity of RT Duroid than the FR-4 substrate. The
printed monopole antennas are placed orthogonal to each other for dual polariza-
tion. Moreover, the common ground plane of 4 mm width is used to improve the
impedance matching level at 433 MHz.

(a) (b)

Fig. 25: Geometry of the MIMO antennas structure using the RT Duroid substrate:
(a) top view; (b) bottom view.

4.2.2 Simulation set-up and results

In the simulation set-up, antenna structure is facing towards the colon tissue as
shown in Fig. 26. The motivation of this simulation set-up is to increase the dielectric
loading effect on MIMO antennas as they are facing towards high permittivity colon
tissue instead of free space. Thus, considerable miniaturization of MIMO antennas
is achieved at 433 MHz.

Fig. 26: Antenna structure facing towards the body phantom
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Moreover, 1 mm air gap is considered between the antenna structure and body
phantom to accommodate the spacing due to probe feed connectors. In the mea-
surement set-up, the ground pins of probe feed connectors will face towards free
space instead of body phantom and thus reduce the air gap as compared to SMA
connectors. The simulated reflection coefficients of antenna 1 and antenna 2 are
shown in Fig. 27(a). The reflection coefficients of antenna 1 and antenna 2 at 433
MHz are -12.29 dB and -13.49 dB respectively. Moreover, the MIMO antennas have
shown -10 dB impedance bandwidth of 47 MHz (418-465 MHz).
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Fig. 27: Simulated results of MIMO antennas using the RT Duroid substrate: (a)
reflection coefficients; (b) mutual coupling.

The mutual coupling between MIMO antennas is shown in Fig. 27(b). It can
be seen that the mutual coupling is high at 433 MHz. Thus, the colon tissue has
insignificant impact to absorb electric current on the common ground plane when
the MIMO antennas are facing towards the body phantom.

4.2.3 Geometry of the antenna structure with separate ground planes

The high mutual coupling can reduce the efficiency of MIMO antennas. Therefore,
separate ground plane is proposed for each printed monopole antenna to prevent the
flow of electric current between the MIMO antennas. Thus, considerable decrease in
the mutual coupling is possible even when the MIMO antennas are facing towards
the body phantom.

The new geometry of printed monopole antennas is shown in Fig. 28. The size
of antenna structure is 65 mm × 65 mm and the width of each ground plane is 4
mm. The size of antenna structure has increased as compared to when the ground
plane is common for MIMO antennas. Moreover, the number of meander lines have
optimized to resonate the MIMO antennas at 433 MHz. The width of each meander
line is 1 mm and the ground planes are separated from the substrate edge by 5 mm.
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(a) (b)

Fig. 28: Geometry of MIMO antenna with separate ground planes using the RT
Duroid substrate: (a) top view; (b) bottom view.

The simulated reflection coefficients of MIMO antennas are shown in Fig. 29(a).
The MIMO antennas are well matched at 433 MHz. The -10 dB impedance band-
width of antenna 1 and antenna 2 is 41 MHz (411-452 MHz).
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Fig. 29: Simulated results of MIMO antennas with separate ground planes using
the RT Duroid substrate: (a) reflection coefficients; (b) mutual coupling.

The mutual coupling between MIMO antennas is shown in Fig. 29(b). It is
observed that the mutual coupling is less than -10 dB over a wide range of frequen-
cies. The simulated mutual coupling (|S21|=|S12|) is -12.26 dB at 433 MHz. Thus,
the separate ground planes can reduce the mutual coupling significantly when the
MIMO antennas are facing towards the body phantom. However, the antenna di-
mensions increases with separate ground planes and more meander lines are required
for considerable miniaturization.
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The simulated gain and total efficiency are shown in Table 2. The lossy properties
of colon tissues have the deteriorating impacts on the efficiency of MIMO antennas.

Table 2: Gain and total efficiency of the MIMO antennas with separate ground
planes.

MIMO antennas Gain Total efficiency
Antenna 1 -19.89 dB -22.45 dB
Antenna 2 -19.13 dB -22.30 dB

4.3 Design and analysis of on-body MIMO antennas using
the flexible substrate

The flexible substrate can be conformed around the human body and thus offers
comfort for the patients. In this section, a 0.55 mm thick flexible substrate (ε = 11
and tan δ = 0.0003) is used in the design of dual polarized MIMO antennas for an
on-body receiver of a WCE system.

4.3.1 Geometry of the antenna structure

The MIMO antennas designed using the RT Duroid are now optimized for the flexible
substrate. The new geometry of MIMO antennas is shown in Fig. 30.

(a) (b)

Fig. 30: Geometry of the MIMO antennas using the flexible substrate: (a) top view;
(b) bottom view.

4.3.2 Simulation set-up and results

In the simulation set-up, the antenna structure is facing towards the body phantom
with 1 mm air gap due to probe feed connectors. The simulated reflection coeffi-
cients of antenna 1 and antenna 2 at 433 MHz are -9.8 dB and -10.01 dB respectively
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as shown in Fig. 31(a). The simulated mutual coupling between the MIMO anten-
nas at 433 MHz is -3.726 dB as shown in Fig. 31(b). The mutual coupling can be
reduced further with separate ground planes. However, the separate ground planes
are not used for flexible substrate as they increase the size of antenna structure.
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Fig. 31: Simulated results of MIMO antennas using the flexible substrate: (a)
reflection coefficients; (b) mutual coupling.

The gain and total efficiency of MIMO antennas are shown in Table 3. The
lossy properties of colon tissue absorbs the power radiated from MIMO antennas
and decrease the total efficiency.

Table 3: Gain and total efficiency of the MIMO antennas using the flexible substrate.
MIMO antennas Gain Total efficiency
Antenna 1 -28.56 dB -22.43 dB
Antenna 2 -29.55 dB -23.36 dB

4.4 Chapter summary

In this chapter, the design and analysis of MIMO antennas were presented for the
on-body receiver of a WCE system. Two dual polarized printed monopole antennas
were designed using the flat and flexible substrates. The FR-4 and RT Duroid sub-
strates were used as flat substrates and a 0.5 mm thick material was used as flexible
substrate. The performance of designed antenna structures was characterized on
the body phantom with colon tissue properties at 433 MHz.

The summarized simulated results are described in Table 4. It is observed that
the antenna size becomes compact by using the high permittivity substrate, such as
RT Duroid and flexible. The total efficiency of an on-body increases on the large
and low permittivity substrate. Therefore, the MIMO antennas using the FR-4
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Table 4: Simulated results
Substrate Antenna size Total efficeincy
FR-4
εr=4.3

87 mm × 87 mm
Common ground planne

Ant 1= -20.15 dB
Ant 2= -20.29 dB

RT Duroid
εr=10.2

45 mm × 45 mm
Common ground planne

Ant 1= -27.35 dB
Ant 2= -28.26 dB

RT Duroid
εr=10.2

65 mm × 65 mm
Separate ground planne

Ant 1= -22.45 dB
Ant 2= -22.30 dB

Flexible
εr=11

45 mm × 45 mm
Common ground planne

Ant 1= -22.43 dB
Ant 2= -23.36 dB

substrate have better total efficiency than the RT Duroid and flexible substrates.
The separate ground planes can be used to reduce the mutual coupling between the
MIMO antennas. However, the antenna size increases and minimization techniques,
such as meander lines are required for the compact dimensions.
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5 Measurement Results of the On-Body MIMO

Antennas

This chapter presents the fabrication process and measurement results of the on-
body MIMO antennas. The measurements are performed on the liquid phantom
mimicking colon tissue at 433 MHz. The E5063A Agilent Vector Network Analyzer
(VNA) is used to perform the reflection coefficient and mutual coupling measure-
ments of the fabricated antenna structures.

The chapter is organized as follows: Section 5.1 discusses the liquid phantom
formulation with the colon tissue properties at 433 MHz. In Section 5.2, the fab-
rication process and measurement results of the on-body antenna using the FR-4
substrate are presented. The Section 5.3 describes the measurement results using
the RT Duroid substrate. In Section 5.4, the fabricated antenna structure using
the flexible substrate is measured on the liquid phantom. The measurement results
on the human body are described in Section 5.5. Lastly, the chapter summary is
presented in Section 5.4.

5.1 Liquid phantom formulation

In order to verify the simulated results, the fabricated on-body antenna structures
are measured in the similar environment. For this purpose, a liquid mimicking colon
tissue properties is developed in the plastic container. The liquid is formulated by
mixing salted water and TrintonX-100. The transmission line propagation method
is used to measure the dielectric properties of the liquid with the HP 8720C Network
Analyzer and 85070A dielectric probe kit. The measured values of permittivity and
conductivity are shown in Table. 5.

Table 5: Recipe of the liquid phantom mimicking colon tissue.
Frequency Recipe Target Values Measured Values

433 MHz
Salted water 79 % (7.85 g/liter)
TritonX-100 21 %

ε = 62.01; σ = 0.87 ε = 61.38; σ = 0.89

5.2 On-body receiving antennas using the FR-4 substrate

5.2.1 Fabrication process

The designed antenna structure using the FR-4 substrate is fabricated with the
photo-lithography chemical etching process. In first step of the etching process, the
substrate material is cut according to the designed antenna dimensions. Then, a
photo mask containing the pattern of the antenna structure is placed on the sub-
strate as shown in Fig. 32(a). In the next step, the substrate is exposed to ultraviolet
(UV) light for 6 minutes as shown in Fig. 32(b). The opaque region on the photo
mask blocks the UV light and becomes polymerized on the substrate. Lastly, the
substrate is dipped in the solvent called as developer. The developer dissolves the
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unexposed region while polymerized region containing the antenna pattern remains
on the substrate. The same procedure is used for fabricating the ground plane.

(a) (b)

Fig. 32: Photo-lithography chemical etching process: (a) photo mask of the antenna
pattern from top; (b) fabrication set-up.

The fabricated prototype is shown in Fig. 33. A SMA connector is soldered to
each printed monopole antenna for feeding through the coaxial cables.

Antenna 1

Antenna 2

(a) (b)

Fig. 33: Fabricated MIMO antennas using the FR-4 substrate: (a) top view; (b)
bottom view.

5.2.2 Measurements on the liquid phantom

The fabricated MIMO antennas are measured on the liquid phantom to character-
ize their performance in terms of reflection coefficients and mutual coupling. The
measurements are performed using the E5063A Agilent Vector Network Analyzer
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(VNA). The measurement set-up is illustrated in Fig. 34.

Network Analyzer

Liquid phantom

Fig. 34: Measurement set-up of MIMO antennas on the liquid phantom.

It is worth mentioning that the antenna structure is approximately 2 mm away
from the liquid phantom. The air gap is due to the ground pins of a SMA connector
as shown in Fig. 35. Thus, the measurement set-up has validated the simulation
environment where the air gap was considered between the antenna structure and
body phantom.

2 mm air gap

Fig. 35: 2 mm air gap due to the ground pins of a SMA connector.

The comparison between simulated and measured reflection coefficients of the
MIMO antennas are shown in Fig. 36. The measured reflection coefficients of an-
tenna 1 and antenna 2 are shifted towards lower frequencies by 24 MHz and 59
MHz respectively. The shift in reflection coefficients is due to possible uncertainties
in the fabrication and measurements process. For instance, the antenna structure
is attached on the liquid phantom with the help of plastic tape. Therefore, it is
difficult to maintain the uniform 2 mm distance between the antenna structure and
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liquid phantom due to imbalance force by plastic tapes. The dielectric loading ef-
fect increases on the antenna which is closer to the liquid phantom and thus detunes
more towards lower frequencies. However, the MIMO antennas are still maintaining
good level of matching at 433 MHz.
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Fig. 36: Comparison between simulated and measured reflection coefficients of
MIMO antennas using the FR-4 substrate: (a) antenna 1; (b) antenna 2.

The measured and simulated mutual couplings (|S21|=|S12|) between the MIMO
antennas are compared in Fig. 37. The mutual coupling mainly depends on the
antenna distance from the liquid phantom The 3 dB difference is observed at 433
MHz between the measured and simulated results of mutual coupling.

0 200 400 600 800 1000

Frequency [MHz]

-60

-50

-40

-30

-20

-10

0

M
u

tu
a

l 
C

o
u

p
lin

g
 [
d

B
]

Simulated

MeasuredX: 433
Y: -4.689X: 433

Y: -7.823

Fig. 37: Simulated and measured mutual coupling between MIMO antennas on the
liquid phantom.
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5.3 Measurements of the on-body MIMO antennas using
the RT Duroid substrate

The prototype of fabricated MIMO antennas using the RT Duroid (εr = 10.2 and
tan δ = 0.0022) is shown in Fig. 38(a). The photo-lithography chemical etching
process is used for fabricating the antenna structure. The ground plane is common
for both printed monopole antennas as shown in Fig. 38(b). A probe feed connector
is soldered to each printed monopole antenna from the common ground plane.

Antenna 1

Antenna 2

(a)

Common ground plane

(b)

Fig. 38: Fabricated MIMO antennas using the RT Duroid substrate: (a) top view;
(b) bottom view.

In the measurement set-up, the antenna structure is facing towards the liquid
phantom as shown in Fig. 39. The plastic tapes are used to attach antenna structure
on the wall of liquid phantom. The soldered pins of both probe feed connectors are
keeping the antenna structure approximately 1 mm away from the liquid phantom.
Thus, the measurement set-up has validated the simulation environment where 1
mm air gap was considered between the antenna structure and body phantom as
presented in Section 4.2.2.

Network Analyzer

Liquid phantom

Antenna structure

Fig. 39: Measurement set-up of MIMO antennas using the RT Duroid substrate.
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The simulated and measured reflection coefficients of antenna 1 are in good
agreement of matching as shown in Fig. 40(a). However, the measured reflection
coefficient of antenna 2 are slightly shifted towards higher frequencies by 28 MHz as
shown in Fig. 40(b). The frequency shift is due to non uniform 1 mm gap between
the antenna 2 and liquid phantom.
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Fig. 40: Comparison between simulated and measured reflection coefficients of
MIMO antennas using the RT Duroid substrate: (a) antenna 1; (b) antenna 2.

The comparison between simulated and measured mutual coupling (|S21|=|S12|)
between the MIMO antennas is shown in Fig. 41. At 433 MHz, the measured
mutual coupling is found to be approximately 2 dB lower than the simulated mutual
coupling.

200 300 400 500 600 700 800

Frequency [MHz]

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

M
u

tu
a

l 
C

o
u

p
lin

g
 [
d

B
]

Simulated

MeasuredX: 433
Y: -2.333

X: 433
Y: -4.443

Fig. 41: Comparison between simulated and measured mutual coupling of MIMO
antennas using the RT Duroid substrate.
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In order to reduce the mutual coupling between MIMO antennas, the antenna
structure with separate ground planes is fabricated. The fabricated MIMO antennas
are shown in Fig. 42(a). The ground plane of printed monopole antennas are sepa-
rated by 5 mm from the edge as shown in Fig. 42(b). In the measurement set-up,
the antenna structure is facing towards liquid phantom with 1 mm air gap due to
soldered pins of SMA connectors.

Antenna 1

Antenna 2

(a)

Separate ground planes

5 mm

(b)

Fig. 42: Fabricated MIMO antennas with separate ground planes using the RT
Duroid substrate: (a) top view; (b) bottom view.

The simulated and measured reflection coefficients of MIMO antennas are com-
pared in Fig. 43. A good agreement between the simulated and measured reflec-
tion coefficients has been achieved. However, the measured reflection coefficients
of antenna 1 and antenna 2 are shifted by 16 MHz and 19 MHz respectively. The
frequency shift is due to uncertainties in keeping an uniform 1 mm air gap between
the antenna structure and liquid phantom.
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Fig. 43: Comparison between simulated and measured reflection coefficients of
MIMO with separate ground planes using the RT Duroid substrate: (a) antenna 1;
(b) antenna 2.
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The measured and simulated mutual coupling (|S21|=|S12|) between MIMO an-
tennas are compared in Fig. 44. At 433 MHz, the measured mutual coupling is
-16.22 dB. Thus, the separate ground planes can significantly reduce the mutual
coupling when the MIMO antennas are facing towards the liquid phantom.
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Fig. 44: Comparison between simulated and measured mutual coupling between
MIMO antennas with separate ground planes using the RT Duroid substrate.

5.4 Measurements of the on-body MIMO antennas using
the flexible substrate

The prototype of fabricated MIMO antennas using the flexible substrate is shown
in Fig. 45(a). For feeding the MIMO antennas, two SMA connectors are soldered
through the common ground plane as shown in Fig. 45(b).

(a) (b)

Fig. 45: Fabricated on-body MIMO antennas using the flexible substrate: (a) top
view; (b) bottom view.
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In the measurement set-up, antenna structure is facing towards the liquid phan-
tom as shown in Fig. 46. The soldered pins of probe feed connectors are keeping the
antenna structure approximately 1 mm away from the wall of liquid phantom.

Fig. 46: Measurement set-up of MIMO antennas using the flexible substrate.

The comparison between simulated and measured reflection coefficients are shown
in Fig. 47. It can be seen that the simulated and measured reflection coefficients of
antenna 1 are in good agreement of matching. However, 3 dB difference in match-
ing level is observed between the simulated and measured reflection coefficients of
antenna 2 at 433 MHz.
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Fig. 47: Comparison between simulated and measured reflection coefficients of
MIMO using the flexible substrate: (a) antenna 1; (b) antenna 2.

The simulated and measured mutual coupling (|S21|=|S12|) between the MIMO
antennas is shown in Fig. 48. The measured mutual coupling is found to be 2 dB
lower than the simulated mutual coupling.
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Fig. 48: Simulated and measured mutual coupling on the liquid phantom using
flexible substrate.

5.5 Measurements on the human body

In the practical application of WCE, the on-body antenna will be attached on the
patient’s abdomen. Therefore, the antenna structure which is fabricated using the
FR-4 substrate is selected for performing measurements on the human body as shown
in Fig. 49. The motivation of this measurement set-up is to study the impacts of
real body tissues on the performance of designed MIMO antennas.

Fig. 49: Measurements on the human body using the FR-4 substrate.

Fig. 50 illustrates the comparison between measured reflection coefficients on the
human body and liquid phantom. It is found that the MIMO antennas are detuned
to much lower frequencies on the human body as compared to liquid phantom. The
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frequency shift for antenna 1 and antenna 2 is 244 MHz and 202 MHz respectively.
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Fig. 50: Comparison between measured reflection coefficients on the human body
and liquid phantom: (a) antenna 1; (b) antenna 2.

The frequency shifts are due to more dielectric loading effect from the human
body than liquid phantom. The antenna structure on the human body is completely
attached with the skin due to its soft and conformal nature. In contrast, antenna
structure is approximately 2 mm away from colon tissue on the liquid phantom.
Therefore, the dielectric loading effect increases on the human body and MIMO
antennas detune to low frequencies.

In Fig. 51, mutual coupling on the human body and liquid phantom are com-
pared. The mutual coupling has decreased significantly on the human body as the
ground plane is completely attached with the skin.
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Fig. 51: Measured mutual coupling on the liquid phantom and human body.
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The skin tissue absorbs electric current on the common ground plane and reduce
its flow between antenna ports. However, antenna structure on the liquid phantom is
not completely attached with the colon tissue due to 2 mm air gap. Thus, the impact
of colon tissue is lower than human body for reducing mutual coupling between the
MIMO antennas.

It is important to mention that the on-body MIMO antennas in this chapter
are specifically designed for the colon tissue only due to our available measurement
set-up in the laboratory.

5.6 Chapter summary

The measurement results of on-body MIMO antennas were presented for a WCE
system. The antennas were fabricated using the FR-4, RT Duroid and flexible sub-
strates. The photo-lithography chemical etching process was used for fabricating the
antenna structures. The liquid phantom with colon tissue properties at 433 MHz
was used to characterize the performance of MIMO antennas in terms of reflec-
tion coefficient and mutual coupling. A good agreement of matching was observed
between the simulated and measured results. However, the frequency shifts in mea-
sured reflection coefficients were found due to uncertainties in the fabrication and
measurement process.

The mutual coupling between MIMO antennas was also measured and compared
with the simulated results. The measured mutual coupling for all designed on-
body MIMO antennas was found to be lower than the simulated results. Moreover,
separate ground planes were used to reduce the mutual coupling between MIMO
antennas. Lastly, antenna structure with the FR-4 substrate was measured on the
human body. It was observed that the MIMO antennas on the human body resonate
at lower frequencies than the liquid phantom.
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6 Conclusions and Future works

In this master thesis, the antenna solutions were analzyed for a wireless capsule
endoscopy system. The dual polarized MIMO antennas were designed and optimized
for the in-body capsule transmitter and on-body receiver at 433 MHz. The colon
tissue properties at 433 MHz were used to characterize the performance of designed
MIMO antennas. The simulated results of on-body antennas were validated by
performing measurements on the liquid phantom mimicking colon tissue.

Two conformal loop antennas were designed for the in-body capsule transmitter.
One loop antenna was conformed around the inner surface of capsule shell, while
the second loop antenna utilized the outer surface. The inner shell loop antenna
was designed with meander lines and the outer shell loop antenna was designed
with rectangular patches. The simulated results inside the body phantom showed
that the -10 dB bandwidth of inner shell loop antenna was narrow as compared to
the outer shell loop antenna due to meander lines and compact size. The mutual
coupling between MIMO antennas was less than -20 dB over a wide range of frequen-
cies. Moreover, the performance of MIMO antennas was evaluated with different
orientations of capsule inside the body phantom. The MIMO antennas were found
robust against the detuning and maintained good level of matching at 433 MHz.

For on-body receiver, two orthogonal printed monopole antennas were designed
using the flat and flexible substrates. The FR-4 and RT Duroid were used as flat
substrates, while a 0.55 mm thick material was used as flexible substrate. The
motivation of using different substrates was to study their impacts on antenna size,
-10 dB impedance bandwidth and efficiency. The on-body MIMO antennas using
the high permittivity RT Duroid (ε = 10.2) and flexible (ε = 11) substrates were
more compact than the low permittivity FR-4 (ε = 4.3) substrate. However, the -10
dB impedance bandwidth and efficiency were decreased using the high permittivity
substrates. The dielectric loading effect was increased when the MIMO antennas on
the body phantom were facing towards colon tissue instead of free space. Thus, this
phenomena was used miniaturize the on-body MIMO antennas at 433 MHz.

The impact of colon tissue on the mutual coupling between MIMO antennas
was discussed. It was found that the mutual coupling depends on the absorption of
electric current which is flowing between antenna ports on the common ground plane.
The mutual coupling was high when the MIMO antennas on the body phantom were
facing towards colon tissue instead of free space. Therefore, separate ground planes
were used to prevent the flow of electric current between antenna ports. The separate
ground planes of MIMO antennas reduced the mutual coupling less than -10 dB over
a wide range of frequencies.

The on-body MIMO antennas were fabricated using the FR-4, RT Duroid and
flexible substrates. The photo-lithography chemical etching process was used for
fabricating the antenna structures. The measurements were performed on the liquid
phantom mimicking colon tissue. It was found that the measured and simulated re-
flection coefficient were in good agreement of matching. However, the frequency shift
in reflection coefficients was observed due to possible uncertainties in the fabrication
and measurement process.
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The MIMO antennas using FR-4 substrate were measured on the human body
to compare their performance with the measured results on the liquid phantom.
The antenna structure was completely attached with the skin due to its soft and
conformal nature. However, the SMA connectors were keeping the antenna structure
approximately 2 mm away from the liquid phantom. Thus, the reflection coefficients
of MIMO antennas were shifted towards lower frequencies on the human body due to
more dielectric loading effect than liquid phantom. Moreover, the mutual coupling
between MIMO antennas was decreased significantly on the human body as the
common ground plane was attached with the skin without any air gap.

The future works include fabrication of the dual polarized MIMO antennas for
the in-body capsule transmitter and their measurements inside the liquid phantom.
In the next phase, the path loss analysis will be measured between the in-body
capsule and on-body receiver at 433 MHz.
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[9] S. Stoa, R. Chávez-Santiago, and I. Balasingham, “An ultra wideband commu-
nication channel model for capsule endoscopy,” in 3rd International Symposium
on Applied Sciences in Biomedical and Communication Technologies (ISABEL
2010), Nov 2010, pp. 1–5.

[10] R. Chávez-Santiago, J. Wang, and I. Balasingham, “The ultra wideband capsule
endoscope,” in IEEE International Conference on Ultra-Wideband (ICUWB),
Sept 2013, pp. 72–78.



42
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