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Abstract—This paper presents a study of the radio channel
characteristics between a capsule endoscopy and a multi on-
body antenna system on ultra wideband wireless body area
networks (UWB-WBAN). Multiple on-body antennas are
required to provide reliable communication link between the
capsule and the on-body device, but also essential for capsule
localization. The main aim is to study the variation of the
frequency and time domain channel characteristics for the
selected on-body antennas in different capsule locations,
including the most challenging capsule locations deep inside the
tissues or far away from most of the antennas. This study also
evaluates whether five of selected type directive on-body
antennas is enough to cover the intestine area thoroughly. The
study is conducted with CST Studio Suite simulations and one
of its anatomical voxel models. A simplified capsule model and
a directive on-body antenna designed for low-band UWB in-
body communications are used in this study. It is found that five
of this type directive on-body antennas provide sufficient
coverage over the intestine area even in the most challenging
capsule locations. In certain capsule locations, the variation
between the channel attenuations can be significant, over 40 dB
within the frequency range of interest, if the capsule is located
deep inside the tissues without smooth access to outer fat layer
through which the signal could travel easily to different on-body
antennas. Instead, if the capsule is located close to the
subcutaneous fat layer, the channel attenuation is moderate
even for the antennas which are located far from the capsule.

Keywords—antenna gain, directive on-body antenna, capsule
endoscope, fat propagation medium, multiantenna system, ultra
wideband, wireless body area networks.

I. INTRODUCTION

Capsule endoscopy, which is a non-invasive, painless, and
reliable method to investigate the small intestine thoroughly,
has become an actively investigated topic [1]-[4]. Recently it
has been recognized that ultra wideband (UWB) technology
could provide several advantages for capsule endoscopy, such
as high resolution images, high data rate, low power,
reliability [4]. However, one of the main challenges related to
UWB based capsule endoscopy, or in general UWB implant
communications, is the high propagation loss in the tissues [5].
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Propagation characteristics between the capsule and the on-
body antenna has been actively studied topic e.g. in [6]-[12].
One method to overcome these challenges due to high
propagation losses is to use directive on-body antennas which
focus the radiation towards the body, still meeting the Specific
Absorption Ratio (SAR), and hence may strengthen the
communication link between the implant and the on-body
device [13]-[16]. The use of the antenna cavities is one
commonly used approach to enhance directivity of the on-
body antenna towards the body [13]-[15]. There are some
studies on the channel characteristics between the capsule
endoscope and directive antennas having different sizes of
cavities [10]-[12], [16]. The studies are conducted in different
capsule locations but only with two different on-body antenna
locations. The results show that the selected two on-body
antenna locations do not cover the intestine area fully and
hence several on-body antennas are required to enable reliable
communication link between the capsule and the on-body
device thoroughly the whole intestine tract. Besides,
multiantenna system is essential for several capsule
localization techniques [17].

This study presents the radio channel evaluations between
the capsule endoscope with five selected type of directive
receiving on-body antennas in different capsule locations
including the most challenging locations deep inside the
tissues or far away from the most of the on-body antennas.
Also, the easiest location is considered as well for the
comparison. The goal is to compare the channel attenuation
between the capsule and different on-body antennas and
understand the reason for variations. Furthermore, the aim is
to verify whether five of the selected type of directive on-body
antennas can provide full coverage on the small intestine area.

The novelty of this research is that, up to author’s
knowledge, other UWB capsule endoscope studies do not
evaluate radio channels with an anatomical voxel model and
multiple directive on-body antennas. Besides, other studies do
not provide discussion for channel attenuation variation by
taking into the account the antenna’s on-body radiation
patterns and also the diverse propagation environment inside
the tissues in the voxel model.



The study is carried out with Simulia CST Studio Suite
[18] and its anatomical voxel model Laura. A simplified
capsule model used e.g. in [10]-[12] is used in the evaluations.
Besides, a directive on-body antenna designed for low-band
UWRB in-body communications [15] for the frequency range
3.75-4.25 GHz according to IEEE 802.15.6 Wireless Body
Area Networks (WBAN) standard [18], is used in this study.

This paper is organized as follows: Section II presents the
study case describing the simulation model, on-body antenna,
and the capsule endoscope model. Channel evaluations are
presented in Section III for different capsule locations.
Summary and Conclusions are given in Section V.

II. STUDY CASE

A. Simulation model

The simulations were conducted using finite integration
technique (FIT) -based 3D electromagnetic simulation tool
CST Studio Suite [19]. The basic idea of FIT is to calculate the
radio propagation by solving the Maxwell’s equations in their
integral form [20].

The study is carried out using a female voxel model Laura
which is presented in Fig. la. Laura resembles young lean
female and it is chosen since its intestinal area has realistic
shape. The coordinate system used in this study is included in
Fig. 1 as well. In order to reduce computational complexity,
the simulations are conducted covering only the abdominal
part of Laura, as depicted in Fig. 1b, which covers the full
size of the voxel model in x- and y-directions but limiting
from the z-direction to the intestine area which is 35 cm in
Laura’s case. Fig. 1b illustrates also the locations of the on-
body antennas as well as one of the positions of the capsule
endoscope which all are described more in detail in the
following section. The black line in Fig. 1a presents the level
for Laura’s cross-section shown in Fig. 2. The cross-section
illustrates the most relevant tissues for this study.

This paper focuses on analysis of frequency and time
domain channel characteristics. Frequency domain channel
characteristics, i.e. channel parameter S21, is obtained
directly from CST as its complex form for the simulated
frequency range 0.5-5 dB. The frequency range of interest is
3.75-4.25 GHz, which is the mandatory channel in IEEE
802.15.6 standard for WBAN and for which the directive on-
body antennas are designed. Time domain channel data is
obtained by performing Inverse fast Fourier transform (IFFT)
for S21, which has been root raised cosine windowed in the
way that the flat area of the window is for the range 3.75-4.25
GHz and the cutoff frequencies are 3 GHz and 5 GHz.
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Fig. 1. a) Laura voxel model, b) abdominal area of torso selected for
simulations, c) cross-section of the voxel model.
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B. On-body antenna

In this study, we use a directive on-body antenna designed
for in-body communications for low-UWB frequency range
3.75—4.25 GHz. The antenna, which is illustrated in Fig. 2a,
is originally presented in [15] and it is later used in several
in-body channel studies in [10]-[12]. Realized gains of the
antenna as it is located on the body, are presented in Figs. 2a-
c for frequencies 3.75 GHz, 4 GHz, and 4.25 GHz, which are
the start, center and end frequencies of the range of interest,
respectively. One should note that in this figure, the
orientation of the coordinates is different to those presented
in the voxel model cross-cuts since this coordinate orientation
visualizes better the gain towards the body.

d) f=4.25 GHz

Fig.2. a) The directive on-body antenna designed for in-body
communications, b) realized gain at 3.75 GHz, c) realized gain at 4 GHz,
realized gain at 4.25 GHz.

C. Capsule model

In this study, we use same simplified capsule model as e.g.
in [10], in which details of the model can be found. In the
capsule model, an omnidirectional dipole antenna is embedded
in plastic capsule shell, which has realistic dimensions: 11 mm
x 25 mm, corresponding to the size of the commercial capsules
nowadays [1]. The scheme of the dipole antenna and the
capsule shell are presented in Fig. 3a-b, respectively. The
dipole antenna is designed to work at the frequency of 4 GHz
inside the small intestine.



a) b)
Fig. 3. a) Dipole antenna inside the capsule, b) and the capsule shell.

D. Locations of on-body antennas and capsule endoscope

In this study, we used five directive on-body antennas
located on the voxel’s abdomen area as was illustrated in Fig.
1b. Five on-body antennas were initially estimated to provide
full coverage over the small intestine area based on power
flow studies presented in [9] and [15]. Hence, the number of
antennas was set to five for the studies presented in this paper.
The antennas are numbered according to their port number in
the simulation model, port number 1 is the antenna port of the
capsule antenna, and port numbers 2-6 for the on-body
antennas. The distance between the on-body antenna and the
skin is approximately 4 mm, which corresponds to the thin
cloth thickness. Due to the pixelization of the voxel models,
size of the antenna and shape of the voxel model, the antenna-
body distance may be slightly larger is some antenna
locations which may have impact on the propagation depth as
discussed in [21].

The channels between the capsule and the on-body
antennas is evaluated in three different capsule locations. The
capsule locations, presented in Figs.4a-c, are chosen to
resemble the easiest and the most challenging locations in the
small intestine area. In this study, the orientation of the
capsule is kept fixed in all capsule locations. The impact of
the capsule rotation can be studied e.g. in [12].

The location ”A” is the middle of the abdomen is
obviously the easiest location since it is close to the skin
surface above which the on-body antenna 2 is located.
Besides, the view from the other on-body antenna is relatively
good.

The location “B” is the innermost corner in the right of
the small intestine area. The challenge in this location is that
it is far away even from the on-body antenna 3. However,
there is a clear fat propagation path from this capsule location
towards the on-body antenna 3.

The location “C” is the lowest part of the small intestine
on the right. It is relatively close to the skin surface but there
is colon area partially in front of the capsule. The capsule
location is far from the other antennas except antenna 5. Thus,
it is challenging to achieve strong channel between the
capsule and several on-body antennas.

©)

Fig. 4. Capsule locations a) ”A”, b) ”B”, ¢) ’C”

III. CHANNEL EVALUATIONS WITH FIVE ON-BODY ANTENNAS

”

A. Capsule location "A”

In this section, channel characteristics between the five
on-body antennas and the capsule are evaluated in the capsule
location ”A”. Frequency domain results, i.e. channel
parameters S21, S31, S41, S51, and S61, as well as time
domain results, impulse responses (IR)s IR21, IR31, IR41,
IR51, and IR61, are presented in Figs.5a-b, respectively.

The frequency domain results are presented only for the
frequency range of interest, i.e. 3.75 — 4.25 GHz. One can
note clearly smaller channel attenuation between the capsule
and the on-body antenna 2 than with the other on-body
antennas. As noted from Fig. 4a, the capsule is located
symmetrically between the on-body antennas 3 and 6 and
hence the channel attenuation is somewhat similar to those
antennas. Also, the on-body antennas 4 and 5 are located
symmetrically respect to the capsule. However, the difference
between S41 and S51 is more remarkable than that of S31 and
S61. The maximum attenuation difference between S41 and
S51 is 10 dB, whereas between S31 and S61itis 3 dB. Similar
tendency can be noted also in impulse responses (IR)
presented in Fig. 5b. Propagation loss and propagation time
are clearly smallest in the impulse response between the on-
body antenna 2 and capsule (IR21) than in the other impulse
responses (IR31-IR61). Also in time domain, IR between the
capsule and the on-body antenna 3 is similar as that of the on-
body antenna 6. The level and width of the main peaks are
almost equal, the only difference comes from the timing of
the first side peaks. Instead, the difference between the IR for
antennas 4 and 5 is more remarkable as expected from the
frequency domain results. At the time range 2-6 ns, the IR41
is clearly at higher level. However, both channels are
relatively weak which is understandable due to their
locations.

Although the antennas 3 and 6 are positioned
symmetrically respect to the capsule, the differences in the
channel responses are due to the small asymmetries in the
radiation patterns of the on-body antennas towards lower left
and lower right parts as seen in Figs. 2 b-c. Especially at 4
GHz, one can note clear asymmetry between the right and left
parts. In the capsule location ‘A’, the on-body antenna 6 has
stronger beam towards the capsule than the on-body antenna
3. This asymmetry is even more evident between the upper



left and upper right parts of the radiation patterns which
affects on the channel between the capsule and the on-body
antennas 4 and 5. For instance, at 3.75 GHz, channel
attenuation is 10 dB larger for the antenna 5 than the antenna
4. When we study the radiation patterns at 3.75 GHz in Fig.
2a, we can see the clear notches in the upper left area, which
is directly towards the capsule location ‘A’ with the on-body
antenna 5. Instead, there are relatively strong beams towards
the upper right area in the radiation pattern, which is directly
towards capsule location ‘A’ with the on-body antenna 4.

Furthermore, there is asymmetry in voxel model’s tissues
as seen from Fig. 4a: the voxel model’s abdominal muscle is
clearly smaller at this horizontal cross-cut level and hence the
amount of fat is larger. Since the fat is known to be a good
propagation medium [22]-[24], this is one reason for smaller
channel attenuation for the on-body antenna 6, which is
located on the left side of the voxel model.

For accurate capsule localization, relevant channel
strength is required for at least three on-body antennas [17].
For the capsule location ”A”, the channels for each on-body
antenna are at reasonable level for capsule localization.
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Fig. 5. Frequency and b) time domain channel characteristics at the antenna
location ”A”.

B. Capsule location "B”

In this section, channel characteristics between the on-
body antennas and the capsule are evaluated in the capsule
location “b”, which is deep in the rightmost corner of the
small intestine area. Frequency domain results S21-S61 and
time domain results are presented in Figs.6a-b, respectively.
In this case it is obvious that the smallest channel attenuation
occurs between the capsule and the on-body antenna 3, for
which the propagation distance is the smallest. However, the
attenuation is anyway relatively high: -70 - -80 dB for the
frequency range of interest. For the on-body antenna 2, the
attenuation is below -80 dB, whereas for the rest of the
channels the attenuation is close to -100 dB or even more.
Interestingly, channel S61 is strongly attenuated up to 3.97
GHz, after which the channel strength increases clearly. With
channel S51, it is vice versa: channel attenuation increases
after 3.97 dB. The reason for these changes can be found from
radiation patterns. In time domain, the main peaks are at low
level, varying from -90 dB to -130 dB. However, the main
and side peaks are clearly above the noise level and thus, the
signal can be extracted in the receiver.
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Fig. 6. a) Frequency and b) time domain channel characteristics at the
antenna location ”B”



C. Capsule location “C”

In the capsule location “C”, which is the lowest part of the
small intestine area, only the on-body antenna 4 is closely
located to the capsule. The on-body antennas 2 and 6 are the
next closest antennas for the capsule, whereas the antennas 3
and 6 are the furthest antennas. The channel responses
presented in Figs. 7a-b are show interestingly the impact of
the antenna radiation patterns and their changes to the
channel attenuation at this capsule location. Evidently, S41 is
at the highest level through the whole frequency range of
interest due to its nearest location for the capsule. With the
next closest antennas, 2 and 5, there is remarkable variation
over the frequency range of interest. For S51, the attenuation
is among the largest up to 3.87 GHz after which attenuation
diminishes and surprisingly achieves the level of S41 at 4.2
GHz. Similar tendency is noted for S21 expect the channel
attenuation decreases from 4 GHz onwards. The channel
attenuation is modest for the antenna 3 although it is
relatively far away from the capsule. Besides of radiation
pattern, also both visceral and outer fat tissues enhance
propagation with less power loss [23]-[24]. From the capsule
location C, there is short distance to the outer fat layer
thorough which the signal may propagate easily to the on-
body antenna 3. This is obviously reason for the moderate
channel attenuation for the antenna 6, which is the furthest
antenna from the capsule.

In time domain results presented in Fig. 8 b, one can note
similar tendency. The difference in the level of the main and
side peaks is relatively moderate between all the channels.
Clearly stronger variation was seen e.g. in capsule location
‘B’. The reason for this phenomenon is that in capsule
location ‘B’, which is deep inside the abdomen, fat as
propagation medium though the outer fat layer can not be
utilized similarly as in capsule location ‘C’, in which capsule
is located close to the outer fat layer. As it has been shown in
power flow studies in [24], the signal from the implant may
propagate over the wide area on the surface of the abdomen,
if it has smooth access though the visceral fat layers to the
outer fat layers.
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Fig. 7. Frequency and time domain channel characteristics in the capsule
location “C”.

IV. SUMMARY AND CONCLUSIONS

This paper presented a study on channel characteristics
between the capsule endoscope and multi on-body antenna
system. The aim was to study the variation of the frequency
and time domain channel characteristics for the on-body
antennas in different capsule locations, including the most
challenging capsule locations deep inside the tissues or far
away from the most of the antennas.

It was found that five of the selected type of directive on-
body antennas provide sufficient coverage over the intestine
area even in the most challenging locations. In the “easiest”
location, i.e. the capsule is located in the middle of the
antenna configuration close to the visceral fat layer, the
channel attenuation is modest for all of the antennas. In such
situation, communication link between the capsule and on-
body device is reliable as well as localization of the capsule
easy. If the capsule was located deep inside the tissues, the
variation between the channel attenuations can be significant,
over 40 dB within the frequency range of interest. This is due
to lack of smooth access from the capsule to the subcutaneous
fat layer via the visceral fat layer, through which the signal
could travel easily to different on-body antennas. Instead, if
the capsule was located close to the visceral fat layer, the
channel attenuation was found to be moderate even for the
antennas which are located far from the capsule. However,
also in these challenging locations, IR peaks clearly rises
from the noise level.

Multiple on-body antennas are required to provide
reliable communication link between the capsule and the on-
body device thoughout whole intestine tract. Besides,
multiantenna system is also essential for several capsule
localization techniques. Thus, it is important to study signal
propagation from the capsule towards the on-body antennas
using voxel models which anatomically resemble human
intestine areas. This study was conducted using one type of
directive on-body antenna which has been used in several in-
body propagation studies. The number of receive on-body
antennas required for sufficient coverage over the intestine
area depends on the antenna types and their radiation
characteristics.  Our next target is to extend this study to
cover several different on-body antennas designed for in-
body communications with  different types of



cavities/reflectors and without reflector as well as determine
optimal number for each antenna type. Besides, the future
work will include evaluations with different voxel models
having different sizes and body constitutions.
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