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Abstract. This paper presents a study on the radio channel characteristics
between an endoscope capsule and an on-body antenna in different parts of the
small intestine with different on-body antenna location options. The study is
conducted using finite integration technique based electromagnetic simulation
software CST and one of its anatomical voxels. An endoscope capsule model
with a dipole antenna is set inside different areas of the small intestine of the
voxel model. A recently published highly-directive on-body antenna designed
for on-in-body communications is used in the evaluations. Different rotation
angles of the capsule are also considered both with a layer model and a voxel
model. It is found that radio channel characteristics vary remarkably depending
on the antenna location in the small intestine and location of the on-body
antenna. Thus, the on-body antennas should be located carefully to ensure
coverage over the whole intestine area. However, the path loss does not only
depend on the distance between a capsule and the on-body antenna but also on
the tissues between the capsule and on-body antennas. Furthermore, orientation
of the capsule has also strong impact when linearly polarized antennas are used.

Keywords: Capsule endoscopy - Directive antenna * Gastrointestinal
monitoring - Implant communications - Ultra wideband - Wireless Body Area
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1 Introduction

Capsule endoscopy has become a popular method to investigate the gastrointestinal
(GD) tract area due to its several advantages: it is reliable, painless, and comfortable way
to examine especially the small intestine (SI) area, which is not easily reached with the
conventional endoscopy techniques. In the capsule endoscopy, the patient just swal-
lows a small pill, which contains a camera and transmitter, and wears a monitoring

device on the waist where the data from the capsule is transmitted [1, 2].
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Different techniques are used to transmit the data from the capsule to the on-body
device. Ultra wideband (UWB) has recently become an attractive alternative for the
communication link since it enables reliable and high-data rate data transfer with low
power consumption and simple electronics. Besides, large bandwidth enables high
resolution for the images [3, 5]. The frequency bandwidth determined by the IEEE
802.15.6 standard for Wireless Body Area Networks (WBAN) [6] is 3.1-10.6 GHz.
The propagation losses in the tissues increase as the frequency increases. Thus, the
lower part of the UWB band is usually considered for the capsule endoscopy appli-
cation [3-5].

Smooth design of transceivers require deep knowledge of the channel character-
istics and propagation within the tissues. Thus, there are several UWB channel models
and propagation studies presented in the literature for wearable and implant commu-
nication systems in the human abdomen area [7-17]. Furthermore, the research in
antenna design, both for capsule antennas as well as for on-body receiver antennas, has
been active recently [18-25]. Channel characteristics between the capsule antenna and
on-body antenna is studied e.g. in [3, 5, 7, 24]. In-body power distribution in the
abdominal area was studied in detail in [7]. It was shown that the power inside the
abdomen area is distributed depending on the tissues and antenna locations. Even
challenging locations in the small intestine area can be reached with appropriate on-
body antenna locations.

This paper is continuation of [7] by presenting UWB-WBAN channel character-
istics between the endoscope capsule and recently published high-directive on-body
antennas in different parts of the SI. Two different on-body antenna location options,
both suitable for capsule endoscopy, are considered. Frequency and time domains are
considered. Furthermore, the impact of the capsule’s rotation angle is studied on the
channel characteristics both with a layer model and the voxel model.

The paper is organized as follows: Sect. 2 describes the study case, i.e., voxel
model, antennas, and antenna locations. Section 4 presents the results for channel
characteristics between the endoscope capsule and on-body antenna as well as the
impact of the rotation angles. Conclusions are given in Sect. 5.

2 Study Case

Since this paper is continuation of the research presented in [7], the study case can be
studied more in detail in [7]. However, this section briefly repeats the most essential
information for ease reading.

2.1 Voxel Model

Simulations were conducted using the electromagnetic simulation software CST
MicroWave Studio [26], which is based on finite integration technique (FIT). CST
provides several voxel models, among which we selected an anatomical voxel model
Laura, presented in Fig, 1a. Laura corresponds to lean female body with resolution of
1.87 cm x 1.87 cm x 1.87 cm. Cross-section of the voxel model’s abdomen area on
the navel line is shown in Fig. 1b.
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Fig. 1. (a) Anatomical voxel model Laura, (b) cross section of the abdomen area presenting the
subcutaneous and visceral fat.

2.2 On-Body Antenna and Antenna Locations

In this study case, we use a cavity-backed low-band UWB antenna designed for on-in-
body communications. The antenna is presented in Fig. 2 [18]. This antenna is
designed to work in the frequency band 3.75-4.25 GHz. Two different antenna loca-
tion options were considered, both of them are suitable for monitoring purposes [7].
The antenna location options are presented in the Fig. 3a-b.

Fig. 2. A cavity-backed low-band UWB on-body antenna designed for in-body
communications.
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a)

Fig. 3. Location of the on-body antenna (a) on the navel, (b) on the side.

2.3 Capsule Model

In this study, we use a simplified capsule model, in which a simple dipole antenna is
embedded in the plastic capsule shell, as presented in Fig. 4a—b, respectively. The
capsule itself has realistic dimensions: 11 mm X 25 mm, corresponding to the size of
the commercial capsules nowadays. The dipole antenna is omnidirectional and it is
designed to work at the frequency 4 GHz. The reflection coefficient S11 and the
radiation pattern of the dipole antenna are presented in Fig. Sa-b, respectively.

Fig. 4. (a) dipole antenna inside the capsule, (b) capsule shell
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Fig. 5. (a) S11 and (b) radiation pattern of the antenna.
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3 Layer Model

The layer model used in this study is presented in Fig. 6a. Tissue thicknesses in the
layer model correspond to the thicknesses of the voxel model in the cross-section C in
Fig. 1 with antenna location option 2 shown in Fig. 6b. The location of the capsule in
the small intestine is included in the voxel model as well. The thicknesses of the
different layers are summarized in Table 1. One should note that the thicknesses of
different layer models may vary depending which part of the abdomen is considered.
Table 1 also summarizes the dielectric properties of these tissues to describe different
propagation properties [27].

Fig. 6. (a) Layer model designed using the dimensions based on (b) antenna location 2 and
cross-section C.

Table 1. Layer model dimension and dielectric properties of tissues at 4 GHz.

Thickness [mm] | Permittivity | Conductivity
Skin 1.4 36.6 2.34
Fat subcutaneous | 15 5.13 0.183
Muscle 9 50.8 3.01
Fat (visceral) 4 5.13 0.183
SI wall 8 50.82 3.105
SI content 20 51.7 4.62

4 Simulation Results

4.1 Layer Model vs. Voxel Model Comparison

This section compares the channel characteristics obtained with the layer model and the
voxel model. The frequency domain results - path loss - and time domain results -
impulse responses (IR) - obtained by performing inverse fast Fourier transform (IFFT)
for the S21, for the layer model and voxel model are presented in Fig. 7a—b, respec-
tively. As one can note, there is clear difference between the results obtained using the
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layer model and the voxel model both in frequency and time domains. In the frequency
range of interest, i.e. at 3.75-4.25 GHz, the channel parameters S21, which corre-
sponds to path loss, is even 10 dB lower with the layer model than with the voxel
model. In the time domain, the levels of the first three peaks are 10 dB lower with the
layer model.

The reason for this tendency is conjectured to be due to two reasons: (1) the pixels
of the voxel model has more space between the antenna and the skin, which improves
the antenna performance [18] and hence may improve the channel characteristics as
explained in [14]. (2) The layer model mainly takes account the simple direct propa-
gation through the tissues whereas the voxel model includes the impact of more
complex indirect propagation paths, e.g. through the fat layer, as explained in [7, 8].
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Fig. 7. (a) Frequency and (b) time domain comparison between the voxel model and layer
model results.
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4.2 On-Body Antenna Location 1

In this section, we present channel characteristics between the capsule and the low-band
UWRB cavity-backed on-body antenna at the cross-section A (see Fig. 1) with different
antenna location options. The channel characteristics are evaluated at three different
capsule locations, which are presented in Fig. 8. In the option “a”, the capsule is in the
middle of the SI at the cross-section B, i.e., the distance between the on-body antenna
and the capsule is the smallest. In the capsule location option “b”, the antenna is on the
front-left part of the SI, and in the capsule location option “c”, the antenna is on the right
back part of the SI. These capsule location options are chosen to cover the most
interesting parts of the SI in terms of in-body power distribution studies presented in [7].

Fig. 8. Locations of the capsule (a) in the middle of the SI’s front part, (b) in the left side of the
SI’s front part, (c) in the right side of the SI’s back part.

The frequency and time domain channel characteristics are presented in Fig. 9a-b,
respectively. Evidently, the path loss is lowest as the capsule is located in the middle of
the SI (case a), since the distance between the capsule and the on-body antenna is
smallest and since the part of the signal may travel without passing the muscle layer, as
explained in [7] and [8]. Instead, the path loss difference between the cases b and c is
surprisingly small in the frequency range of interest, although “c” is clearly further
from the on-body antenna than in the case “b”. Actually at 3.8 GHz, the path loss in
location “b” is even higher than at point “c”. Since there are no remarkable differences
in the antennas’ radiation patterns toward point “b” and “c”, as presented in [18], the
reason for this phenomenon can be found from the propagation paths. For the point “c”,
there is a propagation path option through the fat layer, in which the losses are minor,
as explained in [7, 8, 12, 13]. Instead, for the point “b”, most of the signal needs to
travel through the small intestine tissue, in which the losses are high.

In the time domain, as the IFFT is performed for the whole bandwidth, the dif-
ferences are clearer. Besides, the shapes of the IRs differ from each other remarkably.
The further away the capsule is from the on-body antenna, the richer is the IR with
larger number of significant propagation paths, which appear as the signal propagates
inside the body avoiding the most challenging tissues.

The path loss in the case of point “c” is excessive to provide enough strong
communications link between the capsule and the on-body antenna. Thus, we need to
evaluate the channel characteristics when the on-body antenna is located on the side of
the abdomen as well. The next subsection channel characteristics with the antenna
location option 2.
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Fig. 9. (a) Path losses and (b) IRs of the capsule — on-body antenna link at the antenna location
option 1.

4.3 On-Body Antenna Location 2

Next, we evaluate the channel characteristics with the antenna location option 2.
Capsule locations are presented in Fig. 10a—c as (a) left (the furthest possible location),
(b) middle (the second furthest location) and (c) in the right side of the SI’s back
part. The frequency and time domain channel characteristics are presented in Fig. 11a—
b. The channel is naturally at strongest in the capsule location “b”, since the distance
between the capsule and the on-body antenna is the smallest of these presented cases.
The channel at capsule location “a” is stronger than in the location “c”, although the
distance between the capsule and the on-body antenna is larger in the case of “a” The
path loss is even 10 dB higher at the location “c” than in the location “a” at 3.75 GHz.
Instead, at 4—4.25 GHz, the path loss is same. In the time domain, the difference is the
strongest for first two peaks.

The channel in the point “a” is stronger than in the point “c” due to the more
favorable propagation paths towards the on-body antenna. For instance in the case of
point “a”, according to the voxel model’s cross-section, the signal can propagate
through the fat layer without passing the muscle layer, which is known to be the among
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Fig. 10. Locations of the capsule (a) in the middle of the SI’s front part, (b) in the left side of the
SI’s front part, (c) in the right side of the SI’s back part.
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Fig. 11. (a) Path losses and (b) IRs of the capsule — on-body antenna link at the antenna location
option 2.
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the worst tissues for the propagation. Instead, in the point “c”, the signal has to pass the
muscle layer before reaching the on-body antenna, which reduced the power more.
These inbody power distribution and propagation path issues are explained more in
detail in [7].

The path loss with the antenna location option 2 in the point “c” is still high, though
slightly lower than with the antenna location option 1. To ensure good communication
link between the capsule and the on-body antenna in the location “c”, one receiving on-
body antenna should be placed further from the navel area towards sides of the body.
Besides, it is essential to have more than one on-body antenna in the capsule endoscopy

operations.
4.4 TImpact of the Rotation on the Channel Characteristics

Layer Model Results

In this subsection we present the impact of the capsule’s rotation angle on the channel
characteristics. Since the antennas are linearly polarized, the rotation angle is assumed
to have a clear impact on the power loss.

First, the impact is evaluated with the layer model for simplicity. We evaluated the
rotation angles 0°, 45° and 90°, as shown in Fig. 12a—c. As one can note, rotation of
the capsule impacts clearly on the channel characteristics both in frequency and time
domains. Naturally, the difference is largest between the rotation angles 0° and 90°.
The path loss difference is maximum 13 dB within the frequency range of the interest.
The smallest path loss difference is 4 dB at 4 GHz. In time domain, the largest dif-
ference can be seen in the level and the shape of the IR’s main peaks. The level
difference is up to 8 dB in the main peaks (Fig. 13).

a) b) c)

Fig. 12. Rotation angles of the capsule (a) 0°, (b) 45°, and (c) 90° with layer model

Voxel Model Results
The impact of the rotation is evaluated for the case with the on-body antenna and
capsule location presented in Fig. 6b. The thickness of the tissues just below the
antenna in this scenario is the same as with the layer model. We evaluated the rotation
angles 0°, 45° and 90°, which are presented in vertical cross-sections in Fig. 14a—c.
Figure 15a-b present the channel characteristics with different rotation angles of the
capsule in frequency and time domains, respectively. As one can note from Fig. 15a,
there is only minor differences in the path losses between the rotation angle cases 0° and
45° in the frequency range 2—5 GHz. Instead, with the rotation angle 90° the path loss is
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Fig. 13. Channel characteristics between the capsule — on-body antenna link with different
rotation angles of the capsule in (a) frequency domain and (b) time domain, layer model results.

10-17 dB lower than with rotation angles 0 and 45 in the frequency band of the interest.
Similar tendency can be found in the main peaks of the IRs presented in Fig. 15b: the
level of the main peak is approximately same for the cases with the rotation angle 0 and
45, whereas the main peak obtained with the rotation angle 90° is 6 dB lower. Inter-
estingly, the level of the second peak is the highest for the case with the rotation angle
90°. In general, the rotation angle changes clearly the shape of the IR after the main
peak: the timing, width, and level of the side peaks very remarkably. Hence, the rotation
of the capsule affects on the propagation path which the signal choses.

When comparing the impact of the rotation obtained with layer model and voxel
model, one can note similarities only in the path loss behaviour. Naturally, the level
difference is same as explained in Subsect. 3.1. In time domain, there are clear dif-
ferences between the side peaks obtained using the layer model and voxel model. It is
obvious that the rotation affects on the propagation paths, which can not be investigated
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accurately with the simple layer models. The impact of the rotation on the channel
characteristics will be studied more in detail with the voxel models in the extension of
this paper.
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Fig. 14. Rotation angles of the capsule (a) 0°, (b) 45° and (c) 90°.
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Fig. 15. Channel characteristics between the capsule — on-body antenna link with different
rotation angles of the capsule in (a) frequency domain and (b) time domain.
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5 Conclusions

This paper presents a study on the radio channel characteristics between the capsule
endoscope and the high-directive on-body antenna in different parts of the small
intestine with different on-body antenna locations. The study was conducted using
finite integration technique based electromagnetic simulation software CST and its
anatomical voxel model. A capsule endoscope with a dipole antenna was set inside
different areas of the small intestine of the voxel model. The impact of the different
rotation angles of the capsule on the channel characteristics was also evaluated both
with a layer model and a voxel model. It is found that the radio channel characteristics
varied remarkably depending on the capsule location in the small intestine and location
of the on-body antennas. Thus, the locations of on-body antennas should be carefully
selected to ensure coverage over the whole intestine area. Furthermore, orientation of
the capsule had also clear impact on the channel characteristics when linearly polarized
antennas are used. The largest difference in the path losses of different cases is 16 dB.
In the main peaks of the IR’s the difference is only 6 dB but in the side peaks, the
difference is larger.

The results presented in this study provide insight on the channel characteristics,
which could be obtained when a highly directive on-body UWB antenna is used. In this
study, we used a simple dipole antenna on the capsule. The path loss could be
diminished even more with circular-polarized antennas, either on the body or inside the
capsule. Our future target is to evaluate channel characteristics with different highly-
directive antennas and also with more realistic capsule structure. Furthermore, the
impact of the rotation is studied more in detail.
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