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ABSTRACT This paper presents a study on the ultra wideband (UWB) radio channel characteristics between
a capsule endoscope and a directive on-body antenna in different parts of the small intestine. The study is
conducted using a finite integration technique (FIT) based electromagnetic simulation software CST Studio
Suite and four of its anatomical voxel models. The capsule endoscope model is set inside different areas of
the small intestine of the voxel models. A recently published directive on-body antenna designed for in-body
communications is used in the evaluations. The obtained frequency and time domain channel characteristics
are compared with previously published results with another directive on-body antenna designed for capsule
endoscopy communications. Power flow presentations are used to understand differences obtained with two
on-body antennas. Different rotation angles of the capsule are also considered in this study. It is found
that 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. 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. Obviously, the antenna
patterns have clear impact on the received signal’s strength. Furthermore, orientation of the capsule affects
also strongly impact when linearly polarized antennas are used.

INDEX TERMS Abdominal monitoring, capsule endoscopy, directive antenna, ultrawide band, wireless
body area networks.

I. INTRODUCTION
Capsule endoscopy has brought strong interest in recent years
due to several advantages it offers for the examination of the
gastrointestinal tract (GI). It is reliable, painless, and comfort-
able 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,

The associate editor coordinating the review of this manuscript and

approving it for publication was Lorenzo Mucchi .

and wears a monitoring device on the waist where the data
from the capsule is recorded [1]–[4].

Different techniques are used to transmit data from a
capsule to an on-body device. Ultra wideband (UWB) has
recently become an attractive alternative for the communi-
cation technology since it enables reliable and high-data rate
data transfer with low power consumption and simple elec-
tronics. Besides, its large bandwidth enables high resolution
for the images [5]. The frequency bandwidth determined by
the IEEE 802.15.6 standard for UWB Wireless Body Area
Networks (WBAN) [7] is 3.1 – 10.6 GHz. The propagation
losses in the tissues increase as the frequency increases.
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Thus, the lower part of the UWB band is usually considered
for the capsule endoscopy application [5], [6].

Smooth design of transceivers requires deep knowledge
of the channel characteristics and propagation within the
tissues. Thus, there are several WBAN channel models and
propagation studies presented in the literature for wearable
and implant communication systems in the human abdomen
area [5], [6], [8]–[18]. Furthermore, the research in antenna
design, both for capsule antennas as well as for on-body
receiver antennas, has been active recently [19]–[28]. Chan-
nel characteristics between the capsule antenna and on-body
antenna is studied, e.g., in [5], [6], [19]. In-body power dis-
tribution in the abdominal area was studied in more details
in [18]. It was shown that the power inside the abdomen area
is distributed depending on the tissues and antenna locations.
Even the challenging locations in the small intestine area
can be reached with appropriate on-body antenna locations.
In [18], two different on-body antennas were considered in
the evaluations, the first one was introduced in [26] and
the second one in [27]. Initial channel characteristics evalua-
tions between the capsule endoscope and the on-body antenna
were performed in [18].

A deeper study on the channel characteristics between
endoscope capsule and on-body antenna [26] with an anatom-
ical voxel model was presented in [11]. The study covers
different parts of the voxel model’s small intestine as well
as layer model evaluations. Impact of the rotation angle is
studied as well.

This paper presents an extensive signal propagation eval-
uation study with the on-body antenna introduced in [27].
The study covers frequency and time domain cannel results
with several on-body and capsule locations as well as results
with different voxels models. Furthermore, 2D power flow
presentations are studied in more details to understand how
the signal propagates from the capsule. An impact of the
rotation angle of the capsule studied as well. The paper
compares the results with capsule-on-body antenna channel
evaluations presented in [19] using an on-body antenna intro-
duced in [26].

Novelty of this research is that there are only few papers
presenting capsule – on-body antenna UWB-WBAN chan-
nel characteristics using realistic directive on-body anten-
nas. Furthermore, up to author’s knowledge, there are no
other studies presenting capsule-channel evaluation results
with several voxel models having different sizes and body
constitutions.

The paper is organized as follows: Section II describes the
study case, i.e., voxel models used in the simulations, capsule
model and capsule locations, as well as the on-body antennas
and antenna locations. Section III presents the results for
channel characteristics between the endoscope capsule and
on-body antenna with different antenna locations. Section IV
presents the channel characteristics with different voxel mod-
els. Section V presents the impact of the capsule’s rotation
angles on the channel characteristics. Conclusions are given
in Section VI.

II. STUDY CASE
This section explains details of the study case: simulation
models, the on-body antenna, antenna locations, capsule
model and capsule locations.

A. VOXEL MODELS
In this study, the simulations were conducted using the 3D
electromagnetic simulation tool CSTMicroWaveStudio [29],
which is based on the finite integration technique (FIT).
The basic idea of FIT is to calculate the radio propagation
by solving the Maxwell’s equations in their integral form.
Details of the FIT can be found, e.g., in [30].

In the simulations, we used two female and two male
voxel models, which are presented in Fig. 1. The first female
voxel is Laura, which models a young lean female body.
The resolution of Laura voxel is 1.88 mm × 1.88 mm ×
1.88 mm. The second female voxel is Donna, which models
a middle-aged overweight female. The resolution of Donna
is 1.88 mm × 1.88 mm × 2 mm. The first male voxel is
Gustav, which corresponds to the young, lean male body with
the resolution of 2.08 mm × 2.08 mm × 2.08 mm. The
second male voxel is Hugo, which models a middle-aged,
overweight male body with the resolution of 1 mm× 1mm×
1 mm. The lines, along which the cross-section is performed,
are presented on the sides of the voxels. For Laura, Donna,
and Hugo, the cross-section is performed on the navel area,
since their small intestines are located on the front part of
the abdomen. Instead for Gustav, who is taller than the other
models, small intestine is located on the front part of the
abdomen slightly above the navel area.

FIGURE 1. Anatomical voxel models a) Laura, b) Donna, c) Gustav,
d) Hugo.

Cross-sections of these models are presented in Figs. 2a–d.
As it is noted, there are clear differences in the structures of
the intestine area between the models. Besides, thicknesses
of the fat layers (both inner and outer) and muscle layer vary
significantly between the models.
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FIGURE 2. Cross-sections of the voxel models a) Laura, b) Donna,
c) Gustav, d) Hugo.

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

FIGURE 4. a) Reflection coefficient S11 of the capsule antenna,
b) free-space radiation pattern of the capsule antenna.

B. CAPSULE ENDOSCOPE MODEL AND CAPSULE
LOCATIONS
In this study, we use same simplified capsule model as in [18]
and [19], where the details of the model can be found. This
section only briefly summarizes the main characteristics of
the model.

In the capsule model, an omnidirectional dipole antenna
is embedded in plastic capsule shell, which has realistic
dimensions: 11mm× 25mm, 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. The reflection
coefficient S11 and the radiation pattern of the dipole antenna
are presented in Figs. 4a–b, respectively, [18].

Capsule is set in different parts of the voxel model’s small
intestine for the channel evaluations. The capsule locations
are presented in Fig. 5 a–e.

FIGURE 5. Capsule endoscope locations in Laura voxel model’s small
intestine: a) middle, b) left, and c) right, d) front right, and e) far left side
of the small intestine.

C. ON-BODY RECEIVING ANTENNA AND
ANTENNA LOCATIONS
In this study, we used a directive low-band UWB on-body
antenna, which is designed for in-body communications.
The antenna’s radiator has a form of a ring, and thus it is
referred to as a Ring antenna. The antenna has a cavity to
enhance the directivity. The size of the cavity is (x=83 mm,
y=49.5 mm, and z=19.62 mm, where z is towards the body.
The design scheme and the radiation patterns of the antenna
are illustrated in Figs. 6a–b. The antenna is designed to
work at frequency band 3.75 – 4.25 GHz, which meets the
IEEE 802.15.6 standards requirements [6]. The antenna is
originally introduced in [27]. Detailed description of the
antenna and its properties can be found in [27] and [28] and
initial radio channel evaluation studies for capsule endoscope
communications can be found in [18].

FIGURE 6. a) Scheme and b) free-space radiation pattern of Ring on-body
antenna.

As a reference antenna, we use the on–body antenna
designed for capsule endoscope communications introduced
originally in [26]. The design scheme and the radiation pat-
terns of the antenna are illustrated in Figs. 7a–b. The channel
evaluations between the capsule endoscope and this reference
on-body antenna are presented in [19]. The main difference
between the Ring antenna and the reference antenna is in
the sizes of the cavities. The size of the reference antenna is
x=91mm, y=86 mm, and z=40.5 mm Besides, the structure
of the reference antenna is different to the Ring antenna.
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FIGURE 7. a) Scheme and b) free-space radiation pattern of the reference
on-body antenna.

FIGURE 8. a) Antenna location 1, b) antenna location 2, c) antenna
location 3, d) antenna location 4.

Details of the structures and dimensions of the antennas can
be found in [27], and [26].

In this study, we used four different locations for the
on-bodyi antenna as presented in Figs. 8a–d. Antenna loca-
tion 1) is on the navel. As explained in [18], the advantage
of locating antenna on the central line of the abdomen is
that since there is no muscles on the central line, the part of
the signal can travel towards intestine area without passing
by the muscle layer, which is one of the most challenging
tissues for the propagation due to its high relative permit-
tivity [31]. Another advantage in this antenna location is
that the navel provides additional air between the antenna
and body surface, which is known to be beneficial for most
of the antennas. [18]. In the antenna location 2, presented
in Fig. 8b, the antenna is shifted 4 cm on the right side
from the central line. The main advantage of this antenna
location is that it covers the intestine area wider than the
antenna location 1. However, the disadvantage is that the
signal must pass through the muscle layer which causes more
losses [18]. In the antenna location 3, the antenna is further
shifted 4 cm on the right aiming to provides better view on
the deepest parts of the small intestine. Antenna location 4,
which is on the left side of the abdomen, is used for the voxels
for which antenna locations 2 is not possible for the restric-
tions of the voxel model, as will be explained in Section IV.
In all the antenna location cases, antenna-body distance
is 4 mm [26].

III. POWER FLOW EVALUATIONS
This section presents 2D power flow presentations with Laura
voxel model for the capsule and the on-body antennas sep-
arately. Aim of the power flow representation is to show
how signal travels from the antenna taking into the account
the antenna characteristics as well as the different tissues
between the capsule and the on-body antenna. Details of
the definition of the power flow representation can be found
e.g. in [32]. Although in the capsule endoscopy communi-
cations, the capsule is the transmitter, this section presents
power flow representations also from the on-body antenna,
since it provides insight about the on-body antenna radiation
characteristics. In addition, the radio channel is expected to
be reciprocal. In this study, on-body antenna locations 1,
2, and 3 are considered. On-body antenna location 1 and
capsule location ‘‘middle’’ is considered more in details for
both on-body antennas from the viewpoints of horizontal and
vertical cross-cuts. Antenna location 2 is evaluated for Ring
antenna and reference antenna with the horizontal cross-cut.
Antenna location 3 is evaluated only for the Ring antenna
with horizontal cross-cut.

A. ANTENNA LOCATION 1
First, we consider antenna location 1 and capsule location
‘‘middle’’ with Ring antenna, as shown in Fig. 9a, which
is the zoomed version of the horizontal in Fig. 5a. Power
flow at 4 GHz is presented in Fig. 9b for the dB range of
0 – 70 dB, where 0 dB is set on the antenna. Power flow is
noted to spread relatively smoothly from the capsule accord-
ing to its radiation pattern presented in Fig. 4b. The flow is
slightly weaker towards the body surface since the capsule is
located in the vicinity of the outermost small intestine wall

FIGURE 9. a) Horizontal cross-cut for case A, b) power flow at 4 GHz from
the capsule with Ring antenna at antenna location 1.
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FIGURE 10. a) Vertical cross-cut for case A, b) power flow at 4 GHz from
the capsule with Ring antenna, b) power flow from the capsule with
reference antenna at antenna location 1.

and borders of the tissues with different dielectric properties,
which cause diffractions on the propagating signal [30]. In the
opposite direction, the small intestine wall is slightly further
and thus, the power flow is stronger to that direction. When
studying power flow (at 4 GHz) from the capsule towards
the on-body antenna, it is noted that power flow is strongest
through the central line of the abdomen and outer fat layer and
less power can be seen in the muscle layers. This is evident
from the results presented in [18], [20], [33], [34], which
discuss about the fat as propagation medium.

Next, the power flow at is studied from the viewpoint of
vertical cross-cut as presented in Fig. 10 a. Power flows at
4 GHz are presented separately for the Ring antenna and
reference antenna in Figs. 10b–c, respectively. The reason
for plotting the power flows separately for the antennas is
to show the power flow on the edges of the cavities for
both antennas, since the cavities have different sizes. It is
noted that with these capsule and on-body antenna locations,
the larger cavity size may provide benefit since the power
flow level is reasonable still on the upper part of the reference
antenna’s cavity.

Next, we evaluate power flow from the on-body antenna to
get insight of the on-body antenna’s radiation characteristics.
The power flows for horizontal cross-cut for the Ring and
the reference antenna at 4 GHz are presented in Figs. 11a–b.
Also, in this case, the plotted range is 0 – −70 dB.As it can be
seen, power flow behavior is slightly different at this cross-
cut level between the Ring and the reference antenna. The
reference antenna has slightly stronger power flow towards
the capsule. Besides, the power flow at higher dB levels is
wider. This is natural since the reference antenna has a larger
cavity. However, with both antennas, power flow at this range
covers most of the intestine area. Only the rightmost part of
the voxel model’s intestine area is just partially covered.

FIGURE 11. Power flow at 4 GHz from the a) Ring antenna and b)
reference antenna at antenna location 1 in the selected horizontal
cross-cut.

B. ANTENNA LOCATION 2
Figs. 12a–b presents power flow at 4 GHz with the Ring
antenna and the reference antenna at the antenna location 2,
respectively. Also, in these cases, plotted power flow range
is 0 –−70 dB. The locations of the capsule are marked in the
figures as well. In this case, there is remarkable difference
between the Ring antenna and the reference antenna: within
the plotted power flow range at this horizontal cross-cut level,
almost the whole voxel model is covered except the most
interior part of the body with the reference antenna. The
intestine area is also covered expect small areas in which
capsule location ‘‘left far’’ is included. Instead with the Ring
antenna, intestine area is covered only partially. However,
also in this case both capsule location ‘‘middle’’ and ‘‘right’’
are reached within this dB range.

IV. RADIO CHANNEL EVALUATIONS
This section presents radio channel characteristics in fre-
quency domain and time domain for the transmitting capsule
endoscope and the receiving on-body antenna in different
parts of the small intestine with different on-body antenna and
capsule locations. Frequency domain results are presented
as frequency channel response S21, which is ratio of the
received and the transmitted powers. Time domain results
include presenting channel impulse responses, which are
obtained using inverse fast Fourier transform (IFFT) for S21,
for the whole simulated bandwidth 0 – 5 GHz. Both Ring
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FIGURE 12. Power flow at 4 GHz from the capsule in the vertical cross-cut
with a) Ring antenna, b) Reference antenna at antenna location 2.

antenna and reference antenna are evaluated and compared
for the antenna locations 1 and 2, only Ring antenna in the
antenna location 3.

A. ON-BODY ANTENNA LOCATION 1
This subsection presents evaluations of the channel charac-
teristic between the capsule and the on-body antenna as the
on-body antenna is located on the navel (antenna location 1)
and the capsule is located in the middle, left, and right sides
of the small intestine.

The S21 value (in decibels) and impulse response in dif-
ferent capsule locations are presented for the Ring antenna
in Figs. 13a–b, and for the reference antenna in Figs. 14a–b,
respectively. S22s for the Ring and the reference antennas
are also presented together with S21s results to describe the
antenna matching. As it can be seen from Figs. 13a and 14a,
antenna matching with the selected antenna body distance
(4 mm) is weaker than in the free-space [26], [27], since there
is a frequency shift with both antennas. However, the shift is
clearly minor with the reference antenna. For these on-body
antennas, the optimal antenna matching is obtained with
antenna-body distance 30 mm, which however is not consid-
erable for practical applications. Besides, in [16] it was found
that although the antenna matching is weaker with antenna-
body distance 4 mm, there are not significant differences in
the propagation depths between the antenna-body distances
30 mm and 4 mm.

FIGURE 13. a) Frequency and b) time domain channel characteristics at
the on-body antenna location 1 obtained with the Ring on-body antenna.

FIGURE 14. a) Frequency and b) time domain channel characteristics at
the on-body antenna location 1 obtained with the reference antenna.

For the Ring antenna, within the frequency range of inter-
est, i.e., 3.75 – 4.25 GHz, path loss is smallest, approximately
60 dB, as the capsule is located on the middle of SI. Although
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the path loss is clearly smaller compared to the ‘‘left’’ and
‘‘right’’ cases, path loss in the capsule location ‘‘middle’’ is
surprisingly high taking into the account that the physical
distance between the capsule and the on-body antenna is so
small. Besides, the part of the signal can travel from the
capsule towards the on-body antenna via central line of the
abdomen without passing the muscle layer. As a comparison,
the path loss with the reference antenna in the capsule loca-
tion ‘‘middle’’ is 40 dB, i.e., 20 dB smaller than that with the
Ring.

The weaker antenna matching with Ring antenna is one
explanation for the weaker S21. With this antenna location
and antenna-body distance, the presence of the human body
seems to cause a notch in Ring antenna’s radiation pattern
towards this capsule location in the middle of the SI. Details
of the antenna radiation patterns for Ring antenna can be
found in [27] and [28]. Power flow representation presented
in Fig. 11 does not show any clear notchwith the Ring antenna
at the selected horizontal cross-cut level. Thus, we present the
power flow plots from the viewpoint of the vertical cross-cuts
with different levels. Figs. 15a1–c1 presents power flow at
4 GHz for Ring antenna with vertical cross-cuts for different
cross-cut levels along the x-axis x=3, x=12, and x=24,
which correspond to the left, middle, and right parts of the
capsule. Figs. 14a2–c2 presents power flows with the same
cross-cut levels with the reference antenna. The location of
the capsule is marked as a circle in the figures. These figures
illustrate clearer, why the channel between the capsule and
the Ring antenna is weaker than that of the capsule and the
reference antenna: In the case of reference antenna, the cap-
sule is located in the vicinity of the green areas (higher power
level), whereas in the case of the Ring antenna, the capsule is
surrounded mostly by the blue (lowest power level) areas.

In the capsule location ‘‘right’’ the path loss is largest,
approximately 95 dB, in the frequency range of interest with
both on-body antennas, as presented in Fig. 13a and Fig.14a.
This is obvious since the physical distance between the cap-
sule and the on-body antenna is the largest. The path loss
for the capsule location on the left part of SI are somewhere
between the middle and right cases, approximately 75 dB,
for the reference antenna slightly larger. It was interesting
to note that with Ring antenna, path loss difference between
‘‘right’’ and ‘‘left’’ cases is significantly minor outside the
frequency range of interest. Besides, path loss is relatively
small, around 2.5 GHz although it is out of the antenna’s oper-
ational frequency band. With the reference antenna, the vari-
ation between different cases is larger.

In time domain results, presented in Fig. 13b, we can
see clear differences in the level, shape, and timing of the
main peaks. However, the level differences are smaller than
with the reference antenna, as shown in Fig. 14b. especially
between the left and right cases. The differences in the
timing of the main peaks are mostly due to the different
distances between the capsule and the on-body antenna. The
differences in the side peak can also be due to the different
propagation velocities in different tissues [34]. The radiated

FIGURE 15. Power flow at 4 GHz from the capsule in different vertical
cross-cuts for Ring antenna in a1–c1 and for reference antenna in a2–c2.

power is rather widely spread in time, which indicates that
electromagnetic wave diffracting at the borders of different
tissues as well as within the tissues due to the different
dielectric properties of the tissues.

With a brief inspection, the reference antenna appears to be
significantly better antenna for the capsule communications
since the power flow coverage appears to be wider (at least in
the studied cross-cut levels) and the channel impulse response
between the on-body antenna and the capsule located in the
‘‘middle’’ is very strong. However, as we evaluate the channel
for all these different capsule locations, we notice that only
in Ring antenna’s case each of these three impulse responses
achieves the level of −85 dB, which is often considered as
a minimum requirement for the signal detection. With the
reference antenna, the weakest channel’s main peak is at the
level of−95 dB. Hence, it can be concluded that Ring antenna
at the antenna location 1 would be suitable for detecting the
data transmitted from the capsule in all these capsule loca-
tions whereas reference antenna could detect on the capsule
locations ‘‘middle and ‘‘left’’. The result is positive since it
means that reasonable channels can be obtained with smaller
cavity sizes as well.

B. ANTENNA LOCATION 2
Next, the channel characteristics are evaluated in the on-body
antenna location 2, where the on-body antenna is transferred
towards right from the navel. Firstly, the antenna matching
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FIGURE 16. S22s for the Ring antenna and reference antenna.

FIGURE 17. a) Frequency and b) time domain channel characteristics at
the on-body antenna location 1 obtained with the Ring antenna.

is compared between the antennas. S22 for the Ring and the
reference antenna are presented in Fig. 16. As one can note,
antenna matching is weak with Ring antenna also in this case
having a frequency shift of 0.5 GHz. However, the matching
is better than in the antenna location 1. Reference antenna has
a frequency shift as well though much minor than the Ring
antenna. The frequency and time domain channel character-
istics are presented for the Ring antenna and the reference
antenna in Figs. 17a–b and 18a–b, respectively. In the case of
Ring antenna, the path losses in the capsule locations ‘‘right’’
and ‘‘middle’’ are almost the same within the frequency
range of interest, slightly less than 60 dB. Instead, the path
loss in the capsule location ‘‘left’’ is significantly larger,
almost −85 dB.

From cross-cut figures presented in Fig. 2 one can note
that there is a clear propagation path through the outer and

TABLE 1. Comparison between ring antenna and reference antenna at
antenna locations 1 and 2.

inner fat tissues between the capsule’s location ‘‘right’’ and
the on-body antenna location 2. The path goes between the
abdominal muscle elements and via the inner fat between the
intestine elements. As explained in [18], [20], [33], [34], fat
is a good propagation medium inside the human body due
to its dielectric properties. Propagation paths through the fat
layer enables that even deeper capsule locations in the small
intestine can be achieved with reasonable losses. Due to this
propagation path through the fat layers, the path loss differ-
ence between the capsule locations ‘‘middle’’ and ‘‘right’’ is
minor. Also, the power flows presented in Fig. 12 a show that
capsule locations ‘‘middle’’ and ‘‘right’’ are reached within
−70 dB range. Instead, the capsule location left is out of this
frequency range.

In time domain, the difference between the impulse
responses can be seen in the shapes and timings of the main
peaks. Width of the main peak for capsule location ‘‘middle’’
and the on-body antenna is remarkably larger than that for
the capsule location ‘‘right’’ and the on-body antenna. This
is due to the fact that between the capsule location ‘‘mid-
dle’’ and on-body antenna, there is more propagation paths
through the fat layer available. The differences in the levels
of the main peaks are minor, maximum 3 dB. Level of the
impulse response’s main peak in the capsule location ‘‘left’’
is −84 dB.
The channel behavior with the reference antenna is some-

what similar at the capsule locations ‘‘middle’’ and ‘‘left’’.
Instead, the capsule location ‘‘right’’ completely different:
path loss is at the same level as in the capsule location ‘‘left’’.
This is interesting result, since in the case of Ring antenna,
the channel for the capsule location ‘‘right’’ was at the same
level as the capsule location ‘‘middle’’.Whenwe study power
flows presented in Fig 12b, we can see that at the selected
horizontal cross-cut level, the power flow reaches the small
intestine except at the capsule location ‘‘right’’. That area is
out of the dB range of interest. Thus, the channel with the
reference antenna is weak in that capsule location. Assumedly
even small shift of the capsule in the small intestine could
improve the channel significantly. Table 1 summarizes the
comparison between the Ring antenna and reference antenna
in the antenna locations 1 and 2.

C. ANTENNA LOCATION 3
Finally, the channel characteristics between the capsule and
the on-body antenna are evaluated with the Ring antenna
on-body antenna location 3 and capsule location ‘‘right’’.
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FIGURE 18. a) Frequency and b) time domain channel characteristics at
the on-body antenna location 2 obtained with the reference antenna.

The frequency and time domain channel characteristics are
presented in Fig. 19a–b. The main motivation for this evalua-
tion is to find if one can get better view on the capsule location
‘‘right’’ by transferring the on-body antenna 4 cm towards
right on the abdomen area. Thus, the results are compared
only with the frequency and time domain channel results
obtained with on-body antenna location 2 in the capsule
location ‘‘right’’. It was interesting to note that the path loss
difference between the on-body antenna location 1 and 2 in
the capsule location ‘‘right’’ is very minor in the frequency
range of interest; merely 2 dB at 3.75 GHz. Also, the impulse
responses for the first 2 ns are almost same. The main dif-
ference is on the side peaks, i.e., in the different alternative
propagation paths.

Same propagation path through the fat layer is used as
the signal propagates from the capsule towards the on-body
antenna location 2. Although the on-body antenna in the
location 2 is slightly further from the capsule than in the
location 3, the difference is minor when taking into account
the cavity width. Thus, the path loss difference is somewhat
same in the link between the capsule on the location ‘‘right’’
and the on-body antenna on the locations 2 and 3.

D. COMPARISON WITH DIFFERENT VOXEL MODELS
This section compares frequency and time domain chan-
nel characteristics obtained with Laura, Donna, Gustav, and
Hugo voxel models, whose cross-cuts were presented in
Section II in Figs. 2a–d, respectively. The first aim is to find
the channel characteristics between the capsule and the Ring
on-body antenna in the on-body antenna location 1, which is

FIGURE 19. a) Frequency and b) time domain channel characteristics at
the on-body antenna location 2 and 3 obtained with the Ring antenna.

considered among themost suitable on-body antenna location
for the capsule communications. Figs. 2a–d presents also
capsule locations used in this study case. The second aim is
to evaluate channel characteristics on the location where the
thicknesses of the muscle layer and fat layer have impact on
the capsule link: i.e., antenna location 2 and capsule location
‘‘front right’’. As it can be seen for Fig. 2, for Donna there is
no abdominal muscle layer at the right part of the abdomen
at this cross-cut level. Thus, we select the antenna location 4
and capsule location ‘‘left’’ for Donna for these evaluations.
Similarly, we select antenna location 4 to Hugo, since Hugo
does not have small intestine at the right part of the abdomen
at this cross-cut level. The on-body antenna and capsule
locations are marked in Figs. 20a–d.

One can note from Figs. 2 and 20 that with different voxel
models, the thicknesses of the tissues between the capsule
and the on-body antenna may vary significantly. Even in
the antenna location 1, there are clear differences. Besides,
the size of the navel varies a lot, which can have strong impact
on the channel in this antenna locations. For instance, Donna
has a very deep navel, Hugo a very wide navel and Laura
a very flat navel. As stated in Section II, there is no small
intestine for Gustav model at navel level and thus, this case
is evaluated slightly above the navel.

E. CHANNEL CHARACTERISTICS AT ANTENNA LOCATION 1
Frequency and time domain channel characteristics for dif-
ferent voxels are presented in Figs. 21a–b. It is found that
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FIGURE 20. Cross-sections of the voxel models a) Laura, b) Donna,
c) Gustav, d) Hugo.

path loss between the capsule and the on-body antenna link
with different voxel models may vary significantly along
the simulated frequency range. For instance, at 2.25 GHz,
the path loss with Gustav voxel model is 25 dB smaller than
that with Hugo voxel model. However, within the frequency
range of interest, i.e., antenna’s operational frequency range
3.75 – 4.25 GHz, the path loss differences are minor, max-
imum 4 dB between Gustav, Hugo, Donna. The path loss
with Laura voxel model differs at maximum 4 dB from the
path losses of the other voxels within 3.74 – 4 GHz, but at
4.1 – 4.25 GHz the difference is almost 10 dB. This is a
surprising result, since Laura voxel is one of the leanest voxel
models with less tissues between the capsule and the on-body
antenna. Hence, the loss for the signal transmitted from to
the capsule towards the on-body antenna, was assumed to be
among the smallest.

In time domain channel characteristics, presented
in Fig. 21b, difference between the main peaks level obtained
with different voxel model, is minor: only maximum 2.5 dB.
Surprisingly, the highest peaks are obtained with the over-
weight models Donna and Hugo. There are clear differences
in the shapes of the main peaks: Donna and Hugo have the
widest peaks and Laura and Gustav have the narrower peaks.
Besides, there are clear differences in the levels and shapes
of the side peaks.

There are some possible reasons for these path loss com-
parison results. First is the voxel models’ different pixeliza-
tion, which can have impact on the actual antenna-body
distance as explained in [19]. Even small differences in the
antenna-body distances cause clear difference in the antenna
matching [27], and, also in the channel characteristics [35].
Besides, differences in the pixel size cause differences in
the skin surface below the antenna, which can have clear
impact on the antenna matching as well as on the channel
characteristics, as explained in [36]. Antenna matching can
be studied in Fig. 22c, which presents the antenna reflection
coefficients S22 with different voxel models at the antenna
location 1. It is found that S22 may vary significantly with
different voxel models. Interestingly, S22 with Laura is not
the weakest one and hence, the antenna reflection coefficients

FIGURE 21. a) Frequency and b) time domain channel characteristics and
c) on-body antenna reflection coefficients (Ring) with different voxel
models at the antenna location 1.

do not explain the reason for larger path loss with Laura-voxel
at 4 – 4.25 GHz. As discussed earlier, the pixel size causes
differences in the antenna matching. However, the main rea-
son for the differences between the S22s obtained with differ-
ent voxel models is the differences between the thicknesses
of the tissues between. Reference [28] present reflection
coefficients simulated with layer models having different
thicknesses for the fat and muscle layers. In that study case,
difference between the layer models resembling the ‘‘lean’’
and ‘‘overweight’’ cases is minor. However, as shown in
the measurement -based studies presented in [34] with the
reference on-body antenna prototype, the measured antenna
reflection coefficient may vary clearly between different vol-
unteers having different body constitutions.

The physical structure of the voxel model’s abdomen area
may have impact on the reflection coefficient. Especially in
this antenna location, where the antenna is located on the
navel, the dimensions of the navel are assumed to have a clear
impact. The larger the navel, the more air below the antenna,
which improves antenna reflection coefficients. As discussed
earlier, Hugo’s and Donna’s navels are larger than Laura’s.
In Gustav’s case, the antenna is located slightly upwards from
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FIGURE 22. a) Frequency and b) time domain channel characteristics, and
c) antenna reflection coefficients at the on-body antenna location 2 or 4.

the navel and hence there is no additional air gap due to the
navel. As discussed in [7], the additional air gap due to the
navel below the antenna improves the antenna performance
and thus, it is understandably that the antenna reflection
coefficient with Gustav (on that antenna location) is weaker
than the others. On the other hand, it is logical that the antenna
reflection coefficient with Hugo model, which has the widest
navel, is better than the others.

Hugo’s and Donna’s navels are also noted to be quite deep,
which enables the signal transmitted from the capsule to
travel partly through the air. This provides explanation why
the channel between the capsule and the on-body antenna
is strong even with these overweight voxel models whose
skin-small intestine distance is remarkably larger than those
with the leaner voxel models.

As one can note from Figs. 2a–c, that except of the
navel area, the abdominal area at these cross-cuts levels are
very similar to Laura and Gustav. Thus, the channel results
between Laura and Gustav provide information how much
navel has impact on the results. We can note from Fig. 19b
that the level of the impulse response’s side peak obtained
with Laura are clearly higher than those obtained with Gustav
model, except at the time instant 1.7 ns. The reason for
higher side peaks is due to signals’ possibility to travel partly
through the air in the navel area. Since there is no navel in the
Gustav model at this cross-cut level, the signals travel until
the on-body antenna only through the tissues which naturally
yields higher propagation losses. The reason for the higher
side peak with Gustav-voxel at 1.7 ns is unknown and is left
for future’s study.

F. CHANNEL CHARACTERISTICS AT ANTENNA LOCATION 2
Next, we present the channel characteristics between the
capsule and the on-body antenna as the on-body antenna is
located on the side (antenna location 2 or 4). The frequency
and time domain channel characteristics for all the voxels
are presented in Figs. 22a–b. The reflection coefficients are
presented in Fig. 22c. As one can note, in this case we see
clearer differences in the channel obtained with different
voxels. The path loss difference is surprisingly large between
the best and worst cases: even 20 dB within frequency range
of interest. Interestingly, the path loss with Hugo model has
the lowest path loss, only 40 dBwithin the frequency range of
interest, although themuscle and outer fat layers are relatively
thick in Hugo model. Also, Gustav’s path loss is relatively
small: 45 dB. The strongest path losses are with Donna and
Laura: 60 dB. In time domain, the differences between the
main peaks are even more remarkable: the main peak levels
obtained with Hugo, Gustav, Donna and Laura are at−46 dB,
−52 dB, −58 dB, and −70 dB, respectively. Donna’s weak
channel is understandable due to the thick fat layers, whereas
Laura’s weak channel and Hugo’s strong channel needs more
detailed evaluations. Firstly, the antenna matchings are stud-
ied in Fig. 22c, where the reflection coefficients for each
model are presented. As it is noted, S22 can be significantly
different with different voxel models. The antenna matching
is the best with Hugo voxel: S22’s notch is at 4 GHz whereas
in Donna’s and Gustav’s case, notch is shifted to 3 GHz and in
Laura’s case shifted to 4.5 GHz. Antenna matching explains
the channel behavior partly.

Next the tissues between the capsule and the on-body
antenna in the voxel models’ cross-cuts are studied more
in details from Fig.18. In Laura’s case, there is relatively
thick and wide muscle between the capsule and the on-body
antenna. This is one reason for high path loss in Laura’s case,
since the propagation loss in the muscle layers is high [31].
However, fat on the both sides of the muscle layers provide
propagation path with minor losses [20], [33], [34]. In the
case of Donna, there is also muscle layer between the capsule
and the on-body antenna, but the most significant difference
comes from the thickness of the outer fat layer: it is three time
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TABLE 2. Path loss and IR main peak level comparison between different
voxel models at antenna locations 1 and 2.

wider than with Laura voxel. In Donna’s case, on the side
of the abdominal muscle, there is also a fat tissue providing
propagation path for the signal transmitted from the capsule.

In Gustav’s case, the muscle layer between the capsule
and the on-body antenna is thicker than with Laura and
Donna. Gustav’s outer fat layer is only slightly thicker than
Laura’s in that area. However, the main difference between
the Laura and Gustav models is the fat propagation path
from the capsule towards the on-body antenna. In the case
of Gustav model, this ‘‘fat path’’ is available directly after the
signal transmitted from the capsule passes the small intestine.
Instead in the case of Laura, the muscle layer is like a barrier
between the capsule and the on-body antenna, and hence the
fat path is less reachable. Thus, the path loss is clearly larger
with Laura than with Gustav models.

Hugo’s case was studied more in details to find reason
for surprisingly strong channel. Detailed study revealed that
Hugo’s skin on the abdomen area is like reticulated: full of
holes. Due to these holes, the signal can propagate directly
from the fat tissue to the on-body antenna without passing
the skin layer. The picture of Hugo’s skin layer is plotted
separately in Fig. 23a. As a comparison, Laura’s skin layer,
which is complete and smooth, is plotted in Fig. 23b. As con-
clusions, Hugo’s reticulated skin is reason for lowest path
loss in addition to the best antenna matching. After finding
the skin problem in Hugo’s abdominal area, the authors how-
ever decided to include the results with Hugo on the paper,
since Hugo is a commonly used voxel model in the literature
also in the abdominal implant channel modeling studies. The
partial lack of the skin change antenna matching as well as
diminish the propagation loss, which should be taken into the
account.

Finally, the values for path loss at 4 GHz and the levels
of the impulse response’s main peaks obtained with different
voxel models are summarized in Table 2. The table cov-
ers values for both on-body antennas and antenna location
options. Table 2 elucidates the main findings of the channel
evaluation results from the previous sections: the size and
body constitution of the voxel model has clearly more impact
in the antenna location 2 than antenna location 1. This is due
to the fact, that antenna location 1 is a special case as the
navel provides additional air below the antenna and there is
less issues to propagate through. Thus, it is considered one of
the best on-body antenna locations for the abdominal implant
communication system.

FIGURE 23. Skin layer plotted separately for a) Hugo and b) Laura voxels.

V. IMPACT OF THE CAPSULE’S ROTATION
The impact of the capsule’s rotation is evaluated with Laura-
voxel model using the Ring antenna. We evaluated the rota-
tion angles 0◦, 45◦ and 90◦, which are presented in vertical
cross-sections in Figs. 24a–c. Similar comparison has been
made in [19] with the reference on-body antenna. The differ-
ences of the results are discussed here as well.

First the voxel model results are evaluated in frequency
and time domains, as presented in Figs. 25a–b, respectively.
As one can note, there are clear differences in path loss
values within the frequency range of interest. The path loss
is lowest with the capsule rotation angle 0◦, whereas the
path loss is highest as the capsule is rotated 90◦. The path
difference between these cases is at maximum 7 dB within
the frequency range of interest. The path loss with the rotation
angle 45◦ is approximately between the path losses obtained
with the rotation angle cases 0◦ and 90◦ degrees. Outside
the frequency range of the interest, the path loss difference
is remarkably higher and also the path loss order changes at
certain frequencies.

In time domain, the difference between the main peaks
of the CIRs obtained with the rotation angles 0◦ and 90◦ is
7 dB. Interestingly, the highest peak of the CIR for rotation
angle 45◦ arrives 0.5 ns later than for the rotation angle cases
0◦ and 90◦. Besides, there are clear differences in the shape
of the CIRs for the first 2 ns. The reason for this is that with
rotation angle case 45◦, the optimal propagation paths are
assumably slightly different than for the rotation angle cases
0◦ and 90◦.
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FIGURE 24. Capsule’s rotation angle a) 0◦, b) 45◦, and c) 90◦.

FIGURE 25. Impact of the rotation with a) frequency and b) time domain
channel characteristics using Laura-voxel model and Ring antenna at
antenna location 2.

TABLE 3. Path loss comparison between the Ring and reference antennas
with different rotation angles.

Next we compare these rotation angle results to the rota-
tion angle study we presented in [19] with the reference
on-body antenna introduced in [26]. The results are repeated
Fig. 26a–b for the clarity to ease the comparison between
these two cases. As one can see, similar tendency can be

FIGURE 26. Impact of the rotation in a) frequency and b) time domain
channel characteristics with Laura-voxel model and reference antenna at
antenna location 2.

found in the case of the other antenna: the lowest and high-
est path losses are obtained in the cases of rotation angles
0◦ and 90◦. Instead, the difference between the rotation angles
cases 0◦ and 45◦ is surprisingly small with the reference
antenna. The main difference is in the side peaks of the
impulse responses.

There are several possible reasons for differences in the
impact of the capsule rotation. For instance, the cavity and
its size may have strong impact. Cavity affects clearly on the
radiation patterns of the antennas as presented in [27], [28].
Differences in the radiation patterns may cause that the prop-
agation paths with low attenuation coincide with low antenna
gain direction for one of the antennas while the other antenna
has higher antenna gain in that direction. The larger is the
cavity, the wider is the area in which different propagation
paths from the capsule endoscope are summed up in the
on-body receiving antenna.

Finally, we compare the path losses obtained with these
two antennas with the capsule rotation angles 0◦, 45◦,
and 90◦. To avoid excessive number of the figures, path
loss values with different rotation angles at frequency points
3.75 GHz, 4 GHz, and 4.25 GHz are presenetd in Table 3.
Also, the path loss difference respect to the Ring antenna’s
values are included in the table. The positive path loss values
mean that the path loss with Ring antenna is smaller, whereas
the negative value mean that the path loss with Ring antenna
is larger. One can note that path loss difference between the
antennas with rotation angles 0◦ and 45◦ is relatively minor,
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whereas there is a clear difference in path loss values with the
rotation angle 90◦. With linearly polarized antennas, the rota-
tion angle 90◦ is obviously the most challenging position.
and then the on-body antenna gain towards the capsule plays
crucial role. The power flows from these on-body antennas
are presented in [7].

VI. SUMMARY AND CONCLUSION
This paper presented a study on the radio channel charac-
teristics between the capsule endoscope and two directive
on-body antennas in different parts of the small intestine
with different on-body antenna locations. The study was
conducted using finite integration technique based electro-
magnetic simulation software CST and four of its anatomical
voxel models. Channel characteristics were evaluated both
in frequency and time domains. Furthermore, propagation
within the tissues was studied with 2D power flow repre-
sentations in the cross-cuts of the voxel models. A cap-
sule endoscope model was set inside different areas of the
small intestine of the voxel model and channel characteristics
were evaluated with different on-body antenna locations. The
impact of capsule’s different rotation angles on the channel
characteristics were also evaluated.

It is found that the radio channel characteristics varied
remarkably depending on the capsule location in the small
intestine as well as location of the on-body antennas. The
difference in the channel strengths obtainedwith two on-body
antennas varied between 0 – 20 dB depending on the on-body
antenna location and the capsule locations. The difference is
due to the different antenna radiation patterns of the on-body
antennas.

Power flow studies show that the Ring antenna has weaker
direct beam from the antenna towards the body than the
reference antenna due to the Ring antenna’s smaller cavity
size. Instead, power flow on the sides of the voxel is stronger
which in some cases enabled stronger propagation paths
through the outer and inner fat towards the deepest parts
of the small intestine. For instance, with the Ring antenna,
the impulse response’smain peakwas above−85 dB in all the
studied cases. Instead with the reference antenna, the channel
strength was strong as the physical distance between the
capsule and the on-body antenna was small, but the main
peaks of the impulse responses were even below −90 dB as
the capsule was located further from the on-body antenna.
Hence, for the practical solutions, on-body antennas having
similar characteristics as Ring antenna would also suit well
for capsule communications.

This result is considered positive since Ring antenna’s
cavity is clearly smaller and lighter than that of the reference
antenna. Hence, even the on-body antennas with lighter cav-
ity sizes can also be suitable for implant communications if
the antenna locations are determined in an appropriate way
to maximize the power flow though the inner and outer fat
layer taking into the account on-body antenna’s radiation
characteristics in the presence of the human body. In other
words, since the propagation loss in the muscles is so high,

the on-body antennas having strong beam towards the body
should be located between the abdominal muscles so that the
strongest lobe is directed towards visceral fat layers. In the
case of antennas with minor direct beam towards the body,
the antennas could be set above themuscle layers so that lobes
heading to sides would reach easily the visceral fat layer. One
of our future’s work item is to study the impact of the cavity
in more details.

In this study, we used a simple dipole antenna on the
capsule. The path loss due to capsule’s rotation could be
diminished with circular-polarized antennas, either on the
body or inside the capsule. Our future target is to evaluate
channel characteristics with circularly-polarized antennas.
Furthermore, the impact of the rotation angle will be studied
more in details. Besides, we aim to make evaluations with
more realistic capsule structures. Moreover, one of the plans
is to evaluate bit-error-rate (BER) performance with impulse
radio (IR) UWB transceiver simulator using the channel
responses simulated in different part of the small intestine.
Finally, our aim is to conduct measurements with prototypes
and different phantoms.
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