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ABSTRACT This paper presents a comprehensive study of radio channels related to capsule endoscopy
communications in ultra wideband wireless body area networks (UWB-WBAN) utilizing multiple antenna
systems. The research includes 363 channel realizations, obtained through simulations using an anatomically
realistic human voxel model and a capsule model. A capsule position is modelled in such a way that it moves
throughout the entire intestinal tract. The study examines the frequency and time domain characteristics of
the channels in various capsule locations, including the most challenging positions deep inside the tissues
or far away from most of the antennas. Additionally, the propagation characteristics inside the abdominal
tissue are studied by calculating the most obvious propagation paths based on power flow illustrations and
reflecting the results with the channel impulse response analysis. The impact of capsule rotation is also
studied. It is shown how small changes in capsule location can greatly impact on the channel characteristics
if the thickness of the tissues between the capsule and the on-body antenna changes significantly. The paper
concludes with statistical analysis of the channel data, including path loss and root mean square (RMS)
delay spread. The results provide valuable insight into how the signal propagates inside different parts of the
gastrointestinal tract. They show that channel attenuation remainsmoderate alongmost of the gastrointestinal
tract, and that even the deepest locations in the small intestine area can be resolved with the use of directional
on-body antennas and receivers with higher sensitivity.

INDEX TERMS Channel modeling, implant communications, in-body propagation, path loss, power flow
analysis, realistic voxel models, RMS delay spread.

I. INTRODUCTION
Wireless Capsule Endoscopy (WCE) is a reliable and painless
method for investigating abnormalities in the gastrointesti-
nal tract. It can detect tumors, polyps, Crohn’s disease, and
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bleeding. However, one of the challenges of using WCE to
investigate the entire intestinal tract is the duration of the
capsule’s battery, particularly for people with slower diges-
tive systems. To address this challenge, capsules are activated
after a certain amount of time after swallowing, depending
on whether the goal is to investigate the small intestine or
colon [1], [2], [3], [4], [5], [6], [7], [8].
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Already a decade ago, researchers have recognized that
ultra wideband (UWB) technology could provide several
advantages for WCE, such as high-resolution images and
high data rates, while also being low-power and reliable [9].
Since then, propagation in the context of UWB capsule
endoscopy has been studied actively [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19].

One of the main challenges related to UWB-based WCE
is the high propagation loss in the tissues [19], [21], [22].
One approach to overcome this challenge is to use directional
on-body antennas that focus the radiation towards the body,
while still meeting the specific absorption ratio (SAR) crite-
ria, and hence strengthening the communication link between
the in-body and the on-body device [23], [24]. Since the
human intestinal system is wide and complex, a multiantenna
system is essential to obtain full coverage on the intestinal
area especially at UWB frequencies between 3.1 – 10.6 GHz
[25], [26]. Besides, the multiantenna system is essential for
capsule localization [27].

This paper presents a comprehensive radio channel study
for WCE in the UWB multiantenna system using an anatom-
ically realistic human voxel simulation model. The compre-
hensive research includes 363 channel realizations which are
obtained by moving the capsule model throughout the whole
intestinal tract, including the stomach, small intestine, and
colon areas. The research covers studies on the variation
of the channel characteristics in different capsule locations,
including the most challenging capsule locations deep inside
the tissues or far away from most of the antennas, discussion
on the number of on-body antennas and study on the impact
of the capsule’s rotation. Additionally, it is shown how even
small changes in the capsule location may change the channel
characteristics if the thickness of the tissues between the
capsule and the on-body antenna changes significantly.

The novelty of this research is that, to the author’s knowl-
edge, other UWB capsule endoscope channel studies are
not based on such comprehensive evaluations throughout
the whole gastrointestinal tract using an anatomical voxel
model and multiple directional on-body antennas. This paper
evaluates a 7-antenna setup throughout the whole gastroin-
testinal tract, expanding on the previous results presented
in [25] and [26] which only evaluated a few capsule locations
with 5-antenna setup.

The paper is organized as follows: Section II presents
the simulation scenario describing the on-body antenna, the
capsule endoscope model, and the voxel model used in the
simulations. Additionally, on-body antenna and capsule loca-
tions in the gastrointestinal tract are illustrated. Section IV
provides good insight on the propagation inside the tissues
by presenting power flow illustrations in different capsule
locations. SectionV presents both frequency and time domain
channel evaluations in different capsule locations and reflect
some example cases with propagation path calculations and
power flow illustrations. Besides, the impact of the capsule
rotation and impact of the capsule’s small shifts are evaluated.
Summary and conclusions are presented in Section VI.

II. SIMULATION SCENARIO
The study is carried out with Dassault Simulia CST Studio
Suite [28] and its anatomical voxel model Laura. A simplified
capsule model from the previous studies [25], [26] is used in
the evaluations. Furthermore, a directional on-body antenna
designed for low-band UWB in-body communications [24] is
used. Details of the antennas, antenna locations and the voxel
model are summarized in the following subsections.

A. ANTENNAS
1) ON-BODY ANTENNA
In this study, we use a directional on-body antenna designed
for in-body communications in the low-band UWB fre-
quency range of 3.75 - 4.25 GHz, in accordance with the
IEEE 802.15.6 Wireless Body Area Networks (WBAN) stan-
dard [29]. The antenna’s structure is illustrated in Fig. 1a.
The antenna features a cavity (grey area in the antenna) to
enhance its directivity towards the body. This antenna was
originally introduced in [24] and has been used in several in-
body channel studies in [18], [19], [25], and [26]. The realized
gains of the antenna when located on the body are presented
in Figs. 1b-d 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.

FIGURE 1. a) The directional cavity-backed on-body antenna designed for
in-body communications, b) realized gain at 3.75 GHz, c) realized gain
at 4 GHz, d) realized gain at 4.25 GHz.

2) CAPSULE ANTENNA
This study uses a simplified capsulemodel, in which an omni-
directional dipole antenna is embedded in a plastic capsule
shell with realistic dimensions of 11 mm × 25 mm, similar
to commercial capsules currently available [3]. The design
of the dipole antenna and the capsule shell are presented in
Fig. 3a-b, respectively. The dipole antenna is designed to
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operate at the center frequency of 4 GHz inside the intes-
tine. Additional information about capsule model can be
found in [19]. The simulated reflection coefficients S11 for
the on-body antenna and the capsule antenna are presented
in Fig. 3. The S11 parameter for the on-body antenna is
obtained in such a way that it is located on the voxel model’s
abdomen, with a 4 mm distance from the skin. This gap
improves the antenna’s radiation efficiency compared to the
case the antenna is attached straight to the skin. The capsule
antenna is placed inside the capsule model and set inside the
voxel’s small intestine, and its S11 parameter is simulated
accordingly.

FIGURE 2. a) Dipole antenna inside the capsule model, b) the capsule
shell with realistic capsule endoscope dimensions.

FIGURE 3. Antenna reflection coefficients for on-body antenna
(as located on the voxel) and capsule antenna (as located inside the
voxel’s small intestine).

B. HUMAN VOXEL MODELS WITH ON-BODY ANTENNA
LOCATIONS AND CAPSULE LOCATIONS
The study is carried out using Dassault Simulia CST Studio
Suite [28], which is utilizing the finite integration technique
(FIT). An anatomically realistic voxel model, Laura, illus-
trated in Fig. 4a, is used in the simulations to enable realistic
radio channel evaluations between the capsule endoscope
and the on-body antennas throughout the whole intestinal
tract. Laura is designed to resemble a normal-weight woman,
and the resolution of Laura-voxel at UWB frequencies
is (1.88 × 1.88 × 1.25) mm.

1) ON-BODY ANTENNA LOCATIONS
In this study, seven on-body antennas are used to provide
full coverage over the whole intestinal tract. The on-body

antennas are located on the voxel-model’s abdomen area,
as shown in Fig. 4c. Previous studies presented in [25]
and [26] have been carried out with five on-body antennas,
which also provided sufficient coverage over the intestinal
tract. However, now the number of on-body antennas is
increased to seven to further improve coverage in the upper
and lower parts of the gastrointestinal tract (GI) and stomach
area. Additionally, the increased number of antennas can also
facilitate the localization of the capsule, which is another area
of interest.

FIGURE 4. a) Laura-voxel model, b) On-body antenna locations on Laura.

The on-body antenna numbering is set according to the
antenna port numbering of the simulation model: the port
number 1 is the antenna port of the capsule antenna, and port
numbers 2-8 for the on-body antennas. The on-body antenna -
skin distance is approximately 4 mm, which corresponds to
the thickness of a thin cloth. Due to the pixelation of the voxel
models, size of the antenna and shape of the voxel model,
the antenna-skin distance may slightly differ in some antenna
locations whichmay have an impact on the propagation depth
as discussed in [18].

FIGURE 5. The cross-section levels in the small intestine.
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FIGURE 6. a-d) Evaluated capsule locations in small intestine at cross-section levels 1-4, e) vertical cross-section with capsule location
MI00, f) capsule locations with small shifts, g) capsule rotations in MI10.

2) CAPSULE LOCATIONS IN SMALL INTESTINE AREA
Fig. 5 presents the four cross-section lines (1-4) in the voxel
model’s small intestine area in which the channel evaluations
are carried out. Fig. 6a-d. present the cross-sections of Laura
voxel model at these cross-section lines. Several different
capsule locations are evaluated within each cross-section to

understand channel variation inside the intestinal area more
comprehensively. Cross-section line 2 is evaluated most in
detail since it is among the widest region in the voxel’s
small intestinal area enabling channel evaluations in diverse
channel conditions: ‘‘near middle (MI00)’’, ‘‘near left (NL)’’,
‘‘near right (NR)’’, ‘‘far left (FL)’’, and ‘‘far right (FR)’’
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cases. Additionally, the impact of the capsule’s small shift is
evaluated by transferring the capsule from the location MI00
towards right 15mm in the steps of 5mm, as shown in Fig. 6e.
Moreover, the impact of the capsule’s rotation is studied by
rotating capsule 45 and 90 degrees (Rot45 and Rot90) and
evaluating channel characteristics in few selected locations
of the gastrointestinal tract. Fig. 6 illustrates capsule rotations
in MI10.

3) CAPSULE LOCATIONS IN COLON AREA
The first voxel-model based capsule channel evaluations
throughout the colon area have already been presented
by M. Särestöniemi et al in [26] with 5-antenna setup. The
results presented in this paper are the extension for the previ-
ously presented results by including channel evaluations with
7 on-body antennas as well as including new locations in the
sigmoid colon area. Fig. 7a presents all the evaluated loca-
tions in the colon area and Fig. 7b presents the cross-section
for the location G0-G2 which has not been presented in [26].

FIGURE 7. a) Evaluated capsule locations in colon area, b) cross-section
in sigmoid colon area with locations G0, G1, and G2.

4) CAPSULE LOCATIONS IN STOMACH
This paper also evaluates whether the proposed 7-on-body
antenna setup provides sufficient communication channel for
the capsule in the stomach area as well. Fig. 8a presents
the capsule location STO1, which is in the bottom of the
stomach area, from the front view also showing the capsule
position respect to the on-body antennas. Fig. 8b presents
the cross-section of the voxel model in the level where the
capsule is located. Besides, the channel characteristics are
also evaluated in STO0, which is in the upper part of the
stomach.

FIGURE 8. Evaluated capsule locations in the stomach area: a) front-view
presenting the capsule locations in the stomach respected to the on-body
antennas, b) the cross-section of the voxel model in capsule location
STO1 case.

C. SIMULATION PARAMETERS AND COMPUTATIONAL
RESOURCES
Our simulations were conducted within a frequency range
of 0.5 to 5 GHz, using 1001 equally spaced frequency sam-
ples from which frequency band 3.75-4.25 GHz is extracted.
We utilized a large number of mesh cells, approximately
333,000,000, to model the torso of Laura-voxel, on-body
antennas, and the capsule model. To handle such a large num-
ber of mesh cells, we employed parallel processing on several
cluster nodes, consisting of Intel Xeon E5-2640 v4 CPUs.
Despite efficient parallel processing, the simulation time for
the implant model varied between 1 and 6 days, depending
on the computational load on the server computers.

To ensure accurate results, we set the boundary con-
ditions for the model to ‘‘open’’ for the z-axis direction,
which extends the touching geometry virtually to infinity, and
‘‘Open add space’’ for the x- and y-axis directions. This added
some extra space with a determined distance to enable proper
functionality of the antennas. For the remaining simulation
parameters, we used the default settings provided by the sim-
ulator, which were appropriate for our simulations. The exci-
tation signal, a pure sinusoid signal, was fed to the transmitter
(Tx) antenna (the capsule antenna), i.e., to the Port 1. The
simulator calculated and provided frequency domain results,
such as the reflection coefficients for Tx and Rx antennas
(S11, S22, S33,. . . , S88) and reverse and forward channel
gains between different antennas S21, S12, S31, S13,. . . , S81
(i.e., frequency responses).

This study includes radio channel analysis both in fre-
quency and time domains. Time domain conversion was car-
ried out by performing an inverse discrete Fourier transform
(IDFT) on the frequency domain channel parameters, which
is explained in more detail in Section V.
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III. PROPAGATION INSIDE THE ABDOMINAL TISSUES
In this section, we provide insight into how the signal prop-
agates from the capsule antennas inside a GI track, through
different tissues towards the on-body antenna by visualizing
power flow in different capsule locations. The propagation
prediction inside a human body is challenging due to sev-
eral reasons. The dielectric properties of different tissues
vary remarkably, leading to variations in propagation loss
and propagation time. Additionally, reflections and refrac-
tions occur at the borders of different tissues. Furthermore,
the complex and non-symmetric shapes of different tissues,
as well as the huge variation of body constitutions of different
people, pose challenges in channel modeling.

A. DIELECTRIC PROPERTIES IN TISSUES
Dielectric properties of different tissues depend mostly on
the water-content [22]. For instance, muscle tissue contains
about 75% water, whereas fat tissue only 10%. The relative
permittivity and conductivity values of different abdominal
tissues are presented in Table 1. As it can be seen, dielectric
properties of fat tissue vary significantly from the other tis-
sues: its relative permittivity at 4 GHz is only 5.18 whereas
for muscle, small intestine, and large intestine it is slightly
over 50. Relative permittivity for stomach is higher: 59. How-
ever, there is large variation in conductivities. The impact of
relative permittivity for the propagating signal is that higher
is its value, slower is the speed of propagating electromag-
netic signal in that media. In general, the radio signal prop-
agation speed inside a human body is slower than in free
space [21], [22].

In this paper, we calculate propagation time for different
in-body propagation paths from the capsule towards different
on-body antennas utilizing information of the wavelength
in different abdominal tissues. The wavelength in different
tissues can be calculated using the equation [30]

λt =
λ0

√
εrRe

[√
1 − jσ/ωε0εr

] (1)

where λt and λ0 are wavelengths in the tissue and free space,
correspondingly, ε0 and εr are permittivity in a vacuum and
relative permittivity of the tissue, σ is conductivity of the
tissue, which also depends on the media and frequency, and
ω is angular frequency.

TABLE 1. Dielectric properties of abdominal tissues at 4 GHz.

TABLE 2. Wavelength in meters at 3.75, 4 and 4.25 GHz.

Table 2 presents the wavelength in meters in the tissues at
the start, middle, and end frequencies of the frequency range
of interest.

As can be seen, the wavelength in the tissues varies signif-
icantly, leading to differences in the propagation velocities.
For example, the wavelength in the fat tissue is significantly
different from that of other tissues, leading to a much higher
propagation speed in fat tissue than in the muscle layer.
Furthermore, power loss in fat tissue is significantly lower
than in other tissues due to lower relative permittivity. Fat
as a propagation medium has been studied actively, e.g.,
in [33], [35], and [36].

B. S11 EVALUATIONS IN DIFFERENT CAPSULE LOCATIONS
This subsection investigates how much capsule location
effects on the reflection coefficient S11. Fig. 9 presents S11
in small intestine in two locations (MI10 and FR), colon (CE),
and stomach (STO1). Additionally, S11 results with different
rotation angles in MI10 are evaluated. As it can be seen, there
is some variation between the simulated S11 in different cap-
sule locations and rotations. However, the differences are rel-
atively small: maximum 1 dB was noted between S11_STO1
S11_MI10_Rot90 cases. The S11 differences simulated in
colon and small intestine areas are minor, only 0.75dB. These
slightly varying differences in S11 are due to the changes in
dielectric properties: since the dielectric properties of small
intestine and colon are almost the same as seen in Table 1,

FIGURE 9. S11 parameters for capsule antenna at different capsule
locations in the gastrointestinal track and rotation angles.
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also the differences in S11s are minor. Instead, the relative
permittivity of stomach is clearly higher than those of small
intestine and colon, which yields to weaker S11 in stomach
area.

The impact of the rotation affects also slightly on the S11,
in this case maximum 0.7 dB. The differences are due to the
changes of the vicinity of the intestine wall between different
rotation cases since the tissue interfaces cause reflections
towards the antenna. The closer and the larger the intestinal
wall surface to the capsule, the weaker is the S11. The impact
is naturally location-specific since the intestinal structure is
complex and thus the S11 results for different rotation cases
are specific for this certain location.

It is important to note that S11 primarily affects the effi-
ciency of the antenna in radiating power to the medium,
which in turn leads to reduced received power, while S21 is
more directly related to the attenuation of the medium and
the geometry of the transmission path. Changes in antenna
matching can have an impact on both parameters and, in
turn, on the overall channel attenuation. However, since the
observed differences in S11 results are minor, further detailed
analysis of its impact is left for future work.

C. POWER FLOW EVALUATIONS
In this section, in-body propagation from the capsule antenna
at 4 GHz is studied using the notion of power flow. The
average power flow density Sav is related to the complex
Poynting vector as

Sav =
1
2
Re (S) =

1
2
Re(ExH∗), (2)

in which E and H are the electric and magnetic field inten-
sity [21]. The Poynting vector represents the directional
energy flux (the energy transfer per unit area per unit time)
of an electromagnetic field. The flux of the Poynting Vector
through a certain surface represents the total electromagnetic
power flowing through it.

Here we use arrow- based power flow representation which
illustrates well how the signal components diffracts in differ-
ent tissue borders and propagate towards different directions
depending on the tissue type. The densification of the power
flow arrows visualizes well the propagation paths, which
are calculated in Section VI. Here, the power flow values
(expressed as decibels) have been normalized so that 0 dB
is the maximum, i.e., the value at the transmitting antenna,
and the plotted dB range is from 0 dB to -80 dB. The values
of the power flow are calculated along the propagation paths
in Points A to D. Point A describes how much power has
decreased as the signal has passed the intestinal area in the
selected cross-section. Point B shows the power flow value
inside the tissue in the vicinity of the closest antenna. Point C
and D define the power flow values inside the fat layer in the
vicinity of the next antennas along the selected cross-section.
It is emphasized that presented power flow values are instant
values in the selected points in the selected cross-sections.

Fig. 10a-d presents power flow illustrations at 4 GHz in
different capsule locations in the small intestine (Fig. 10a-c)
and colon (Fig. 10d-e), both closer to skin surface and deepest
part of the intestine. Firstly, the capsule locationMI00 is stud-
ied. The power flow for this location is studied earlier [19] but
the illustration is repeated here to ease comparison between
the ‘‘near skin surface’’ and ‘‘deeper from skin surface’’
cases. Fig. 10a shows how the capsule radiates to all the
directions, but the radiation is strongest from the longer sides
of the capsule. Fat as a propagation channel is obvious since
it can easily reach even the back of the voxel from MI00.
Besides, the power flow illustration shows how the signal
can propagate deep inside the body through the visceral fat
layers. Additionally, the vertical cross-section plot shown in
Fig. 10b visualizes how the signal may propagate long dis-
tances through the outer fat layers, also reaching the antennas
which are further from the capsule.

The densification of the power flow arrows in Fig. 10a
shows three clear propagation paths towards the closest
antennas: the first main path is the direct and shortest path
from the capsule through the small intestine and fat layer
towards the on-body antenna 2. Additionally, there are two
paths from the capsule towards the antenna 3 and 6, mainly
propagating through the fat layer. The values of the power
flow are calculated along these paths in Points A to D,
which are presented in Table 3. In Point A, power flow value
is -40 dB which shows relatively modest power loss since
the signal does not have to travel long distances inside the
small intestine. The power flow in Point B is also at a relative
high level since in this location, the signal is summed up from
the multipath components coming from different directions.
Besides, the multipath components arriving directly from the
Point A need to travel only through the fat tissue in which
the propagation loss is moderate. Point C and D define the
power flow values inside the fat layer in the vicinity of the
next antennas along the selected cross-section. The value in
Point C is higher than in Point D since between A and D there
is a wider muscle area in which propagation loss is higher due
to higher εr of muscle compared to fat. Propagation times for
these paths are shown in Section VI.

Next, we study power flow from the location FL in
Fig. 10c, which illustrates how signals propagate from the
locations which are deep inside the small intestine. As it can
be noted, power flow from FL is much more narrowly dis-
tributed than in the case of MI00 due to the high propagation
loss in the intestinal tissues. In this case, the value in Point A

TABLE 3. Normalized Power flow values in decibels at 4 GHz in the
selected points in different capsule location cases.
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FIGURE 10. Power flow illustrations at 4 GHz to study signal propagation
from the capsule towards on-body antennas, a) MI00, b) MI00, vertical
cross-section, c) FL, d) colon B, e) colon B2.

is -55 dB which is 15 dB lower than in the case of MI00.
Besides, power flow value in Point B is significantly lower in
FL than in MI00, only -83 dB. Even the difference between
the Points A and B is conspicuous in the case of FL, 28 dB
whereas in the case of MI00 it was only 9 dB. The reason for
this difference is the significantly narrower power distribution
in the case of FL since the power flow value in location B is
the 3D sum of all the multipath components.

Similar tendency can be found in the Colon locations C_B
and C_B2. Power flow value in the location B is significantly
lower in the case of C_B2, that is deeper inside the colon
tissue, than in the location C_B. However, the power flow
value in the point B for the case C_B2 is clearly higher than
for the case FL.

IV. CHANNEL EVALUATIONS
In this section, the frequency and time domain chan-
nel characteristics between the capsule and the multiple
on-body antennas are evaluated in 26 different capsule loca-
tions through the Laura voxel’s gastrointestinal track from
stomach to sigmoid colon. The aim is to visualize chan-
nel strength variation for different receiving antennas and
reflect the results for antenna radiation patterns presented in
Fig. 1a. Since this paper consists of the channel study results
conducted in 26 different locations, only the most interest-
ing cases are selected to be shown under few study cate-
gories. Table 4 summarizes all the simulated S-parameters
at 3.75 GHz, 4 GHz, and 4.25 GHz, which are the start,
center, and end frequencies in WBAN implant communica-
tion frequency range. The purpose of presenting these three
values for each location is to demonstrate channel attenuation
variation within the frequency band, especially in certain
capsule locations. Channel attenuation values are reflected
with radiation patterns presented for start, center, and end
frequencies of this band in Fig.1b-c.

The channel attenuations in different capsule locations are
discussed regarding the possibility for capsule localization.
For the successful capsule localization, it is essential to obtain
at least 4 links with moderate attenuation. In the literature,
different WBAN link budget calculations have been pre-
sented with criterias for channel attenuation and receiver’s
sensitivity [31], [32].

A. EXAMPLES OF CHANNEL RESPONSE VARIATIONS
1) STOMACH
Firstly, the channel characteristics are evaluated as the cap-
sule has entered in the bottom of the stomach after swal-
lowing. Fig. 11 presents the channel frequency response
(CFR) between the capsule and all the on-body antennas.
As expected, S31 and S81, i.e., the channels for the on-
body antennas 3 and 8, are the strongest since they are
the closest antennas from the capsule location. The channel
attenuation is moderate, 50 – 60 dB within the studied
frequency band. The next strongest channels are S21, S41,
and S61 having channel attenuation at best 68 dB, 68 dB,
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TABLE 4. Channel parameters at different capsule locations throughout the gastrointestinal tract.

and 62 dB, respectively. However, at the frequency
range 4 – 4.15 GHz, S61 drops significantly decreasing even
below the S51 and S71, which are the furthest antennas in
this capsule location. This phenomenon can be understood
by studying the radiation patterns of the on-body antennas in
Fig. 1 c-d. At 3.75 GHz, the lobe is stronger from antenna 6
towards the capsule location than at 4.25 GHz. The reason for
relative high level of the channels for the furthest antennas
5 and 7, i.e., S51 and S71, at 4 GHz, is also understood from
the radiation patterns. At 4 GHz, there is a strong lobe from
the upper part of the on-body antenna towards the area where
capsule is located. Instead at 4.25 GHz, the lobe is shifted,
which can be seen in the decreased channel strengths. In this
case, the channel attenuation is moderate for several on-
body antennas and hence enabling reliable communication
and capsule localization even with the receivers having lower
sensitivity.

The capsule stays approximately 10-20 min in stomach.
During that time, the activated capsule can take pictures
around the stomach area with 3D camera if the capsule light is
sufficient. The capsule can also take pictures while travelling
through the esophagus and upper stomach. Next, the channel
characteristics were evaluated between the capsule and the
on-body antennas in the location STO0, which is on the upper
part of the stomach. The channel parameters for STO0 case

FIGURE 11. Frequency domain channel characteristics (S21,. . . , S81
parameters) between the capsule and each on-body antennas 2,. . . 8) in
the capsule location STO1 in the lower part of the stomach area.

can be found in Table 4. In this case, the channel attenuation is
strong, between -110 to -140 dB within the frequency range
of interest. Obviously, the distances to the closest on-body
antennas 3 and 8 are excessive since S31 and S81 indicate
weak channels as well. In addition to excessive distance to the
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closest on-body antennas, another reason for strong channel
attenuation is that the stomach is a thick organ with the
upper part deeper inside the chest, and hence a fat tissue as
a propagation medium cannot be exploited similarly as with
locations STO1. Therefore, if the images are aimed to be
sent instantaneously from each capsule location, one more
on-body antenna would be needed on the upper chest area.

2) SMALL INTESTINE
a: CROSS-SECTION B
To better understand the channel characteristics in the small
intestine, we evaluate the frequency and time domain channel
characteristics between the capsule and multiple on-body
antennas in cross-section level B. This cross-section is partic-
ularly noteworthy as it includes some of the widest regions in
the voxel’s small intestinal area enabling evaluations in very
different locations in terms of propagation. As presented in
Section II, this cross-section includes capsule locations near
middle (MI), near left (NL), near right (NR), far left (FL),
and far right (FR). Fig. 13a-e present the frequency domain
channel characteristics, S21, . . . , S81, in MI00, NL, NR, FL,
and FR locations, respectively, and Fig. 14a-e present the
corresponding time domain channel characteristics.

In the case of MI00, which is a very centralized location
with respect to the on-body antennas, the channel attenua-
tion at different frequencies is modest for all the on-body
antennas varying between 36 dB and 74 dB, as seen from
the channel parameters in Fig. 12a. Channel attenuation
for the antenna 2, which is the closest antenna to the cap-
sule, is naturally smallest and smooth along the frequency
range of interest, it is 36 dB – 42 dB. The next closest
antennas, 3 and 6, are symmetrically located with respect
to the capsule on its left and right sides but there is a clear
difference in the channel attenuations. S31 and S61 values
differ by even 4 dB at 4 GHz. This difference is due to
the asymmetric radiation pattern of the on-body antenna
towards the lower left and lower right directions, as seen
in Figs. 2 b-c. The asymmetry between the right and left parts
is clearest at 4 GHz. The on-body antenna 6 has stronger
beam towards the capsule than the on-body antenna 3. This
radiation pattern asymmetry is more pronounced between
the upper left and upper right parts of the radiation patterns,
which effects on the channels between the capsule and the
on-body antennas 4 and 5. For instance, at 3.75 GHz, S51
is 10 dB larger than S41. In MI00’s case, the 7-antenna
setup will not bring significant improvement for capsule
communications/ localization since the channels for the other
on-body antennas are strong enough to provide a reliable
communications link.

In the case of NL and NR, channel attenuations remain at
a reasonable level for at least four closest antennas. In the
case of NR, attenuations are smoother and milder than in NL.
In NR, the attenuation variation between the four strongest
channels is between 46 dB and 82 dB. Instead, with NL,
variation between channel attenuations within the frequency

range of interest is between 55 dB and 92 dB. However, there
are deep fades in S21, S51, and S61, which cause attenuation
drops up to 92 dB but otherwise the attenuations remain at a
reasonable level. The deep drops in the case of NL can also be
found in radiation patterns. Nevertheless, the notches occur at
different frequencies and thus are less destructive.

The attenuation levels in the NL location are lower than
in the NR location despite of being a similar distance from
the on-body antennas. This difference can be attributed to
the varying tissue compositions in these areas, as previously
discussed in [33]. Specifically, there is a higher concentration
of fat tissue and less muscle tissue in NL, which results
in lower propagation loss and stronger channels compared
to NR.

In terms of antenna setup, using seven on-body antennas
provides a clear benefit for both NL andNR locations. Specif-
ically, the seventh antenna is the third or fourth strongest
channel in NL and the third or fifth strongest channel in NR,
depending on the radiation pattern.

The FR and FL locations, located in the deepest parts of the
small intestine, present a challenge due to high propagation
loss. However, even the lowest attenuation levels of 70 dB or
78 dB, found in NL and NR respectively, are still manage-
able with receivers of higher sensitivity. However, successful
capsule localization may be more difficult in these areas due
to the stronger attenuation levels of the further antennas.
Additionally, the inclusion of the seventh on-body antenna
is beneficial in these areas as it is the third or fourth strongest
channel.

Furthermore, the channel attenuation levels also vary
greatly between FL and FR locations, with the channels in FR
being weaker than in FL. This is primarily due to the greater
distance between the capsule and the skin surface in FR, but
is also influenced by the presence of a large visceral fat area
in this location.

b: TIME DOMAIN EVALUATIONS
Human abdomen area including several different tissues with
different dielectric properties is a multipath-rich propaga-
tion environment in in-body communications since the signal
transmitted from the capsule experiences several diffractions
and reflections when facing tissue borders. This could easily
be seen in power flow illustrations presented in Fig. 10.
Additionally, the use of cavities in the on-body antennas can
ease capturing signals from wider areas.

To accurately capture the complex propagation characteris-
tics of a multipath-rich environment, it is essential to perform
time domain conversion from the channel transfer function
or S21. This process involves transforming the frequency
domain representation of the channel to the time domain,
which is commonly done by the inverse discrete Fourier trans-
form (IDFT), allowing for the visualization of the channel’s
impulse response. Additionally, polynomial interpolation-
based oversampling technique is utilized to increase the num-
ber of samples per symbol period and therefore increases the
resolution of the impulse response in the time domain. This
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FIGURE 12. Frequency domain channel characteristics (S21,. . . ,S81) between the capsule and each on-body antennas 2,. . . 8) in different
locations of cross-section B: a) MI00, b) NL, c) NR, d) FL and e) FR.

is achieved by taking multiple samples per symbol period,
resulting in a higher resolution of the impulse response and a
more accurate representation of the channel’s behavior. In this
study case, we use sampling interval 1/10.

These techniques are evident in the power delay pro-
files (PDP) of the IRs presented in Fig. 13a-e, where sev-
eral strong multipath components arrive at the receiving

on-body antennas within a time frame of just a few nanosec-
onds. In many cases, at least two IR peaks are at similar
levels, as is the case with MI00 in Fig.13a. To maintain
the clarity of the illustration, only the four strongest IRs
are included in the figure. All of these strongest impulse
responses have two almost equal strong peaks with a delay
of 0.2 – 0.4 ns.

VOLUME 11, 2023 35659



M. Särestöniemi et al.: Comprehensive Analysis of WCE Radio Channel Characteristics

FIGURE 13. Time domain channel characteristics (IR21, . . . , IR81) in different locations of cross-section B: a) MI00, b) NL, c) NR, d) FL and e) FR.
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Several strong multipath components arrive to the receiv-
ing on-body antennas during the time frame of few nanosec-
onds. In many cases, at least two of the IR peaks are at
somewhat same level, as e.g. in the case of MI00 presented in
Figs. 13a. In this case, only four strongest IRs are included in
the figure due to clarity of the illustration. All these strongest
impulse responses include two almost equal strong peakswith
the delay of 0.2-0.4 ns.

Next, we conduct few propagation path calculations for the
propagation paths expected from the power flow evaluations
and verify the results with the time of arrival of the impulse
response peaks. As discussed in [34], the propagation time
td is calculated taking into the account the frequency f , the
distance d that the signal travels through tissue, and the
wavelength in the tissue λ as

td =
d
v

=
d
f λ

(3)

Wavelengths on the different tissues were presented in
Table 2. The propagation distance d is the thickness of the
tissue layers on each propagation path, which is obtained
from the coordinates of the voxel model.

First, the expected main paths are calculated in MI00 case.
The expected main paths between the capsule and the on-
body antenna 2 are illustrated in the vertical cross-section
of the voxel model in Fig. 14a. Naturally, there are also
numerous other multipath components which are summed in
the receiving antennas. However, this section includes only
few path descriptions for brevity.

The propagation distance in each of the tissues in each of
the propagation paths is measured from the voxel model. The
following notations are used for propagation distances in each
tissue: ds (thickness of the skin), dsm (path length in small
intestine tissue), df (path length in the fat tissue), dm (path
length in the muscle tissue).

Path IR21A is the shortest direct path from the capsule
towards the skin layer through the small intestine and fat
tissues. After propagation through the skin layer, signal enters
the upper part of the antenna cavity region. The propagation
distances travelled in different tissues are shown in Table 5.
The propagation time, calculated based on Eq. (3), is 0.24 ns,
which matches with the first peak of the IR21 in Fig. 13a.

Path IR21B is the most direct diagonal path from the
capsule to the antenna center. In this case, the signal has to
travel longer distances through the tissues, which effects on
the propagation time 0.44 ns, which matches well with the
time of the arrival of the IR peaks. As seen from power flow
illustrations, the signal is a sum of multipath components
travelling from a wider area.

Path IR21C is the indirect path propagation through vis-
ceral fat and out fat layers. Also in this case, the channel is a
sum of several components arriving from different directions
summing altogether at 0.62 ns. Since the propagation loss
in the fat tissue is modest, the IR peaks are at high levels.
The capsule antenna is omni-directional, it radiates differ-
ent directions from the capsule. As seen from power flow

FIGURE 14. Propagation paths in MI00 case a) towards the on-body
antenna 2 presented in vertical cross-section, b) towards the on-body
antenna 6 presented in horizontal cross-section.

TABLE 5. Examples of the propagation paths in MI00.

illustrations, part of those signals gradually diffracts towards
the body surface and hence arrive slightly later than the
PathIR21B. Received signal is a sum of different multipath
components from different directions and thus strong peaks
can be seen also at 0.8 ns and 1.2 ns

Path_IR61ANext, the propagation paths from the capsule
towards antenna 6 is analyzed. In this case, the propagation
paths are more easily visualized in horizontal cross-section
presented in Fig. 14a. Besides of distances in horizontal
cross-section, the vertical distance needs to be taken into
account since the capsule is located 3.2 cm below the center
point of the antenna 6. Path_IR61A is the clearest visible
path from capsule to the on-body antenna 6 from the power
flow illustration. It is the shortest distance from the capsule
to the bottom of the skin tissue in which the signal diffracts
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towards left and propagates through the fat tissue (towards
left upwards) until reaching antenna 6 region. Corresponding
peak in the impulse response is wide and covers several paths
summing up at 0.64 ns.

Path_IR61B and Path_IR61C are the propagation paths
on both sides of the left abdominal muscle, both well visible
in the power flow illustrations. In the case of IR61B, the
propagation time is 0.49 ns, which matches with the first peak
of the impulse response as shown in Fig. 13a.
In Path_IR61C, the signal travels 3 cm in the small intes-

tine before reaching the fat layer and continuing towards
the capture area of antenna 6, yielding total propagation
time 1.2 ns, which can also be noted as a peak in the impulse
response. Obviously, there are also numerous other multipath
components for instance through the muscle layer as well
which yields higher propagation time.

Path_IR81s: The propagation from the capsule towards
the on-body antenna 8 is similar to those of antenna 2, except
now the signal travels a longer distance through the outer fat
layer.

Path IR81A is the shortest direct path from the capsule
towards the skin layer through the small intestine and fat
tissues. After propagation facing the inner part of the skin
tissue, the signal turns upwards and travels to the fat layer
until reaching antenna 8. The propagation time will be 0.8 ns,
which can also be seen as strong peak in the IR81 in Fig. 13a.

Path IR81B is the most direct diagonal path from the cap-
sule to the antenna center yielding 0.67 ns. In the IR81, there
is a wide peak visible from 0.49-0.7 ns. This peak includes
all the signal components from the capsule travelling through
outer fat and reaching the antenna 8 region. Since the antenna
cavity is large, the antenna captures the signal from the wider
area. As seen from power flow illustration, part of the signal
travels inside the cavity towards the antenna center in the air.
These signal components basically travel shorter distances
inside the tissues than those reaching the antenna center level
before propagating through skin tissue. Thus, there are signal
components arriving at earlier time slot than those ones which
are calculated with the propagation distance until the antenna
center point. For instance, the vertical distance between the
capsule and the lower cavity edge for the antenna 8 is 3 cm.
If we repeat the calculations for PathIR81A and PathIR81B
until the lower edge of the cavity for antenna 8, we obtain
propagation times 0.63 ns (will be summed to Path61b) and
0.48 ns. The latter one is named as PathIR81C in Table 5.

The propagation path calculations for the on-body
antenna 3 are similar than to on-body antenna 6. The only
difference comes from the larger muscle area between the
capsule and the on-body antenna, as discussed in the fre-
quency domain results. The larger muscle area effects on the
level and timing of the IR peaks. The on-body antennas with
larger distance to the capsule will not be discussed here due
to conciseness of the paper.

The impulse responses for NL, NR, FL, and FR cases are
presented in Fig. 13b-e. Similar tendencies can be found also
in these cases when we compare frequency and time domain

channel evaluations, power flow illustrations, and propaga-
tion path calculations. Due to brevity, detailed reporting of
these evaluations is left out from this paper.

c: CROSS-SECTION B
The results for cross-section B were closely examined due
to its width, which allowed for evaluations under various
channel conditions. Now, we will take a look at the upper
portion of the small intestine, known as cross-section A. The
capsule locations in this area are similar to those in MI00 and
the channel attenuation values are studied from Table 4. It is
worth noting that the channel attenuations for S21, . . . , S71
are only slightly larger than in cross-section B, as the signal
travels smoothly through the outer fat layer towards the on-
body antennas 2-7. The S81 values are at higher levels due to
the shorter distance between the capsule and the antenna 8.
The 7-on-body-antenna setup proves to be advantageous
over the 5-on-body antenna setup as the channels for
antenna 8 are the strongest.

d: CROSS-SECTION C AND D
In the next step, we will evaluate the channel characteristics
in the lower part of the small intestine, in cross-sections C
and D. The results are summarized in Table 4. In these cases,
the on-body antenna 7 proves to be beneficial for capsule
communications as S71 indicates the strongest channel for
all evaluated points in cross-sections C and D. This is even
true in the deepest location of the small intestine, L1_MI_B,
L2_MI_B1, and L2_MI_B2 due to the larger amount of
visceral fat in that area. The next strongest channels are
S21, S41, and S51, with channel attenuation of only 72 dB
at 4 GHz for S21.

3) COLON
Finally, the channel characteristics are evaluated through the
colon area with 7-on-body antenna setup as well as including
new results in the sigmoid colon area. Table 4 presents the
results for 7-antenna-setup in the locations C_A, C_B, C_C,
C_D, C_E, and C_F which were evaluated in [26]. As it is
noted, the 7-antenna setup brings some benefits compared
to the 5-antenna setup especially for the most challenging
locations A and F.

Next, the channel characteristics are evaluated in the sig-
moid colon area in the location G0, G1, and G2. The S21, . . .
S81 values are presented in Table 4. As one can note, sigmoid
colon is very channeling location due to large penetration
depth requirements. The channel attenuation at G0 is still at
resolvable level whereas location G1 requires a high-sensitive
receiver. At the frequency range of interest, the channel
attenuation in location G2 is excessive. For testing purposes,
we located one more on-body antenna, antenna 9, at the lower
back of the voxel model and conducted simulations in the
capsule location G2. Fig. 15 presents the frequency domain
channel characteristics between the capsule in the location
G2 and the on-body antenna 9. For reference, S81values
at the locations G2 and G0 are included. As one can note,
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FIGURE 15. Frequency domain channel characteristics in sigmoid colon
area at points G0, (front) G1 (middle), and G2 (back).

in the location G2 the S91 is at clearly higher level than the
S81. S91 is almost at the same level as S81 in the capsule
location G1. The reason for clearly higher propagation loss
in the link between the capsule and on-body antenna 8 is
the propagation environment; on the back area there is more
visceral fat than on the front side. Therefore, the signal can
propagate smoothly through the fat from the capsule to the
antenna 9.

S21 parameters are presented for thewider frequency range
in Fig. 15 in the purpose to show how at lower frequency
range, i.e., at 1.5-2.5 GHz, the channel attenuation is mod-
erate also in the capsule location G2; although that is out of
the antennas’ operational frequency range. Therefore, the use
of lower frequencies in capsule endoscopy would be easier to
ensure reliable communications. However, there is a strong
interest in using UWB especially in studies targeting active
capsule endoscopes due to several advantages the higher
frequencies may provide (e.g., better throughput, improved
resolution, and smaller size). Although lower frequencies
can provide higher penetration depth underneath the skin,
the physical dimensions of the antenna are then increasing
leading to tradeoff between the usable frequency and size of
the capsule.

B. IMPACT OF SMALL SHIFTS
In this subsection, the impact of the small capsule shifts
is evaluated by transferring the capsule from the location
MI00 in cross-section B with the steps of 5 mm towards
right as shown in Fig. 6f. The channel frequency responses
between the capsule and the closest antennas 2, 3, and 6 are
presented in Fig. 16a-c, respectively. It is noted that even
shift of 5 mm cause clear changes in the channel frequency
responses: 4 - 5 dB in S21, 0 - 12 dB in S31, and 1 - 4 dB
in S61 within the on-body antennas operational frequency
range 3.75 - 4.25 GHz. The capsule shift of 15 mmmay cause
the difference up to 20 dB in S21, 9 dB in S31, and 25 dB
in S61. The reason for such remarkable differences is due
to the changes both in the propagation environment, i.e., the
type and thickness of the tissues through which the multipath

FIGURE 16. Impact of the capsule’s small shifts on the channel
attenuation for the three closest antennas: a) S21 b) S31 and S61 in the
cross-section B.

components propagate, as well as in the antenna radiation pat-
terns. As noted from Fig. 1b-d, the radiation pattern towards
the body is highly fluctuating: strong beams vary with weaker
or even null regions. Hence, even 5mmchanges in the capsule
location can change drastically the channel strength. All the
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TABLE 6. Impact of the capsule’s small shifts.

TABLE 7. Impact of the capsule’s rotation on channel frequency responses.

channel parameters obtained when simulating the impact of
small shifts are summarized in Table 6.

C. IMPACT OF CAPSULE ROTATION
The position of the capsule in the small intestine can be
adjusted to various rotation angles. Since both the capsule
antenna and the on-body antennas are linearly polarized,
more channel attenuation is expected to occur when the cap-
sule is rotated. A previous study on the impact of the capsule’s
rotation, using the Laura voxel model, was carried out for
the first time in the MI00 case in [20]. This study showed
a clear increase in channel attenuation as the capsule was
rotated 90 degrees. Additionally, the study presented in [20]
included investigations on the impact of rotation using a lay-
ered human tissue model for comparison. The results of the
impact of rotation between the voxel model and the layered
tissue model were found to be slightly different. In this paper,
we will study the impact of rotation 45 and 90 degrees,
‘‘Rot45’’ and ‘‘Rot90’’, respectively, in various capsule

locations, with a focus on two specific locations: MI10
and L_MI_B.

The frequency domain channel characteristics for the clos-
est antennas in the locations MI10 (S21) and MI_B (S71) are
presented in Figs. 17a-c, respectively. Table 6 summarizes the
channel attenuations for all the antennas in these locations.
As seen from Fig. 17a, the rotation can significantly dilute
the channel in MI00 remarkably with a difference of 10 dB
to 20 dB. From 3.75 – 3.95 GHz, the channel is weakest at
‘‘Rot45’’, whereas from 3.95 GHz onwards ‘‘Rot90’’ is the
most attenuated. However, even in the worst case, the channel
attenuation is modest enabling a reliable communications
link. A similar tendency can be seen for S31 (in Table 6),
with a maximum difference of 20 dB between the direct
and non-rotated case. However, in this case the difference
between the ‘‘Rot0’’ and ‘‘Rot45’’ case is only 0.2 dB at
minimum.

The rotation study in capsule location L_MI_B is partic-
ularly interesting. In this case, the channel is less attenuated
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FIGURE 17. Impact of the capsule’s rotation in channel parameters
a) MII10 case in cross-section 2 and b) L1_MI_B case in cross-section 3.

in the rotated case than in the original case up to 4.13 GHz,
after which ‘‘Rot90’’ experiences the strongest attenuation.
The ‘‘Rot45’’ case remains less attenuated within the fre-
quency range of interest. This is due to the capsule’s most
favorable orientation with respect to the on-body antenna’s
radiation pattern in this location. As seen from Fig. 18a,
in this capsule location, the capsule is located in an area
with some visible notches. In the case of ‘‘Rot 0’’, the
notchy area affects the capsule more than in the cases of
‘‘Rot45’’ and ‘‘Rot90’’. For example, in ‘‘Rot45’’, the cap-
sule is reaching an area with a stronger beam as shown in
Fig. 18b, which presents a radiation pattern at 3.75 GHz.
Additionally, in the case of ‘‘Rot90’’, the capsule orientation
is more favorable for the on-body antenna’s stronger beams.
Furthermore, ‘‘Rot45’’ brings the capsule’s radiating side
closer to the edge between the small intestine and visceral
fat. This naturally reduces the propagation loss, as the signal
radiating from the capsule travels a slightly shorter distance
in small intestine tissue than in fat tissue. More channel real-
ization comparisons between the rotation cases can be found
in Table 7.

FIGURE 18. a) Capsule location L_MI_B respect to the on-body antennas,
b) Capsule’s location respect to the closest on-body antenna 7, illustrated
with its radiation pattern to show notches in different rotation cases.

V. PATH LOSS EVALUATION
Path loss represents the reduction in transmitted power as a
signal travels through different depths of the medium. For
an in-body environment, path loss in decibels can be derived
from the simulated channel frequency response. We will then
evaluate the overall path loss and determine which of the
available path loss models would provide the best fit for our
data.

In this section, we will evaluate the path loss between the
capsule and the on-body antennas in various scenarios that
best represent different propagation environments. We have
chosen scenarios that provide the most comprehensive under-
standing of the effects of the capsule’s location and orienta-
tion on path loss with respect to each of the on-body antennas,
which can be used to roughly estimate the coverage of the on-
body antennas.

A. EFFECTS OF THE CAPSULE’S LOCATION AND
ORIENTATION ON PATH LOSS MEASUREMENTS
Path loss represents the reduction in transmitted power when
signal propagates through different depths of themedium. For
an in-body environment, path loss in decibels can be derived
from the channel frequency response using

PL (dB) = −10 log10

{∑N

i=1

∣∣H (
f i

)∣∣2
N

}
, (4)

where H(f i) is the simulated complex channel frequency
response at the i-th frequency bin, and N is the total number
of the frequency bins.

The in-body path loss characteristics are influenced by
many factors such as the type and thickness of the surround-
ing tissues, and when the capsule is rotated, the conditions

VOLUME 11, 2023 35665



M. Särestöniemi et al.: Comprehensive Analysis of WCE Radio Channel Characteristics

FIGURE 19. Path loss results at capsule’s locations FL, FR, NL, NR, and CA
with capsule’s rotations of 0, 45, and 90 degrees.

of the propagation paths change, resulting in changes in the
observed path losses. The effects of the capsule’s location and
orientation on path loss results are plotted in Fig. 19a-e.

From Fig.19a-e, when we consider the overall path loss in
every capsule’s location, we can see that a group of two to
three on-body antennas with the lower path loss values are the
ones that are closest to the capsule. However, for the on-body

FIGURE 20. Path loss models fitting on the entire simulated channel
frequency response.

antennas that are farther away from the capsule, this does not
hold true due to the strong multipath effect.

In addition, we will also consider the effects of the cap-
sule’s rotation. We can see that in some cases, the changes
in path loss are insignificant, for example around 0.1 dB
at the capsule’s location CA with the on-body antenna 8.
However, in other capsule’s locations, the changes can be
quite significant, for example more than 10 dB difference
at capsule’s location NR with the on-body antenna 8. For-
tunately, according to these plots, not all on-body antennas
are susceptible to signal drop due to capsule’s rotation at the
same time. Therefore, techniques such as antenna diversity
can be used to stabilize data transmission.

Lastly, we will investigate the importance of on-body
antenna placement. We can see that for most of the cap-
sule’s locations, the on-body antennas in the center and the
upper region of the abdomen, i.e., antenna 2, 3, and in some
cases 4 and 6 provide a good coverage for the capsule’s data
transmission. However, for the capsule’s location CA, the on-
body antennas on the lower part of the abdomen, i.e., antennas
5 and 8 are more effective.

B. PATH LOSS MODEL
By using all of the selected simulated path losses obtained
from all capsule’s locations and orientations, we evaluate the
overall path loss, and see how the commonly used path loss
models for the in-body propagation channel perform with our
data.

Generally, the log-distance model is used to describe the
propagation channel in free-space setting. The model is be
described as

PL (dB) = PL0(dB) + 10n log10
d
d0

, (5)

where PL0 is the path loss at the reference distance d0, d is
the distance between the capsule and the on-body receiving
antenna, which are calculated from the on- body antenna
and capsule coordinates from Tables 8 and 9, respectively.
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TABLE 8. On-body antennas’ coordinates.

TABLE 9. Capsule coordinates.

Besides, n is the path loss exponent. However, the authors
in [17] showed that the model also works well with their
in-body channel measurements. Other path loss models are
also available. For example, authors in [11] suggested that
an empirical exponential power law function as described
in Eq. 5 would provide a better fit

PL (dB) = PL0(dB) + a
(
d
d0

)m

, (6)

where a is the fitting constant, andm is the path loss exponent.
Note that n and m in Eq. (5) and (6) are both called path loss
exponents, but they are indeed two different values. Another
path loss model proposed by [9] is the linear power law
function, which is described as

PL (dB) = PL0(dB) + k
(
d
d0

)
, (7)

where k is the gradient fitting constant.
We consider all these three potential path loss models to

see how they match with our simulation results. By using
the channel frequency response simulation results obtained
from all the selected in-body capsule’s locations and rotations
using all seven on-body antennas, the overall path loss fitting
and the corresponding root mean square error (RMSE) are
displayed in Fig.20 and Table 10, respectively.

Based on our simulations, all three path loss models offer
a comparable performance in terms of the RMSE values. The
log-distance model has the lowest RMSE, followed by the
exponential and linear power law function, respectively. As a
result, the log-distance path loss performs slightly better than
the other models for our data, with the path loss exponent
n = 8.30.

VI. SUMMARY AND CONCLUSION
This paper delves into a thorough examination of radio chan-
nel characteristics between a capsule endoscope and a 7-on-

TABLE 10. RMSE of the path loss model fitting.

body antenna setup throughout the gastrointestinal tract in
the WBAN implant frequency range of 3.75 – 4.25 GHz.
An anatomically realistic human voxel model was utilized in
the evaluations, and the channel characteristics were evalu-
ated between the capsule and the on-body antennas in various
parts of the stomach, small intestine, and colon, resulting
in 363 different channel realizations, including studies on
the impact of the capsule rotation in certain locations. The
study includes analysis of frequency and time domain channel
characteristics, reflecting the results with power flow rep-
resentations, and propagation path calculations. The study
was carried out using cavity-backed directional antennas to
enhance the communications link, even when the capsule is
deep inside the tissues.

The presented results indicate that the channel attenuation
remains at a resolvable level in most cases, even deep inside
the tissues. For the localization of the capsule, it is rec-
ommended to have at least four resolvable communications
links, which is met in most cases, especially if high-sensitive
receivers can be used. The most challenging location is the
sigmoid colon location G2, in which the simulated channel
attenuation is over 100 dB for all the antennas in the fre-
quency range of interest, due to the challenging propaga-
tion environment and high propagation loss in the tissues.
However, locating one on-body antenna on the lower back
significantly improves the channel strength, especially if the
receivers have higher sensitivity. It was also noted that at
a lower frequency range (1 – 2 GHz), the channel atten-
uation would not be excessive, although the range is out
of the antennas’ operational frequency range. Thus, the use
of lower frequencies in capsule endoscopy could make it
easier to ensure reliable communications, even in the deepest
locations. Nevertheless, there has been increased interest in
using UWB in studies targeting active capsule endoscopes,
due to the advantages that higher frequencies may provide
(throughput, resolution, size, etc.).

In general, cavity-backed antennas are considered to have
excessive size for practical solutions, as the size of the cavity
depends on the frequency. However, there are studies on
realizing cavity-backed antennas with smaller dimensions.
The presented comparison between the propagation path
calculations, power flow illustrations, and channel charac-
teristics offers insight into how the signal propagates inside
the abdominal tissues from the capsule. The deep knowledge
of antennas’ behavior on the human body is crucial, as the
antenna radiation pattern has a significant impact on the
channel characterization. The next step is to consider the use
of flexible or textile antennas, which could be unobtrusively
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embedded inside a cloth, allowing for the placement of anten-
nas on both front and back sides of the body.

The investigations in this paper are restricted only for
a simple omni-direction capsule antenna model. Recently,
there has published several capsule antennas with optimized
features for different frequency ranges. The use of more
optimized antennas in the capsule could improve slightly the
S1 parameter. As a future work, we will evaluate the impact
the of different capsule antennas and their characteristics on
the channel parameters at different capsule locations.

In the near future, our aim is also to carry out measure-
ments using realistic shaped intestinal phantoms presented
in [37] and compare the simulation and measurement results.
We will investigate opportunities to use other voxel models
with different body constitutions in the simulations. In [18],
we have shown that CST’s over-weighted voxel models
Donna and Hugo have some shortcomings and restrictions
for multiantenna capsule endoscopy investigations and thus,
other human voxel models need to be considered. Moreover,
we will also study capsule localization utilizing the compre-
hensive data set presented in this paper.
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