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ABSTRACT Since its invention in the early 1990s the technology behind capsule endoscopy has been
making rapid progress. The emergence of high-resolution miniature video cameras along with other
microsensor technology have increased the data rate and power consumption requirements for the next
generation of these capsules. These requirements alongwith other advantages havemade theUltra-Wideband
(UWB) technology an attractive candidate for wireless communication with the capsule endoscope. Our
objective in this paper is to obtain a statistical pathloss model that effectively captures the impact of
the transmitter antenna orientation and various body tissues as the capsule moves along its natural path
inside the small intestine. To obtain this model, we have developed a 3D immersive platform including a
detailed computational human body and gastrointestinal tract models that allow for an in-depth study of the
wireless propagation channel between the capsule and the on-body receivers. Using the immersive platform,
we have also developed an innovative methodology that enables judicious placement of the capsule along its
natural trajectory inside the small intestine. Using this methodology, we obtain sufficient number of sample
measurement points with a balanced transmitter-receiver distance distribution while covering the entire small
intestine. The results show the significant impact of the orientation of the capsule antenna on the fading
component of the statistical pathloss model. This knowledge is essential to better understand the feasible
communication range of the capsule as it traverses the small intestine. Our research also provides further
information on the time domain characteristics and multipath propagation for the UWB communication
channel with a capsule endoscope. We show that the time domain channel responses typically consist of
very few noticeable delayed paths. We also conjecture that the more feasible frequency range within the
unlicensed UWB spectrum for communication with a capsule endoscope is 3.1 GHz to 4.1 GHz.

INDEX TERMS Capsule endoscopy, statistical pathloss model, ultra-wideband, frequency response,
multipath propagation.

I. INTRODUCTION
Gastrointestinal (GI) endoscopy is a diagnostic and therapeu-
tic procedure that enables doctors or clinicians to visually
examine, image, assess, and treat illnesses in the upper
digestive system. Endoscopy procedure plays a significant
part in nearly all GI-related diseases as well as a crucial role in
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clinical research. It is estimated that more than 20 million GI
endoscopies are performed each year in the United States [1].

In traditional upper GI endoscopy, a long, flexible tube
equipped with an image sensor (camera) is passed through
the patient’s throat to reach the esophagus, stomach, and
duodenum. Capsule Endoscopy (CE), on the other hand,
uses an ingestible capsule equipped with a miniaturized
wireless camera. The technology was invented in early 1990s
by Gavriel Iddan and the first product became officially
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available in 2001 [2]. CE provides a minimally invasive
alternative imaging technology for the Gastrointestinal (GI)
tract of the human body. CE is a painless, and effective
diagnostic technology for various health disorders such as
obscure gastrointestinal bleeding, tumors, cancer, as well as
celiac and Crohn’s diseases [3]. The breakthrough impact
of CE in medicine is that it also allows the observation
of abnormalities throughout the entire small intestine. The
small intestine is the longest segment of the GI tract with a
length of around 5 m to 7 m. The tubular structure inside the
small intestine is not accessible by today’s conventional wired
endoscopy or colonoscopy [4], [5]. In addition, traditional
endoscopy is often described as painful and uncomfortable
for patients while CE can achieve the same objective without
any discomfort.

While moving through the GI tract, the information cap-
tured by the embedded camera in the capsule is transmitted
wirelessly to reach the receivers that are typically placed
inside a belt worn by the patient. Commercially available
capsule endoscopes mostly operate at Medical Implant
Communication Service (MICS) frequency band (i.e., 402
MHz to 405 MHz). They provide images with a maximum
resolution of 512 × 512 pixel and around 2 to 6 frames per
second [6], [7]. Battery lifetime is often a limiting factor for
the operation of these capsules as in 16.5% of procedures,
the battery cannot support the entire journey of the capsule
along the GI tract [8]. The next generation of endoscopy
capsules are expected to deliver higher resolution images
or even videos as well as more diagnosis and therapeutic
functionality. This translates to higher data rates for the
transmission of information from the capsule. The higher
data rate requirement along with lower complexity of the
transceiver make the Ultra-Wideband (UWB) technology
an attractive candidate for wireless communication with
the capsule. The unlicensed UWB spectrum (3.1 GHz to
10.6 GHz) is the frequency band currently being considered
for the ingestible electronics and implants use-cases in the
upcoming revision of the international standard for Body
Area Networks (i.e., IEEE Std 802.15.6ma) [9]. A standard-
based radio communication protocol for capsule endoscopes
not only simplifies the development process of its transceivers
but also supports interoperability among products from
different manufacturers.

Using UWB technology within the 3.1 GHz to 10.6 GHz
range can enable high data rate transmission from the
capsule; and therefore, supports applications such as high-
resolution video. However, high attenuation of the body
tissues at these frequencies could create a challenge to
establish a reliable communication link. The variety of organs
and tissues with different frequency-dependent dielectric
properties might also lead to further distortion in the
transmission of a wideband signal. The communication
channel between the capsule and an on-body receiver is also
affected by the transmitter and receiver antennas. Although
higher frequencies incur higher propagation loss through
the human body tissues, they allow miniaturization of the

antennas used for this application. This is especially critical
for the capsule where limitations on its physical size and
shape create more stringent restrictions on the design of the
transmitting antenna.

Understanding the radio frequency (RF) propagation
channel in a wireless communication link is essential
for efficient transceiver design. However, for implant or
ingestible electronics, obtaining this knowledge is a chal-
lenging task. Performing in vivo experiments in a living
human to conduct RF signal measurements is virtually
impossible. Therefore, research in this area is typically done
through simulations with computational models, experiments
using animals or liquid phantoms [10], [11], [12], [13],
[14], [15], [16], [17], [18].

A. LITERATURE REVIEW
In the past several years, there have been few studies
in the literature focusing on UWB channel evaluation for
capsule endoscopy application. In [11], authors used the
finite difference time domain (FDTD) numerical method
with an anatomical human body model to find the channel
characteristics and investigate feasibility of space diversity
to enhance UWB communication performance. Using five
receiver locations on the abdomen, the pathloss exponents
and standard deviation of the shadow fading were reported to
range from 1.00 to 2.07, and 7.1 dB to 8.48 dB respectively.
The resulting low pathloss exponents in [11] are likely due
to several factors including the simple line element assumed
for the capsule antenna, the limited variations of the distances
used in the simulations and using free space antenna gains in
the computation. Additionally, it was not specified whether
the computational model used for the small intestine included
sufficient details for the placement of the capsule antenna.
The authors conclude by showing the possibility of using
the UWB technology to achieve a data-rate of 80 Mbps for
capsule endoscopy.

Authors in [12] developed an Impulse Radio UWB (IR-
UWB) communication system for implant applications. They
conducted experiments using a liquid phantom and a living
animal to evaluate the performance of the system operating
at 3.4 GHz to 4.8 GHz band. Measurements at five different
distances between the transmitter and receiver antennas were
conducted using a liquid phantom. At 4 GHz, the authors
report a pathloss of around 80 dB at a distance of 7 cm.
Five transmitter locations were also considered inside a pig to
evaluate the communication with the receiver on the surface.
Despite a pathloss of more than 80 dB, they concluded
that their IR-UWB implant communication system could
achieve a bit error rate of around 10−2 with a data rate
of 1 Mb/s up to a distance of 12 cm between the capsule
transmitter and the on-body receiver. Although, this study
provides some information about the applicability of UWB
for implants, their results don’t necessarily apply to ingestible
electronics applications such as CE. The complexity of the
GI tract environment and possibility of various positions
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and orientations for the transmitting antenna have not been
considered in their evaluation.

In [13], authors analyze the pathloss, specific absorption
rate (SAR), and temperature variation of the tissues inside the
human body caused by an IR-UWB-based capsule endoscope
inside the abdomen. Since their primary objective is the
electromagnetic power absorption and thermal effects caused
by in-body propagation of the wireless signal from the
capsule, the pathloss calculation is more focused on in-body
propagation channel. To characterize this channel, the authors
used a voxel-based human body model and computed the
pathloss based on time-varying Poynting vector at points
that lie within the tissue medium between the capsule and
the body surface. The resulting pathloss model for the in-
body channel does not include the effect of the on-body
receiver which is normally part of the CE communication
channel. Based on their simulations, the authors state that
pathloss at the surface of the body varies from 80 to 100 dB.
However, they note the possible dependency of this value on
the frequency as well as the position of the capsule inside the
GI tract.

Authors in [14] developed an UWB antenna based on
polarization diversity technique for implant applications.
They evaluated the performance of the antenna through
computer simulation, liquid phantom as well as experiment
with a living animal. Considering the frequency range
3.4 GHz to 4.8 GHz, the authors report the average pathloss
between the implant and on-body antennas with distances
ranging from 2 cm to 12 cm. Based on the measurement
data from 6 sample points inside a liquid phantom and
8 sample points inside a pig, they conclude that using
polarization diversity for the implant antenna can improve
the performance of the UWB communication link. In [15]
and [16], authors present a comparative pathloss study for
capsule endoscopy in the frequency range 3.1 GHz to
5.1 GHz. Simulations using a simple computational model,
liquid phantom experiment and in vivo measurements with
a living porcine were conducted to do the study. A distance
range of approximately 3 cm to 8 cm was considered for
evaluation of the pathloss between the capsule antenna and
the on-body receiver. The 8 cm limitation on distance is
primarily due to the noise floor of the vector network analyzer
used for signal measurements. For a logarithmic pathloss
model, the pathloss exponents and standard deviations of the
shadowing component were reported to range from 5.3 dB
to 10.3 dB, and 3.6 dB to 28.1 dB across simulations, liquid
phantom, and in vivo measurements, respectively.

In [17] and [18], authors studied the propagation channel
between the capsule antenna and a directional on-body
antenna using a voxel-based computational body model for
the frequency range 3.75 GHz to 4.25 GHz. Three capsule
locations inside the small intestine and two on-body locations
were considered for their evaluation. The authors concluded
that the channel characteristics strongly depend on the
locations of the antennas inside the small intestine and on the
abdomen surface. In addition, they showed that the antenna

radiation pattern and capsule orientation have a strong impact
on the received signal strength. The extended version of their
study covering both small and large intestines are available
in [19] and [20]. A study on the impact of breathing on the
received power from UWB implanted devices has also been
carried by the authors in [21]. Their results show that both
the relative received power and its phase exhibit an oscillatory
process with time which can be modeled by an absolute value
of a cosine function.

B. RESEARCH OBJECTIVES
From the limited number of studies on this topic in the
literature, it can be observed that using different anatomical
or computational body models, simulation or experiment
scenarios and capsule or on-body antennas often lead to
noticeable variations in the resulting statistical channel
models for capsule endoscopy. As common in almost all
in-body or on-body propagation studies, the transmitter and
receiver antenna characteristics will become part of the
propagation channel. This is due to the near field coupling
of the antenna and the surrounding non-homogenous tissues
with frequency dependent complex conductivity in the human
body [22]. For this reason, using realistic and practical
antennas for propagation study in these applications becomes
important. Each application or use-case could necessitate a
different type of antenna, and measurement (or simulation)
scenarios. For these reasons, the authors believe that channel
models for ingestible applications such as CE may not
necessarily be the same as implant applications operating at
UWB frequencies. For capsule endoscopy, the size of the
transmitting antennas used in some of the studies in the
literature is larger than the current commercially available
capsules (i.e., 11 mm × 26 mm). The antenna size could
impact the realized gain and efficiency of the antenna, which
in turn affects the resulting pathloss. Therefore, it will be
more accurate to use antennas with practical sizes during
the virtual or physical measurements. In addition, different
antenna orientations are typically not considered as part of the
simulation or physical experiment scenarios to measure the
pathloss. The orientation of the capsule antenna continually
changes with respect to the on-body receiver as the capsule
traverses the complex path along the GI tract. This is
especially the case for the small intestine. Due to its non-
isotropic radiation pattern, the antenna orientation may have
a substantial impact on the experienced pathloss. Therefore,
this impact should be captured in a practical statistical
pathloss model for this application.

To obtain pathloss information, liquid phantom body
models are sometimes used by researchers to conduct
physical measurements. A liquid phantom can mimic a single
(or multi-) layer dielectric environment. The material at
each layer homogeneously models the dielectric properties
of a specific tissue. However, the human body is a non-
homogenous complex environment with multiple tissues
having a wide range of frequency-dependent dielectric
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properties. For wireless implant applications where the
locations of the stationary pair of implant and on-body
receiver is known, a reasonably matching multi-layer liquid
phantom can be designed to better represent the environment
between the implant transmitter and the on-body receiver. For
CE applications, on the other hand, the RF signal transmitted
by capsule antenna could experience different composition of
body tissues or organs before it reaches the on-body receiver
as the capsule moves along the GI tract. For this reason,
discrepancies are usually observed between the pathloss
results obtained by using liquid phantoms and the limited
experiments with living animals.

Experiment with living animals is extremely challenging.
Due to obvious anatomical or surgical limitations, very few
antenna positions can be considered inside the animal’s small
intestine, leading to a small number of measurement samples.
Radio signal leakage from the capsule antenna through
the connecting cables and possible errors in the estimated
distance between the capsule and on-body antennas during
pathloss measurements are among other challenges in doing
in vivo experiments.

Compared to liquid phantoms, computational body models
can better approximate the non-homogeneous and diverse
dielectric environment in CE application to conduct prop-
agation studies. However, the complexity and required
computational resources to use such models significantly
increase with their level of details and resolution. To lower
the complexity of the simulations and achieve manageable
runtime, most of the studies in literature use a partial com-
putational body model (e.g., abdominal area) with simplified
and reduced number of body organs. This simplification
impacts the ability to define more accurate scenarios for
capsule placement inside the desired segment of the GI
tract. For example, having a model that includes the tubular
structure and internal surfaces of the digestive tract will
be useful to identify the continuous path that the capsule
travels through. Identification of this path will help to better
define capsule antenna positions for conducting channel
measurements.

In this paper, we have developed:
(a) An innovative three-dimensional (3D) immersive sys-

tem including a sufficiently detailed computational
human body model and validated antennas with
practical dimensions to effectively emulate the UWB
propagation from the capsule inside the small intestine.

(b) A methodology to identify appropriate capsule antenna
positions along its natural path through the small
intestine for virtual measurements. This methodology
results in sufficient number of sample measurement
points with a balanced transmitter-receiver distance
distribution. This is generally required for proper
derivation of a statistical pathloss model in wireless
communication; however, it is not easily attainable in
this application due to the spatial constraints in the
capsule location inside the GI tract and the limited
communication range with an on-body receiver.

(c) A statistical pathloss model that more effectively
captures the impact of the capsule orientation in the
fading component. To partially validate the accuracy
of the results obtained by using this platform, we have
also replicated a liquid phantom experiment and
compared the resulting pathloss exponent obtained
through physical and virtual measurements.
Our research also provides:

(d) Further information on the time domain characteristics
and multipath propagation for the UWB communica-
tion channel with a capsule endoscope. We show that
the time domain channel responses typically consist of
very few noticeable delayed paths. We also conjecture
that the more feasible frequency range within the
unlicensed UWB spectrum for communication with a
capsule endoscope is 3.1 GHz to 4.1 GHz.

The rest of this paper is organized as follows. Section II
presents the 3D immersive system that has been developed
to conduct virtual measurements. Antennas used in our
experiments are described in Section III. The methodology
to select simulation scenarios for channel measurements
is explained in Section IV. Statistical pathloss modeling
and channel characterization are discussed in Sections V
and VI, respectively. Finally, conclusions and future work are
described in Section VII.

II. 3D IMMERSIVE SYSTEM
A novel 3D immersive system to emulate RF propagation
between a capsule endoscope and several on-body antennas
has been developed at the Information Technology Labora-
tory of the National Institute of Standards & Technology
(NIST) [10], [23], [24]. The system includes a 3D high
resolution human body model with high-resolution GI tract
model, a propagation engine (i.e., a full-wave electromag-
netic field simulator (ANSYS HFSS1)), validated models
of the capsule and on-body antennas, and a 3D immersive
& visualization platform (see Fig. 1). The electromagnetic
simulation engine in this system enables the user to calculate
a variety of different electromagnetic quantities; examples
of which are scattering parameters, electric field, Poynting
vectors, Specific Absorption Rate (SAR), etc.

The 3D computational body model used in this system
has a resolution of 2 mm and includes frequency-dependent
dielectric properties of 300+ parts of a male human
body. These dielectric properties are user-definable in case
custom modifications or changes are desired. To study
propagation from a CE, a high-resolution 3D GI tract model
without self-intersections or other non-manifold features has
been developed and integrated with the 3D body model (see
Fig. 2). Lack of self-intersections in the 3D model ensures

1Certain equipment, instruments, software, products, or materials are
identified in this paper in order to specify the experimental procedure
adequately. Such identification is not intended to imply recommendation or
endorsement of any product or service by NIST, nor is it intended to imply
that the materials or equipment identified are necessarily the best available
for the purpose.
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FIGURE 1. Immersive system used for CE propagation study.

that the inner and outer surfaces do not overlap or occupy the
same space. Validated models of practical antennas have also
been incorporated in the computational system to accurately
characterize the wireless link between the capsule and the on-
body receivers.

FIGURE 2. The 3D human body model with enhanced GI tract.

The 3D immersive platform assists a user to visualize and
interact with the data as will be described in Section IV. The
platform includes a visual display consisting of three large
screens, stereoscopic glasses that are motion-tracked, and an
input device that is also motion-tracked. The three large video
projection screens are used as a single 3D stereo display. The
3D scene is updated for the position of the stereo glasses given
by the motion tracker. This enables the immersive platform
to present a virtual 3D world within which the user can move
and interact with a virtual object. The virtual object in this
study is the 3D human body model as observed in Fig. 3. This
immersive system sufficiently captures the complexity of the
propagation environment surrounding the capsule traveling
through the GI tract; and therefore, has been used to study
the UWB channel characteristics for capsule endoscopy.

III. ANTENNAS
Design of the proper antennas is one of the challenging tasks
for wireless implants, ingestible electronics, and wearable
sensors. The inhomogeneous environment surrounding these
antennas makes the design more complicated compared to
antennas intended for use in free space. Knowledge of the
body organs and tissues in the vicinity of the antenna and

FIGURE 3. NIST immersive visualization platform [24].

information about the dielectric properties of those tissues at
the target frequency and temperature are essential to achieve a
good performance. Also, since de-embedding of the antenna
gain pattern from the communication channel becomes
impossible for in-body or on-body applications, using a
realistic and practical antenna for channel characterization
becomes extremely important. In the following subsections,
we described the capsule and the on-body antennas that
have been used along with our enhanced computational body
model to accurately characterize the propagation channel.

A. CAPSULE ANTENNA
The capsule antenna is a single metallic layer planar antenna,
printed on a Rogers1 RT Duroid 6100 (tm) substrate with
dielectric constant of 10.2 and thickness of 0.8 mm. The
antenna dimensions are 8.4 mm × 6 mm × 1.036 mm (see
Fig. 4). These dimensions allow the antenna to practically fit
inside typical CE pills that are available in the market. The
diameter and length of the current commercially available
pills are approximately 11 mm and 26 mm, respectively [25].
This antenna has been designed for UWB transmission from
3.1 GHz to 10.6 GHz using a layered tissue model [26].

FIGURE 4. Configuration and dimension (in mm) of the CE antenna a) top
view b) side view [26].

To ensure applicability of the antenna throughout the
entire GI tract i.e., stomach, small and large intestines,
three scenarios, using three separate layered tissue models,
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FIGURE 5. Reflection coefficient (S11) of the capsule UWB antenna using
customized layered tissue models for stomach (red), small intestine
(blue) and large intestine (green).

were considered. The layers represent the tissues that will
be surrounding the capsule antenna e.g., intestine, muscle,
fat, and skin. The return-loss or equivalently the reflection
coefficient (S11) of the antenna for all three environments
is shown in Figure 5. These results show the effectiveness
of the antenna as the capsule travels through the entire
GI tract.

To better investigate the influence of the inhomogeneous
environment surrounding the antenna, the reflection coeffi-
cient of the antenna was also evaluated inside the stomach,
small and large intestines of our computational human body
model. The results shown in Fig. 6 indicate close agreement
with the S11 obtained by using the simplified layered tissue
models (i.e., Fig. 5).

FIGURE 6. Reflection coefficient (S11) of the capsule UWB antenna inside
the GI tract of the computational human body model: stomach (red),
small intestine (blue), and large intestine (green).

Assuming that the capsule is inside the small intestine,
an example of the 3D radiation pattern of this antenna at
3.6 GHz is shown in Fig. 7. As observed, the antenna ori-
entation could make a significant impact on the propagation
channel. Details of the antenna placement inside the small
intestine is discussed in the next section.

B. ON-BODY ANTENNA
The on-body antenna in our study is a L-loop antenna that
has been designed to operate in the lower UWB frequency
range (i.e., 3.1 GHz to 5.1 GHz) [27]. As shown in Fig. 8,
the dimensions of the on-body antenna are 24 mm ×

FIGURE 7. In-body radiation pattern of the capsule antenna at 3.6 GHz.

FIGURE 8. Configuration and dimensions (in mm) of the UWB L-loop
on-body antenna a) top view, b) side view [28].

25 mm × 1 mm. To minimize the effect of the human body
on the antenna characteristics, a RH-5 dielectric substrate
with a thickness of 14 mm has been used to separate the
antenna elements from the skin. Performance evaluation of
the antenna showed that a separation of less than 14mm could
lead to a lower antenna gain, frequency shift and degradation
of S11. The relative permittivity of RH-5 is identical to air.
This substrate will not affect the antenna parameters and the
same level of Voltage Standing Wave Ratio (VSWR) as in
free space can be achieved when the antenna is placed on the
body surface near the abdomen.

FIGURE 9. Reflection coefficient (S11) of the on-body antenna with the
computational body model.
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The on-body antenna was also evaluated with the compu-
tational body model. The S11 of the antenna, shown in Fig. 9,
is obtained by placing it on the abdomen area of the body
model. As observed, the antenna shows good performance for
the frequency range 3.1 GHz to 4.1 GHz.

Compared to the layered tissue model which the antenna
was designed with, a slight frequency shift in VSWR
was observed. However, such minor discrepancies can be
expected as on-body antennas are usually sensitive to their
exact distance from the body surface. The curvature on
the computational body model surface causes some antenna
distance deviation compared to the simple layered tissue
model that was used during the design process. However,
for the frequency range 3.1 GHz to 4.1 GHz, all antenna
placements on the body surface covering the abdomen
exhibited very good reflection coefficient.

As will be discussed later in this article, the attenuation
of the RF signal transmitted from the capsule is very high
for frequencies above 4.1 GHz. In other words, the bulk of
the transmitted power that is received by the on-body sensor
is concentrated within 3.1 GHz to 4.1 GHz. For this reason,
we only consider this frequency range to study the UWB
propagation channel in capsule endoscopy.

IV. DESIGN OF THE SIMULATION SCENARIOS USING THE
IMMERSIVE PLATFORM
During the Capsule Endoscopy procedure, a patient typically
wears a belt which includes multiple embedded receivers
across the abdomen. In our study, positions of the receivers
covering the abdomen area were approximately selected
based on the sensor’s locations used in the small bowel Pill-
Cam Endoscopy procedure [29]. The blue squares in Fig. 10
show the locations of the on-body antennas during virtual
experiments. We used a total of 10 receivers sufficiently
apart from each other and spread across the abdomen surface.
With these receivers, each capsule antenna location results in
10 independent propagation channels.

FIGURE 10. Locations of the on-body receivers (blue squares) covering
the abdomen.

To place the capsule antenna inside the small intestine,
we have first calculated the centerline that passes through
the small intestine. This centerline (shown by the red color in
Fig. 11) is the median of all possible paths that goes through
the small intestine. On average, this line can be considered as

FIGURE 11. Locations of the on-body receivers (blue squares) and the
centerline passing through the small intestine (red line).

the forward progression path of the capsule. Several sample
antenna positions on this line should be selected to conduct
electromagnetic simulations and obtain channel parameters
for modeling purposes.

Using a high-performance computing server with 64 cores
and 4 TB of highspeed memory, conducting a simulation to
obtain the forward transmission coefficient of the channel
(for each sample capsule antenna position) could take from
12 hours to 24 hours. This assumes a 20 MHz step size
for the frequency range 3.1 GHz to 4.1 GHz. Although,
some simplifications can be applied to the high-resolution
computational body model to speed up these simulations
(e.g., using only the torso and eliminating some of the less
impactful organs such as blood vessels), judicious selection
of the best candidate locations for the capsule antenna
inside the small intestine is necessary in order to keep the
total simulation runtime manageable and have a balanced
transmitter-receiver distance distribution to derive a statistical
pathloss model.

A. CAPSULE POSITION SELECTION USING AN
INTERACTIVE TOOL AT THE IMMERSIVE PLATFORM
To obtain a statistical pathloss model for the communication
link between the capsule and on-body receivers, a set
of sample capsule positions inside the small intestine
is needed. These capsule positions will define a set of
simulation scenarios for radio wave propagation and channel
measurements. The simple approach that comes to mind is to
choose uniformly spaced locations along the tract centerline
as sample positions. However, since the GI tract is a complex
and intertwined path, uniformly spaced sample positions lead
to scenarios where the capsule distances from the on-body
receivers are heavily concentrated within certain ranges; and
at the same time, there are not enough sample representatives
in other distance ranges. This situation will negatively impact
the accuracy of the statistical analysis needed for modeling
the pathloss. The significance of a judicious selection of
measurement points for statistical modeling has been shown
in [30] using a simple liquid phantom model.
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While it is conceivable to formulate a complicated math-
ematical approach to solve for the capsule location problem,
the methodology described in the following subsection uses
the immersive platform and offers a visually attractive and
relatively easy alternative to find the desired set of locations.
These locations must cover the entire area of the small
intestine to comprehensively reflect the various wireless
channels throughout the capsule journey. In addition, it is
desired to have sufficient and almost uniformly distributed
measurement samples for the entire range of interest in the
transmitter-receiver separation. These conditions will ensure
full representation of the small intestine environment and
more accurate parameters in the resulting statistical pathloss
model. Figure 12 shows a pseudo-transparent inner GI and
body shell along with an example set of capsule positions.
Capsules (shown in green) are placed and oriented along the
centerline of the small intestine to better reflect the impact
of the radiation pattern of the transmitting antenna on the
pathloss measurement. d1, d2, d3 are examples of the distance
of one sample capsule position to three on-body receivers.

FIGURE 12. Sample capsule position along the small intestine centerline
and its distance from the on-body receivers.

To select the best sample locations for the capsule antenna
inside the small intestine (satisfying the conditionsmentioned
above), an interactive tool in the NIST immersive platform
has been developed. The tool consists of several different
modules with the following functions.

1) INITIAL POSITION SELECTION
To initiate the selection process, we first compute positions
along the small intestine centerline that are at specific
distances from the on-body receivers. The distances were
chosen to be from 5 cm to 25 cm away from a receiver in
increments of 2 cm.

2) SELECTING POSITIONS ALONG THE CENTERLINE
The immersive platform supports interactive probing and
picking in a 3D scene. Using this capability, the user is
also allowed to select positions along the small intestine
centerline. However, we need to ensure that the position
chosen has a specific distance to the receivers based on the
precomputed positions in step 1. Thus, we implemented a
K-nearest-neighbor search using geometric algorithms in the

Computational Geometry Algorithms Library (CGAL) [31]
that takes the user-chosen position and then finds the closest
matching precomputed position.

3) HISTOGRAM OF DISTANCES
To ensure that the user-selected positions are uniformly
distributed across the range of interest (i.e., 5 cm to 25 cm),
a histogram of distances between the on-body antennas and
all the selected capsule locations is automatically generated
(see Fig. 13). In this way, we can instantly see if the
selected sample positions maintain the desired distribution
and if further adjustments (i.e., sample position addition
or subtraction) are needed. We continued this process to
prudently select the final set of capsule locations required for
pathloss measurement and modeling.

FIGURE 13. Interactive tool inside the NIST 3D immersive platform.

FIGURE 14. Block diagram of the process to select the final capsule
positions.

Following the above procedure and interaction with the
3D model of the GI tract inside the immersive platform,
we carefully selected 20 candidate positions for the capsule
antenna placement. This procedure has been summarized
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in the block diagram shown in Fig. 14. The final set of
transmitter positions resulted in an almost uniform distance
distribution from all ten on-body receivers located on the
abdomen surface.

V. STATISTICAL PATHLOSS MODELING
For each capsule position determined through the process
described in the previous section, the forward transmission
coefficients (S21) of the wireless channel between the
transmitter and each on-body receiver is computed for
the frequency range 3.1 GHz to 4.1 GHz. ANSYS 3D
high frequency simulation software has been used for
this calculation with a frequency step size of 20 MHz.
At any distance d , S21 represents the pathloss between the
transmitter-receiver pair.

Define PL (d, f ) to be the pathloss in dB between
the capsule antenna and an on-body receiver at distance
d ≥ d0 and frequency f ϵ [3.14.1] GHz. Given the data
from the selected measurement scenarios, the following log-
distance statistical pathloss model is used to represent the
capsule endoscope propagation channel:

PL (d, f ) = PL (d0, f ) + 10n (f ) log10

(
d
d0

)
+S (f ) d ≥ d0

(1)

where d0 is the reference distance (here chosen to be 5 cm),
n (f ) is the pathloss exponent at frequency f and S (f ) is
the fading component at frequency f , modeling the deviation
from the mean value due to different body tissues in the
propagation path of the transmitted signal (e.g., bone, muscle,
fat, etc.), receiver and transmitter positions and orientations
and their antenna gains in different directions.

The pathloss exponent n (f ) heavily depends on the
environment where the RF signal is propagating through.
In free space, this exponent is two regardless of the
frequency. However, since the human body is an extremely
lossy environment, a higher value for this exponent is
normally expected for propagation from wireless implants
and ingestible electronics.

FIGURE 15. Scatter plot of the pathloss for the measured scenarios and
the regression line at 3.6 GHz.

Figure 15 shows the scatter plot of the pathloss for
the measurement scenarios (i.e., 200 propagation channels

resulting from 20 selected capsule positions and 10 on-body
receivers) as a function of transmitter-receiver distance at
3.6 GHz frequency. The candidate capsule locations inside
the small intestine covers a range of 5 cm to 25 cm distances
from the on-body receivers. The solid line in red color is
obtained by using the least squares linear regression and
minimizing the rootmean square deviation of sample pathloss
data points. It represents the mean value of the pathloss
samples in the scatter plot.

Random variations at a given distance around the regres-
sion line (i.e., mean value of the pathloss) occur for the
following reasons: 1) when the tissue composition along
the signal propagation path between the transmitter and
receiver changes. This could be the case when different
pairs of transmitter-receiver at different positions inside or
on the abdomen have the same separation. This captures the
random shadow and multipath fading caused by the body
tissues. 2) when the relative orientations of capsule and/or
the on-body antennas change with respect to each other.
As discussed in earlier sections, due to the non-isotropic
radiation pattern of the antennas, changes in their orientations
could also impact the pathloss.

FIGURE 16. Fading distribution at 3.6 GHz.

Normalized histogram of this random variable at 3.6 GHz
is shown in Fig. 16. As observed, a normal distribution with
zero mean and standard deviation σs(f ) (i.e., N (0, σs(f )))
fits the distribution of this random variable well and can be
used to model the S (f ) component in the pathloss model (1).
A Chi-Square Goodness-of-Fit test was used to confirm the
Normal distribution.

Parameters of the pathloss model in (1) can be obtained
through numerical analysis at any frequency f ∈ [3.14.1]
GHz. Variations of these parameters (PL (d0, f ), n (f ), σs(f ))
versus frequency are shown in Fig. 17. As observed, pathloss
exponent n (f ) is nearly flat; however, the pathloss at refer-
ence distance and standard deviation σs(f ) is monotonically
increasing with a slight slope. The mean value of these
parameters ( SPL (d0), n̄, σ̄s) over the frequency range 3.1 GHz
to 4.1 GHz are provided in Table 1.

The high pathloss exponent indicates the significant loss
experienced by the UWB signal due to the human body
tissues. Based on the maximum allowable transmit power
and receiver sensitivity, this would limit the feasible range
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FIGURE 17. Parameters of the capsule pathloss model versus frequency:
(a) PL (d0, f), (b) n(f), (c) σs (f).

TABLE 1. Mean values of the parameters of the capsule pathloss model
over 3.1 GHz to 4.1 GHz.

of communication with a capsule endoscope operating at
UWB frequencies. Therefore, it can be expected that multiple
receivers would be needed to exploit spatial diversity and
achieve reliable communication with the capsule throughout
its journey inside the small intestine. Our results also indicate
the significant impact of the antenna orientation on the stan-
dard deviation of the fading component of the pathloss model.
Due to the mobile nature of the capsule inside the small
intestine, we believe that accurate modeling of the signal
variations caused by the imperfect i.e., non-isotropic capsule
antenna pattern is critical for a reliable communication with

a capsule endoscope. This necessitates better modeling of the
fading component with realistic antennas, a more accurate
computational body model and considering more pragmatic
antenna positions for the measurements. These are all the
intricate issues that we have considered in our study to
generate the statistical pathloss model.

FIGURE 18. Comparison of the average pathloss.

Figure 18 shows the comparison of our results on the
average pathloss versus distance with the results obtained
by other researchers in [14], [15] and [35]. As observed,
the pathloss exponent (i.e., n̄ ) in our model is nearly in-
line with the results obtained by other researchers. However,
we believe that the fading component obtained in our research
more accurately models the potential variations of the signal
strength at the on-body receiver.

A. IMPLEMENTATION OF A LIQUID PHANTOM
EXPERIMENT USING THE COMPUTATIONAL PLATFORM
To partially investigate the accuracy of the model obtained
through virtual measurements using our computational
platform, and comparison with the results through similar
physical measurements, we emulated the liquid phantom
measurement system described in [15, 30]. We developed
a computational model of the multilayer container with
identical dimensions, thickness, and material properties of
each layer. This ensures identical propagation environments
for comparison purposes. Since verified models of the
UWB transmitter and receiver antennas in [15, 30] were
not available, different antennas with approximately similar
peak gain were used for the simulations, instead. For
each transmitter antenna position on the grid inside the
phantom and a given receiver position on the container
surface, the channel pathloss for the frequencies 3.1 GHz to
4.1 GHz were computed using the computational platform.
Statistical pathloss model for each frequency can be obtained
following the methodology described earlier. Because of
the non-identical antennas used in the physical and virtual
measurements, a full comparison of the acquired pathloss
models cannot be made. However, if the measurement
positions for the antennas are carefully chosen, the pathloss
exponent which is indicative of the rate at which the received
signal strength decreases with distance is less impacted by the
discrepancies in the antennas’ performance. Figure 19 shows
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the comparison of pathloss exponents for the frequency
range 3.1 GHz to 4.1 GHz. As observed, the frequency
dependent pathloss exponent obtained by the computational
experiment closely matches the one obtained through the
physical experiment.

FIGURE 19. Comparison of the pathloss exponent n
(
f
)

obtained through
computational and physical experiments with a liquid phantom.

Other parameters of the pathloss model such as standard
deviation of the S (f ) component in the pathloss model could
not be compared as the gain pattern of the antennas used
in simulations were not identical to the ones used in the
physical experiments. A detailed study on the importance
of the antenna position distribution on the accuracy of the
resulting pathloss model can be found in [30].

VI. TIME DOMAIN ANALYSIS
Time domain characterization of UWB propagation channels
in wireless implants and ingestible electronics is not an
adequately explored topic in the literature. Authors in [32]
and [33] have conducted preliminary time domain analysis
and multipath study for an implant communication channel
in the human chest. However, there are very few studies
in the literature for capsule endoscopy application at UWB
frequencies [34], [35]. In this section, based on the set
of frequency responses collected for all the scenarios
discussed earlier, we study the time domain response
of the capsule channel and investigate the presence of
multipath.

For a given capsule position, the time domain response of
the channel is obtained by converting the frequency response
using Inverse Fast Fourier Transform (IFFT). A modified
Hann window is also used to reduce ringing and remove
any discontinuity. Figure 20 shows an example of the time
domain response for a capsule position that is 6 cm away
from an on-body receiver. Hilbert Transform methodology
has been used to detect the signal envelope (shown in red
color). As observed, this channel can be approximately
represented by a single pulse with a delay of about 1.5 ns. It is
informative to understand the relationship between this delay
and the line-of-sight distance between the transmitter and
receiver. Normally, the propagation delay between a receiver-
transmitter pair is equal to the distance between the pair

FIGURE 20. Time domain response of the channel (3.1 GHz to 4.1 GHz)
between the capsule and an on-body receiver with a distance
of 6 cm.

divided by the speed of the electromagnetics wave in free
space (i.e., c = 3×108m/s). However, in the human body, the
speed is affected by the dielectric properties of the tissues that
the wave propagates through. Assume that εavg represents the
average permittivity of the small intestine, muscle, fat, and
skin over the frequency range 3.1 GHz to 4.1 GHz. Then, the
average speed of the RF signal (vavg) can be approximated by
the following equation:

vavg =
c

√
εavg

(2)

For capsule endoscopy application, εavg = 49; and there-
fore vavg = 42.86 × 106 m/s. Considering the 6 cm distance
between the transmitter and receiver, the propagation delay
of the channel is estimated to be 6 × 10−2/42.86 × 106 =

1.4 ns. This delay reasonably matches the time associated
with the peak amplitude of the time domain response as seen
in Fig. 20.

Different dielectric properties of various tissues in the com-
plex environment of the human body affect the propagation of
RF waves transmitted from a wireless source inside the body.
For implants or ingestible electronics, it is generally assumed
that the human body environment is causing multipath.
However, to the best of our knowledge, there are no reports
that comprehensively indicate the presence or severity of
multipath and its impact on the received signal. To investigate
multipath in more detail, we obtained the time domain
responses of all 200 channels discussed in Section V and
looked for examples or scenarios where non-line-of-sight
paths are observable in the time domain.

Since pulse width in the channel response is proportional to
the inverse of the bandwidth, to be able to better distinguish
multiple paths, we also considered higher bandwidth using
the frequency range [3.1 to 5.1] GHz. For the frequency
range 3.1 GHz to 4.1 GHz considered so far, two propagation
paths would be easily distinguishable if they are separated
by 2 ns or more. For 2 GHz bandwidth, this time reduces to
1 ns. Figure 21 shows the normalized amplitude of the time
domain response for the example scenario discussed so far
but using the frequency range 3.1 GHz to 5.1 GHz instead.
No multipath behavior is observed for this channel even with
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FIGURE 21. Time domain response of the channel (3.1 GHz to 5.1 GHz)
between the capsule and an on-body receiver with a distance of 6 cm.

the higher bandwidth. Looking at most of the channels with
the same capsule position but different on-body receivers also
didn’t bring up any visible multipath behavior.

FIGURE 22. Comparison of ̸ S21(f ) for two channels between the capsule
and two on-body receivers with distances = 6 cm and 12 cm.

The phase of the forward transmission coefficient of
the channel (i.e., ̸ S21 (f )) can also be used to investigate
the impact of multipath. Figure 22 shows the phase of the
S21 (f ) versus frequency for two separate on-body receivers
at 6 cm and 12 cm distances from the capsule position. The
linearity of the phase indicates that there is either one main
propagation path (likely the line-of-sight) or other secondary
paths are severely attenuated before reaching the receiver,
and therefore cause very little or no phase distortion at the
received signal. It is worth noting that, as expected, the slope
in the phase plot at the receiver that is located 12 cm away
from the capsule is almost double the slope for the channel
with 6 cm distance.

The capsule position corresponding to figures 20, 21,
and 22 is in the middle of the abdomen with no bone structure
in its vicinity. Looking at other capsule positions inside the
small intestine, we also selected a position in the lower
segment of the abdomen, closer to the hip bone (i.e., the ilium
which is the largest part of the pelvis). We calculated the
channel response between this new position and an on-body
receiver that is 14 cm away. Figure 23 shows the normalized
amplitude of the time domain response for this channel using
3.1 GHz to 4.1 GHz as well as 3.1 GHz to 5.1 GHz frequency

ranges. The results indicate the existence of a strong second
path for this capsule position.

FIGURE 23. Time domain response of the channel between the capsule
and an on-body receiver with a distance of 14 cm using (a) 3.1 GHz to
4.1 GHz (b) 3.1 GHz to 5.1 GHz.

Although it is conceivable that the bones could contribute
to multipath fading of the received signal by causing
reflection, refraction, or scattering, we also found evidence
that they could lessen the impact of multipath by further
shadowing (or blocking) a potential propagation path. For
example, choosing a capsule position in the middle of the
small intestine and an on-body receiver on the side of the
abdomen, we conducted simulations to obtain the channel
responses with and without the skeleton in the human body
model. Figure 24 shows the results.

As observed, the broadening of the pulse after the
removal of skeleton is indicative of interfering path(s) that
would have otherwise been weakened by the bones in
the vicinity of the signal propagation path. Comparing the
amplitude and phase of the frequency response of this channel
(i.e., S21 (f )) with and without the skeleton also points to
the existence of multipath as seen in Figures 25 and 26.
The fading in the amplitude of S21 (f ) around 3.3 GHz
(Fig. 25) and the nonlinearity of the phase of S21 (f ) as
evident in the phase derivative plot (Fig. 26(b)) are both
indicative of the impact of multipath distortion in this
channel.

In our investigation of the presence of multipath, we have
observed scenarios where the first arrival path is not
necessarily the direct path between the transmitter and
receiver. There are possible capsule and receiver antenna
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FIGURE 24. Time domain response of the channel between the capsule
and an on-body receiver with a distance of 12 cm using the body model
(a) with skeleton (b) without skeleton.

FIGURE 25. Amplitude of S21
(
f
)

for the channel between the capsule
and an on-body receiver placed on the left side of the abdomen.

positions that could result in a first path being a diffracted path
from the body surface (through creeping waves) while the
weaker second path is the direct line-of-sight path between
the transmitter-receiver pair. In those scenarios, the arrival
time of the first component could be earlier that the arrival
time of the direct line-of-sight path between the transmitter-
receiver pair. This is again due to the higher speed of the
electromagnetics wave on the body surface (for the diffracted
path) versus in-body propagation speed (for the direct line-
of-sight path).

Finally, our results in section VI indicates higher signal
attenuation in the human body with increasing frequency.
Therefore, it is informative to know the most effective range
of the frequencies within the unlicensed UWB spectrum
that can be used for capsule endoscopy. Consider E (fh) to

FIGURE 26. (a) ̸ S21(f ), (b) derivative of ̸ S21(f ) for the channel between
the capsule and an on-body receiver on the abdomen side.

be the energy of the received signal when the bandwidth
fh−3.1GHz is utilized by the capsuleUWB transmitter. Then,
for a given transmitter and receiver locations, E (fh) can be
calculated as follows.

E(fh) =

∫ fh

3.1×109
|S21(f )|2 df (3)

Define the relative increase in the energy of the received
signal when the bandwidth fh−3.1 GHz is utilized compared
to the case when 3.1 GHz to 4.1 GHz frequency range is used
by the following equation.

I (fh) =
E (fh) − E(4.1)

E(4.1)
(4)

For the examples discussed earlier in this section, I (5.1) =

0.1245, and I (6.1) = 0.1349. In other words, using 2 GHz
or 3 GHz bandwidth only results in a 12% and 13%
increase in the energy of the received signal respectively.
For this reason, we conjecture that the practical range for
using unlicensed UWB frequencies for capsule endoscopy
application is 3.1 GHz to 4.1 GHz.

VII. CONCLUSION AND FUTURE WORK
An innovative 3D immersive system including a detailed
computational human body and gastrointestinal tract models
has been presented in this paper. The system allows for
an in-depth study of the wireless propagation channel
between a capsule endoscope and on-body receivers at
UWB frequencies. A statistical pathloss model including a
fading component that effectively captures the impact of
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various body tissues as well as the antenna orientation for
3.1 GHz to 4.1 GHz frequency range has been developed.
We have shown that this frequency range is more feasible
for communication with a capsule endoscope within the
unlicensed UWB spectrum. To the best of our knowledge,
this is the first study that comprehensively captures the entire
length of the small intestine while considering appropriate
positions for capsule along its natural trajectory in order to
conduct virtual measurements. To investigate the accuracy of
the model obtained through virtual measurements using our
computational platform, we also emulated a liquid phantom
measurement system and observed that the frequency depen-
dent pathloss exponent obtained by the computational exper-
iment closely matches the one obtained through physical
experiment. The ultimate verification of the pathloss model
will require human subject experiments. As can be imagined,
this is extremely challenging and involves developing a
special hardware prototype and obtaining proper clinical
approval.

The pathloss information presented in this paper can help
with more accurate link budget and better understanding of
the feasible communication range as the capsule traverses the
small intestine. This knowledge can also assist in identifying
the minimum number and optimal placements of the on-body
receivers to ensure reliable signal reception from the capsule
regardless of its position inside the GI tract. It is also con-
ceivable to use array antennas and beamforming technology
to achieve better signal strength, higher communication range
or equivalently lower required transmit power by the capsule.
Lower transmit power would translate to lower consumed
energy which could help to alleviate the battery lifetime
problem in capsule endoscopy applications. The authors are
currently studying these problems and the results will be
provided in future publications. The statistical pathloss model
presented in this paper has been contributed to the IEEE
802.15 Task Group 6ma as part of the standard channel model
for the capsule endoscopy use-case. IEEE 802.15.6ma is the
revision of the standard IEEE 802.15.6-2012 for wireless
body area networks.

Time domain analysis was also conducted to identify
the presence of multipath for several capsule and on-body
receiver positions. Due to the complexity and variety of
the human body organs and tissues, it has been generally
assumed that the UWB channel between a capsule endo-
scope or implant and an on-body receiver could exhibit
strong multipath propagation. However, time domain channel
responses examined in our study mostly revealed very few
noticeable delayed paths (i.e., typically one line-of-sight
and one non-line-of-sight paths). This is likely due to the
very high attenuation experienced by longer propagation
paths inside the human body. Therefore, we anticipate
a tapped-delay-line channel model for capsule endoscopy
at UWB frequencies would basically include two main
components. More extensive studies are required to obtain
the statistical distributions for the amplitude and delay of
each component. The authors plan to continue this study and

further characterize the time domain response of the UWB
channel for capsule endoscopy.
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