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Abstract—This paper presents the results of an in-body
propagation study for abdominal implant communication using
a bio-matched mini-horn antenna. The wireless signal coverage
in the abdomen area at various ISM and UWB frequency bands
are measured using electromagnetic simulations with a 3D
anatomical voxel model. Power flow analysis is conducted to
visualize propagation within the abdominal tissues at several
frequencies. As an example, S-Parameters of the channel
between a capsule endoscopy pill and an on-body receiver has
been studied and channel attenuations at different frequencies
are compared. Using the directional bio-matched antenna, it is
observed that at 915 MHz the signal coverage in a horizontal
plane is sufficient to almost include the whole small intestine.
However, the depth of the coverage reduces substantially at
higher frequency bands. This comparative analysis can provide
some insight on the applicability of these frequencies for various
abdominal monitoring applications. It can also provide some
information about the required number and placement of the
on-body receivers in order to ensure adequate signal reception.
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I. INTRODUCTION

Design of wireless medical monitoring systems that
involve implants require deep understanding of radio
frequency signal propagation within the human body tissues.
This has motivated researchers to study in-body propagation
for a variety of medical applications in recent years [1-7].
Additionally, there have been much effort to develop
appropriate implant and on-body antennas to enhance the
communication link between such medical devices [8-12].

Selection of the appropriate frequency band is one of the
key issues in wireless implant communications. This selection
could depend on the nature of the application and parameters
such as the required data rate and quality of service, device
size and location, etc. There are several studies on wireless
propagation from implants at different frequency bands:
Industrial, Scientific and Medical (ISM), Wireless Medical
Telemetry Service (WMTS), Ultra WideBand (UWB), and
Medical Device Radiocommunications Service (MedRadio)
[3-7]. There are trade-offs for using each band for medical
monitoring applications involving implants or ingestible
electronics. For instance, the propagation loss in the human
body tissues increases significantly at higher frequencies;
however, design of a very small and efficient antennas for
miniature-sized implants is quite challenging at lower
frequencies. In addition, lower frequencies (or equivalently
higher wavelengths) could create difficulties for some
applications requiring higher resolution, e.g., accurate in-body
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localization, detection of small tumors or brain hemorrhages,
etc. For comparison, relative permittivity and wavelengths in
different body tissues at several frequencies are presented in
Table I [13]. The wide range of dielectric properties show how
different body tissues can impact the speed and attenuation of
radio frequency signals inside the human body.

The 2.4 to 2.5 GHz within the ISM band has been
considered for implant communications since it enables high
data rates with manageable propagation loss for some
applications. However, as there are many other personal
devices operating at this unlicensed frequency band, the
resulting interference may pose an issue for medical
applications which require high reliability. Although higher
frequency bands enable higher data rates, the significant
propagation loss at such frequencies inside the body could be
a challenge. A possible solution to mitigate this loss is the use
of directional on-body antennas along with their careful on-
body placement to maximize in-body signal penetration; and
therefore, achieving better wireless link quality [1], [7]

In [7], the authors have studied in-body signal power
distribution in the abdomen at 4 GHz using two different
directional antennas designed for 3.75—4.25 GHz band. This
paper extends this study to cover several other frequencies:
915 MHz, 2.45 GHz, 3.1 GHz and 5.8 GHz. The study is
carried out using a directional bio-matched mini-horn antenna
[11] which is applicable for the selected frequencies. A
modified version of this antenna has also been used for
detecting brain hemorrhage in [15].

The main objective of this paper is to study the wireless
signal coverage from a directional bio-matched on-body
antenna inside the abdominal and intestine area at several
different frequencies. Two-Dimensional power flow analysis
is conducted to visualize RF propagation within the abdominal
tissues at selected frequencies. As an example, S-Parameters
of the channel between a capsule endoscopy pill and an on-
body receiver has also been studied and channel attenuations
at different frequencies are compared.

This paper is organized as follows: Section II presents the
considered scenario describing the simulation setup, on-body
and in-body antennas as well as the computational human
body model used in this study. Section III provides the results
of the power flow analysis. The S-Parameters of the
communication channel between the implant and the on-body
mini-horn antennas are presented in Section IV. Finally,
Section V provides further discussions along with some
concluding remarks.
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TABLE I. RELATIVE PERMITTIVITY AND WAVELENGHT AT VARIOUS HUMAN
BODY TISSUES AND FREQUENCIES

Relative permitivity / wavelength [m] at the selected
frequencies
Frequency

915 MHz 2.45 GHz 3.1 GHz 5.8 GHz
Tissue
Skin 41.3/0.05 | 38.0/0.022 | 37.36/0.015 |35.1/0.0086
Fat 5.46/0.14 | 5.28/0.053 5.21/0.04 4.95/0.023
Muscle 55.0/0.04 | 52.7/0.017 | 51.94/0.013 |48.5/0.0075
Small intestine | 59.4/0.04 | 54.43/0.016 | 53.19/0.013 |48.6/0.0072
Colon 57.8/0.04 | 53.87/0.017 | 52.7/0.013 | 48.5/0.007

II. SIMULATION SCENARIO

This study is conducted using Simulia CST studio suite'
3D electromagnetic simulation and analysis software which is
based on Finite Integration Technique (FIT). A voxel-based
computational human body model (referred to as Laura)
corresponding to a lean female body has been used for
simulations. In order to reduce computational complexity and
speed up the execution time, only the abdomen area of the
torso has been used for simulations as shown in Fig. la.

The mini-horn antenna is placed directly above the navel
area at the center of the abdomen. There is no muscle tissue in
this area; therefore, the antenna would be facing a less
challenging propagation media as far as dielectric properties
are concerned [7], [13]. The capsule is placed inside the small
intestine at two different locations as shown in Figs. 1b and
lc. The first location, named “location A”, is the nearest
possible location within the small intestine of the body model
to the location of the mini-horn antenna on the abdomen. This
location approximately creates the best propagation condition
considering the channel between the capsule and the on-body
device. The distance between the capsule and the on-body
antennas in this case is 4 cm. The second location, named
“location B”, is the furthest possible location within the small
intestine considering a 2D horizontal plane crossing the
abdomen. This location is intended to represent the most
challenging propagation condition for this communication
channel on the 2D plane. The direct distance between the
capsule and the on-body antenna is 13 cm in this case.
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Fig. 1. a) Laura-voxel model, and cross-section of the voxel model with b)
Capsule location A, and c) Capsule location B

A. Bio-matched mini-horn antenna

In this study, a directional bio-matched mini-horn antenna,
shown in Fig. 2, is used for the evaluations. The antenna is
based on the mini-horn antenna originally presented in [11]. It
has been modified and remodeled for this study to obtain
better matching with the voxel-based body model [15]. The
modified structure has dimensions #=2.7 cm and d=1.8 cm.
The antenna is composed of water-filled holes which mimics
the frequency-dependent relative permittivity of the
underlying tissue over its entire bandwidth. The bio-matched
mini-horn antenna has been designed to work while tightly
attached to the surface of the skin. Therefore, some
adjustments had to be done to ensure perfect contact with the
surface of the voxel-based body model. Although the
resolution of the Laura body model is high, pixelization on the
abdomen surface could lead to air gaps between the antenna
and the skin surface as shown in Fig. 2b. This will negatively
impact the antenna matching and therefore the resulting
measurements. To alleviate this problem, the air gaps have
been replaced by very thin layers of skin and fat between the
antenna and the surface of the body model where the antenna
is placed. This is shown in Fig. 2¢c. These additional smoothing
layers create a better and more realistic contact between the
antenna and the abdomen surface.

The Si; parameter of the mini-horn antenna after the
adjustment with smoothing layers is presented in Fig. 3.
Further details of the antenna structure can be found in [11].

! Commercial products mentioned in this paper are merely intended to foster
understanding. Their identification does not imply recommendation or
endorsement by the National Institute of the Standards and Technology.
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Fig.2. a) A mini-horn on-body antenna designed for in-body
communication, b) mini-horn antenna without smoothening layer,
¢) mini-horn with smoothening layer
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Fig. 3. S11 parameter of the mini-horn antenna while placed on the
abdomen of the voxel model

B. Capsule model

The antenna used in the capsule model is a double-loop UWB
antenna originally introduced in [10]. Although the antenna
has been designed for 1-6 GHz frequency range, it can
reasonably operate at the ISM (902—928) MHz band as well.
The antenna is shown in Fig. 4a. The capsule model with the
antenna embedded inside is presented in Fig. 4b. The
dimensions of the capsule shell are comparable with the
typical commercial capsules, i.e., 11 mm x 25 mm. The S,
parameter of the capsule antenna while inside the small
intestine is presented in Fig. 5. Further details of the antenna
structure, radiation patterns, as well as Specific Absorption
Ratio (SAR) have been studied in [11].
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Fig. 4. a) UWB capsule antenna, b) Antenna inside the capsule shell
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Fig. 5. S11 parameter of the capsule antenna inside the small intestine of
the voxel model (capsule location A)

III. POWER FLOW EVALUATIONS

In this section, in-body propagation from the directional
mini-horn antenna at different frequencies is studied using the
notion of power flow [7]. Power flow is the time-averaged
magnitude of the Poynting vector [14]. 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, 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.

Figs. 6a-d presents the power flow variation from the mini-
horn antenna (ranging from 0 to -65 dB) on a 2D horizontal
plane crossing the abdomen area at 915 MHz, 2.45 GHz, 3.1
GHz, as well as 5.8 GHz, respectively. Sample power flow
values at locations A and B are also provided in Table II. As
will be seen in the next section, the Sy; parameter at location
B at 915 MHz is -62 dB. This is a manageable channel
attenuation to establish a wireless communication link
between the capsule and the on-body antennas. The power
flow value at location B is -65 dB. Therefore, using this value
as the threshold for the power flow plots in Figs. 6a-d can give
us an approximate idea of RF coverage or signal penetration
inside the abdomen area at various frequencies. For example,
by calculating the average distance of the points on the
contour representing -65 dB in Figs. 6a-d to the location of the
on-body antenna, one can find the estimate of the average
coverage depth inside the abdomen within the 2D plane. In
general, the 3D coverage of the directional mini horn antenna
should be used to estimate the distance in 3D space. As
observed in Fig. 6a, the power flow plot at 915 MHz indicates
good coverage of almost the whole small intestine on this
horizontal cross section. The farthest part of the intestine
incurs manageable loss for the design of a reliable
communication link. At 2.45 MHz, as seen in Fig. 6b and as
expected, the power flow loss increases. At location B (power
flow value of -77 dB), it will be harder to establish the
communication link with the same reliability; therefore, a
more sensitive receiver with a lower required signal-to-noise
ratio would be needed. It should be noted that the antenna
radiation pattern also changes at these frequencies. Changes
in the beamwidth and/or the nulls in the antenna pattern will
directly impact the power flow distribution and therefore
signal coverage inside the abdomen.

At 3.1 GHz and 5.8 GHz, the power flow plots show
excessive loss inside the deepest parts of the intestine area
even with the directional bio-matched antenna. At these
frequencies, due to the limited signal propagation depth, more
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judicious placement or number of the on-body antennas are
required to ensure the received signal is above the sensitivity
threshold of the target receiver. Power flow plots for the
vertical cross section of the abdomen have also been obtained
for the frequencies under consideration but those results have
been omitted for brevity. For capsule endoscopy application
where coverage of the entire small intestine is needed, several
on-body antennas should be used. Their optimal placements
and achievability of 100% coverage for the small intestine is
a problem that requires further investigation. For medical
implants that are stationary, finding the location of an on-body
receiver that is closer in distance is easier; however, clinical
considerations might pose further constraints on proper on-
body antenna placement.

Fig. 6. Power flows at a) 915 MHz, b) 2.45 GHz, ¢) 3.1 GHz, d) 5.8 GHz

TABLE II: POWER FLOW VALUES IN DIFFERENT LOCATIONS AT DIFFERENT

FREQUENCIES
Frequency Power flow value (dB) ‘
[GHz] Location A Location B
0915 -46 -65
24 -48 -92
3.1 -49 -100
5.8 -64 -127

IV. CHANNEL EVALUATION BETWEEN THE CAPSULE
ENDOSCOPE AND THE ON-BODY RECEIVER

In this section, S-Parameters of the wireless channel
between the mini-horn and the capsule antenna are evaluated
for the two locations A and B. Figs. 7a and 7b show
parameters Sy;, S11 and Sy, for these two locations.

As observed, for location A, using the directional on-body
antenna, the channel attenuation is moderate (i.e., around 40
dB) within the entire range of the frequencies considered. This
is the case even though the matching of the mini-horn antenna
isnotideal at 915 MHz (i.e., S1;= -6 dB). At frequencies above
2 GHz, the antenna matching for the directional on-body
antenna is much better (i.e., S;1< -10 dB), and the forward
transmission coefficient S,; remains at an acceptable level
across the range. In general, signal attenuation in the tissues
increases as the frequency increases; however, variations in
the capsule antenna matching (i.e., S2») and antenna radiation
pattern, will impact the overall channel attenuation.

The S-Parameters for the wireless channel corresponding
to location B is shown in Fig. 7b. Significant increase in
channel attenuation versus frequency is more apparent for this
location. At 915 MHz, the directional on-body antenna still
results in manageable attenuation in order to have a reliable
communication link. This does not seem to be the case for all
other frequencies. The Sy values at different frequencies are
summarized in Table III. The limited communication distance
for on-body directional antennas necessitates additional
receiver antennas at various locations of the abdomen to
ensure proper capsule coverage and reliable communication
for different segments of the intestine.

This study is conducted using only one on-body antenna
to give an idea on the signal penetration depth at different
frequencies. From the presented results, it can be concluded
that a smaller number of on-body antennas are needed to
provide full coverage of the abdominal area if lower
frequencies are used. However, using higher frequency bands
including 5.8 GHz is also possible for gastrointestinal track
monitoring if several on-body antennas are strategically
placed around the abdomen (e.g., on the sides).
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Fig. 7. S-parameters at a) capsule location A, b) capsule location B

TABLE III. S;; VALUES AT LOCATIONS A AND B

S21 values at the selected frequencies
Frequency
Capsulé 915MHz | 2.45GHz 3.1 GHz 5.8 GHz
Location
Location A -41 dB -35dB -36 dB -47 dB
Location B -62 dB -82dB -90 dB -117 dB

V. DISCUSSION AND CONLUSIONS

Directional on-body antennas along with careful
consideration of their on-body placement could enable
utilization of higher frequency bands for implant
communications. Although, directionality of these antennas
implies deeper tissue penetration, the possibility of smaller
3D coverage might necessitate more numbers of such
antennas to cover a certain area inside the human body, for
example, coverage of the small intestine for wireless capsule
endoscopy applications. Using higher frequencies will allow
higher data rates for such applications. This translates to
higher resolution images or even videos. Therefore, there is
a trade-off between the achievable data rates and sufficient
coverage for the entire small intestine. Properly designed
directional antennas could assist in achieving full coverage;
however, more investigations are necessary to better
understand their feasibility in terms of the required number
and their on-body placements. High directionality of on-
body antennas could further assist in localization of capsule
endoscopy inside the small intestine. This could further
highlight the tradeoff between the location resolution and the
number of required antennas. As mentioned before, clinical
constraints for antenna placements could further complicate
this problem.

The authors plan to continue this study by investigating
the minimum number of antennas that could provide full
coverage of the small intestine using several voxel-based
body models having different sizes and shapes. Evaluation of
the bit-error-rate (BER) performance of the impulse radio IR-
UWB-based receiver for the channels considered in this paper
is also in our future research plans.
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