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ABSTRACT Wireless capsule endoscopy (WCE) is a modern, non-invasive method of gastrointestinal
examination that can significantly reduce mortality and morbidity. One of the current challenges in WCE is
the precise localization of the capsule. An accurate path loss propagation model can be used to find the exact
distance from the surface to the capsule inside the abdominal cavity. Unfortunately, there are no standardized
In-to-On-Body channel models describing the signal propagation at ultra-high frequencies that are used in
the most commercially available WCE systems. This study addresses the gap by conducting an experimental
validation of a new propagation model for WCE applications at 2.45 GHz. The results were confirmed by
conducting two separate in-vivo trials on porcine animals under general anesthesia. The performance of the
model as well as the corresponding ranging errors were evaluated when it was used as an inverse solution
for distance estimation to an ingested transmitter. The main advantage of the model is its theoretical basis,
which can help further generalize the findings for similar communication scenarios. The obtained ranging
error was smaller than one centimeter, suggesting that it can be used for accurate range-based positioning of
implanted transmitters.

INDEX TERMS Wireless communication, wireless capsule endoscopy, body area networks, channel models,
implantable biomedical devices, animals, UHF antennas, narrowband.

I. INTRODUCTION communications between sensors in close proximity to or

Significant advances in microelectronics and radio frequency
(RF) communications have facilitated the implementation of
wireless sensor networks in various fields. Depending on
the application, a specific technology is required to describe
the relevant communication channel. This study focuses
on Wireless Body Area Networks (WBAN), which include
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inside the human body. Wireless Body Area Network tech-
nology provides opportunities for creating innovative engi-
neering solutions in areas such as entertainment, assisted
living, and continuous health monitoring. Some of the most
prominent areas of application are personalized medicine
and smart healthcare. The benefits of WBAN systems have
been reported in managing patients with chronic conditions,
patients undergoing rehabilitation, and when creating novel
diagnostic and treatment systems [1]. The latter includes
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sophisticated implantable sensors tailored for a particular
medical condition. For example, modern solutions in car-
diovascular medicine enable control of the heart rate in
patients with arrhythmia using on-demand pacemakers [2].
In neurological medicine, wireless sensor systems can iden-
tify oncoming seizures to provide timely drug delivery and
alert physicians of an oncoming emergency [3], etc.

In gastrointestinal (GI) disease diagnostics, a novel method
called wireless capsule endoscopy (WCE) was introduced in
2001 [4]. It consists of a battery-powered swallowable device
with one or several cameras, a light source, and a radio trans-
mitter (Tx). Wireless capsule endoscopy is a painless, non-
invasive method for visual assessment of the GI tract that does
not require sedation or the presence of medical staff during
the examination. These advantages make WCE suitable for
efficient screening of larger population groups, which can
provide timely detection of abnormalities and significantly
reduce mortality rates [5].

These and other medical applications of WBAN are based
on the wireless transmission of relevant biological data
obtained by the implanted sensors, while wearable antennas
in close proximity to the patient’s body act as the receivers.
In WBAN, this is described as the in-body to on-body (in-to-
on body) communication channels.

The design of any communication channel requires a reli-
able propagation path loss model (PLM). These models are
often developed by IEEE communication standards, while
the standards for WBAN also consider additional regulations
of radiation exposure safety for human tissues. The most
commonly accepted standard dedicated to in-to-on body
communications is IEEE 802.15.6. This standard defines
the application of a Medical Implant Communication Ser-
vice (MICS) band of 402-405 MHz and suggests the
log-normal shadowing model for path loss estimation [6].
The ongoing research in implantable system design reports
communications at higher frequencies, including the Indus-
trial, Scientific and Medical (ISM) band of 2.45 GHz and
ultra-wideband (UWB; from 3.1 GHz to 10.6 GHz) [7].
Such frequencies enable higher data rate transmission while
allowing for a smaller antenna size. This is particularly ben-
eficial for WCE, because it uses small pills swallowed by
the patient to record the video of the lining while peristalsis
propagates the pill through the GI tract. The video data are
transmitted to several receiving antennas on the skin of the
patient distributed across the torso. Although the high qual-
ity of the image is important for the correct diagnosis and
interpretation of the results [8], [9], current formulations do
not provide reliable propagation models for WCE at higher
RF-frequencies.

In RF communications, propagation models are primarily
used to estimate the coverage and predict signal loss over
a desired range of distances for link budget calculations.
However, the reliability of these models can also influence
the accuracy of any other applications that rely on the analysis
of the received signal strength (RSS). For example, one of
the most relevant challenges preventing WCE from broad
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clinical application is the inability to accurately locate the pill
position along the GI tract. Implementation of localization
methods based on RSS analysis for these purposes is con-
sidered a promising solution. RSS-indicator (RSSI)- based
localization methods have a low susceptibility to bandwidth
limitations and do not require time synchronization or any
additional in-capsule circuit requirements, compared to other
RF-based approaches [10]. They can use the same radio sig-
nal for both the localization and the video data transmission.
The positioning principles in this case rely on a predefined
relationship between the RSS and the distance to the Tx (pill)
with an unknown location. This correspondence can be found
using a channel propagation model or a PLM, and its accuracy
directly affects the localization precision.

This paper reports an alternative in-to-on body propagation
model developed to ensure precise WCE localization using
the RSS. Validation of the proposed solution was performed
for the ISM 2.45 GHz frequency band, a narrowband tech-
nique, using in-vivo experiments. To the best of our knowl-
edge, this has not been reported previously.

A. IN-BODY COMMUNICATION MODELS

A common path loss PL propagation model is the log-
distance model:

PL (d) = PL (do) + 10nlogy, (%) , (1

where d is the path length between the transmitting (Tx) and
the receiving antennas (Rx), PL (dp) is the path loss at a
reference distance dg, and n is the path loss exponent. The
relationship originates from the Friis transmission formula
for propagation in free space [11], while the path loss expo-
nent n is included to adjust the result in accordance with the
losses due to diffraction, scattering, and reflection specific
to the environment. These effects can increase the exponent
significantly. By performing numerous measurements in the
same surroundings, it is possible to empirically determine
path loss exponent values that guarantee statistically reliable
performance of the model. Since conducting experiments in
air is relatively easy, the corresponding path loss exponents
for the most common propagation environments have been
evaluated over the years and are currently well known and
accepted for use in both outdoor and indoor communica-
tions [12]. Analysis of the signal propagation through the
human body is more complex due to the additional signal
loss caused by the absorption in soft tissues, which must be
included in the model.

The human body consists of various visceral organs and
soft tissues with unique conductivity and relative permittivity
values that change depending on the frequency of the applied
electromagnetic (EM) field. Thus, the PLM for WBAN com-
munications must be developed and verified considering the
EM characteristics of the environment and the specific opera-
tional frequency. At the same time, the validation of any engi-
neering solution with medical applications is complicated by
the inability to easily perform large numbers of experiments
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on living humans. This is particularly true for technologies
involving communications between an implanted transmitter
and on-body receivers, such as the WCE systems. Com-
monly, numerical and physical phantoms are used to imitate
the EM properties of human soft tissues as the propagation
environment.

The PLM for communication between an implanted sen-
sor and on-body receivers, described in the IEEE.802.15.6
standard, was developed based on the statistical analysis of
the measurement data obtained through numerical model-
ing [13]. The path loss exponent values for the logarith-
mic model, similar to (1), were found based on extensive
numerical simulations using a digital male model as a rep-
resentation of the real human torso and chest areas. These
simulations included only MICS frequencies. An additional
shadowing term (a zero-mean Gaussian noise variable in dB)
was included in (1) to represent the measurement uncer-
tainty caused by the processes occurring in a living human.
Although the high-definition discretized digital models were
used to verify the PLM, the paper [13] stated that the results
must be additionally validated through physical measure-
ments.

Different experimentally obtained values of the PLM
parameters at higher frequencies (ISM and UWB) have
been reported in the literature [14]-[18]. The results demon-
strated several mathematical models suggested for appropri-
ate signal loss prediction, including linear, lognormal, and
log-distance functions. There are significant discrepancies
observed between research groups, even when the same fre-
quency was chosen for the validation. This can be partly
explained by the difference in the experimental methods
used. In [14], [15], a flat phantom filled with a liquid sim-
ulating human muscle was used for the data acquisition,
whereas in [17], a sucrose and sodium chloride solution in a
cube-shaped container was used. Other papers report exper-
iments on gelatin-based phantoms in the shape of a human
body or ex-vivo animal tissue phantoms for investigating
in-to-on body channels [19]-[21].

A major limitation of both digital models and physical
phantoms is that they cannot fully represent the natural pro-
cesses that occur in living humans, such as respiratory and
digestive movements or the circulation of biological fluids.
The most reliable representation of signal propagation in
the human body is achieved when measurements are per-
formed on living laboratory animals. Several types of animals
have been used for these purposes. It has been reported that
porcine animals provide an accurate representation of the
ISM frequency band antenna performance when implanted in
humans [22]. Although animal research can play a vital role in
scientific investigations, ethical considerations may explain
the limited number of results reported.

In-vivo experiments on anaesthetized porcine animals for
path loss model validation were reported by [16] and [23]
at UWB frequencies. In both cases, the log-distance PLM
(1) parameters were validated. The path loss exponent » in
this model is the sole parameter that describes the signal
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attenuation, which means that for different measurement
equipment or a changing propagation environment, the
reported parameters may no longer be appropriate. This was
highlighted by [16]. In [23], different types of antennas
were used, including patches and directive antennas, as on-
body receivers. The different path loss exponent values were
reported accordingly (n = 8.03 and n = 7.20 for the fre-
quencies from 3.1 GHz to 5.1 GHz). An investigation of the
dependency of the path loss exponent on the frequency in the
test range from 1 GHz to 6 GHz [16] reported lower path
losses at the lower frequencies. The correlation between the
path loss exponent and the frequency values was described
by a polynomial, developed based on the experimentally
fitted parameters. This may not be applicable to an arbitrary
channel configuration and was only used to highlight the
difference in the signal loss at different frequencies.

In this paper, we report an in-vivo validation of an alterna-
tive propagation model that combines EM propagation theory
and large-scale modeling principles (1) common in RF com-
munications. The strong theoretical foundation of this formu-
lation provides opportunities for further generalization. The
simplicity of the analytical approximations shows that the
model can be easily adjusted to other channel configurations,
other operational frequencies, and different propagation path
EM properties. The validation on living animals through
two separate trials presented in the paper provides the most
reliable experimental conditions, making the results sufficient
to be considered for implementation in channel modelling in
similar propagation environments.

The paper is organized as follows: Section II describes
the attenuation path loss model (APLM) suggested for the
validation in this paper and includes similar results reported
in the literature. Section III describes the methodology of the
experiments undertaken as well as the characteristics of the
antennas used in the study. Two separate in-vivo trials were
conducted using a cavity-backed slot antenna at 2.45 GHz as a
receiver and an implanted inverted-F antenna as a Tx, imitat-
ing a commercial wireless capsule. Section IV discusses the
results of the measurements and performance of the APLM.
The accuracy and reliability were assessed by the corre-
sponding variation in predicted RSSI in dB and the relative
ranging error in millimeters. The latter served as a prediction
of the possible localization accuracy associated with the use
of the APLM. If the model is sufficiently accurate, it can
be used to calculate the exact distances and find unknown
locations of the implanted Tx using range-based positioning.
Section V concludes the paper and suggests future research
directions.

Il. PATH LOSS MODEL INCLUDING SIGNAL
ATTENUATION IN LOSSY MEDIA

A. RELATED WORK

The main characteristic describing plane EM wave propaga-
tion in lossy media is the attenuation constant «, which is
defined by the EM properties of the environment for a fixed
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TABLE 1. EM Properties of the Human Abdominal tissues at 2.45 ISM
Band (Based on [28]).

. .. Attenuation

Organ eRrrer:{atttliv?t Com[ig;:lgiflty, Coefficient,
P ity o (Np/m)
Colon 53.88 2.04 51.82
Small Intestine 54.43 3.17 79.29
Stomach 62.16 221 52.38
Duodenum
Kidney 52.74 2.43 62.16
Muscle 52.73 1.74 44.78
Liver 43.04 1.69 47.94
Fat 5.28 0.11 8.18
angular frequency w [24]:
12
ue' A
a=w|—|,/1+(=]) -1 , (2
2 g

where w is the angular frequency of the signal (v = 2nf),
&' is the real part of the complex relative permittivity and it is a
measure of how much energy from an external electric field is
stored in a material (it is equal to the absolute permittivity ¢);
¢ is the imaginary part or loss factor — a measure of the
dissipation or loss in the material. The attenuation constants
for different human organs at 2.45 GHz are given in Table 1.

An investigation of alternative path loss propagation mod-
els that include the attenuation constant « rather than the path
loss exponent n was presented in [14]. It reported experimen-
tal validation at 2.45 GHz on a homogenous physical phan-
tom with EM properties mimicking human muscle tissue. The
following linear PLM was used:

PL = ad (1010g1062> el 3)

where « is the attenuation constant measured in (1/cm or
Np/m), and C is a constant in dB independent of dis-
tance. The reported results for the attenuation constant values
determined from their experiments are given in Table 2.
A comparison of the results and the analytical calculations
in accordance with (2) was also discussed in the paper [14].
However, their experiments were designed for two insulated
dipoles, both located inside the lossy medium (in-to-in body
communication). The authors demonstrated the influence of
the EM properties of the medium on the PL and proposed
an empirically derived mathematical model to adjust the PL
predictions for a particular tissue type. This was used to
investigate the signal path loss in a heterogeneous medium
[25]. For the in-to-on-body scenario, only the heterogeneous
model was considered, which required a complicated path
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loss model that includes reflection coefficient values at each
tissue boundary. No in-vivo validation of the model was
reported for this model.

The attenuation constant « characterizes the signal attenua-
tion in a lossy medium caused by dissipation as heat. In WCE,
the wave is produced by an equivalent point source, such
as a small antenna, which causes the signal propagation in
the form of a spherical wave. In this case, the attenuation is
largely influenced by the distance travelled and decreases in
accordance with the inverse square law. Both these factors
must be considered for the development of a reliable PLM.
This idea was previously suggested when describing a novel
WCE communication system design [26]. The following
equation was considered for the path loss calculations:

& =( Aeff

P, 4nR
where P; is the power transmitted, P, is the power received,
R is the distance between the transmitter and receiver; Ao is
the wavelength in the material; G, and G, are the gains of the
receiver and transmitter respectively; and « is the attenuation
constant. Although the path loss model’s general formulation
was described in [26], the experimental validation was not
provided because the paper focused on a novel implantable
antenna design for WCE.

Our paper discusses a model similar to (4), hereafter the
attenuation path loss model or APLM, and provides its exper-
imental validation.

2 2
) G,G,(e™*F) “)

B. ATTENUATION PATH LOSS MODEL

The approach was previously tested numerically as an effi-
cient algorithm for surface electric field reconstruction [27].
According to the attenuation-based solution suggested in the
paper, the power of the surface electric field measured in dB
from an implanted transmitter can be found as:

e—aR

P = 20log(Ey sin f), (@)

where R is the distance between the Tx and the on-body
receivers, E is the radiated electric field from the Tx or an
electric field measured at some reference distance Ry, « is the
attenuation constant and 6 represents the angle between the
Tx approximated as a Hertzian dipole and the Rx position
on the surface. An elliptical cylinder approximation of a
human body with the averaged EM characteristics of the
soft tissues in the GI tract was used for the simulations. The
study presented in [27] included a comparison of the obtained
results with the corresponding numerical simulations using a
FIT-solver (CST Studio ®). A close agreement between them
was demonstrated, while the proposed attenuation algorithm
was significantly less computationally demanding.

In the experimental validation presented in the current
research, a linearized version of (5) was used. For the
measurements, an antenna acting as the EM field Tx was
implanted into the abdominal cavity of living laboratory ani-
mals. Due to the high conductivity and permittivity of the
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TABLE 2. Parameters of the selected in-body path loss propagation models at 2.45 ISM band.

Ref. Frequency, . Sy
Numb Scenario Path loss propagation model Parameters Validation
a;=0.87 [1/cm]
a,=0.67 [1/cm]
14 2
1Al C; =893
C, =14.10
Linear (plane wave): Simulation:
2.45 GHz, PL (dB) = a;d(10log,e?) + C,(dB); thz:lclzl
In-to-In Body -
PL (dB) = a,d(10log;e?) + C,(dB); =099 [Vem] | poo o
[15] a,=0.66[1/cm]
C, =718
C, =15.79
Log-distance:

[16] 1-6 GHz, For 2.45 GHz In-vivo
In-to-On Bod, d _ iment
n-to-On Body PL(dB) = PLy(dy) + 10nlogyy (d_) n=10.6 experimen

0

surrounding soft tissues, it was assumed that the antenna
behaved as an omnidirectional Hertzian dipole (explained in
more detail in Section III). The orientation of the Tx was con-
stant, which guaranteed that the maximum radiation direction
remained between the Tx and all Rx positions on the skin
surface. This allowed the approximation of 8 sin =1 for both
in-vivo experiments. Further analysis of the experimental
results was conducted to support the assumption. Using the
attenuation-based algorithm (5), the path loss in dB is:

PL (R) = 20log,, (e“R) + 20logo (R)
— 8.68aR + 20l0g,, (R) . 6)

For the validation of the model accuracy, the comparison of
the predicted and measured RSSI data were made rather than
the path loss, which can be expressed at a certain distance as:

RSSI (R) = Pt — PL(R), @)

where Pt is the transmitted power that can be represented by a
constant defined by the system configuration and equipment
characteristics (Pt = 201log;y Eo). In the following analysis,
the transmitter power as well as the gains of both antennas
were assumed to be included in the parameter C (dB). Thus,
the linearized APLM (in dB) used for the validation in this
study can be rewritten:

RSSI (R) = C — 8.68aR — 20logR. ®)

A comparison was also made with the results reported for
the same frequency when using the most relevant models
reported in the literature. Table 2 summarizes the models and
the parameters used in the analysis in accordance with the
related work for WCE applications outlined in Section IL.A.
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The most similar approach and channel configuration were
given in the initial experiments performed by [14], [15] at
2.45 GHz for a homogenous phantom. They were the only
group that included a theoretical estimation of « based on
the EM properties of the tissues. However, their experiments
were designed for in-to-in body communication only and did
not include in-vivo validation. The in-vivo experiment that
included the 2.45 GHz frequency was conducted in [16].
The PLM used in their study was also considered for the
comparison with the results obtained in the current paper.
No specific values of the path loss exponent were given
in [16], but in accordance with the presented model it could
be estimated at n = 10.6 for the frequency of 2.45 GHz.

The performance of the APLM was tested against the
results obtained when the two aforementioned PLMs were
fitted to the same experimental data. For these purposes,
(1) and (3) were used in the linearized form representing these
models as RSSI functions, which depend on the separation
distance (R):

RSSI (R) = C; — 10nlog o (R) , )
RSSI (R) = C3 — 8.68qR. (10)

Equation 9 hereafter is referred to as the log-distance
model, and (10) is referred to as the linear (plane wave)
model. To validate the reliability of the study further, the
parameters of these models were estimated and compared to
the reported results (Table 2).

The Gauss-Newton Nonlinear Least Squares optimization
method was used to obtain the best-fit parameters for each
of the path loss propagation models tested in the current
study.
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lll. METHODOLOGY

A. EXPERIMENTAL PROTOCOLS AND EQUIPMENT

Two experiments were conducted on anesthetized pigs. They
involved the implantation of a small transmitter in the abdom-
inal cavity of the animal and registering the received signal
strength at multiple fixed positions on the skin surface dis-
tributed across the torso.

The first in-vivo experiment (Experiment 1) was conducted
at the animal surgical facility of the University of South-
ern Denmark (SDU, Odense, Denmark), with the partici-
pation of trained medical staff under the Ethics Approval
(Danish Animal Inspectorate under license 2016-15-0201-
00815). A medium-sized domestic pig (approximately 45 kg,
Yorkshire/Landrace cross, 88.5 cm waist circumference lying
on its back) was intubated after premedication with seda-
tives (midazolam 0.25 mg/kg, medetomidin 0.03 mg/kg,
ketamin 5.0 mg/kg, and butorphanol 0,2 mg/kg IM). Anes-
thesia was induced with propofol (10 mg/ml), then the pig
was intubated and the anesthesia was maintained with an
infusion of propofol 15 mg/kg/t and fentanyl 25-50 pg/kgf/t.
After the procedure, the pig was euthanized while still in
anesthesia with an overdose of anesthetics (pentobarbital
135 mg/kg IV). Animal housing, care, and preparation were
performed by qualified staff under the supervision of a
designated veterinarian.

The second in-vivo experiment (Experiment 2) was con-
ducted in collaboration with the medical team of the
University of Queensland (UQ) under Ethics Approval
UQCCR/GRIFFITH/406/20. Trained medical staff and a vet-
erinary surgeon participated in the trial and were responsible
for the implantation of the receivers and animal handling.
A large female white pig (approximate weight of 23 kg with
a waist circumference of 82 cm) was used in the experi-
ment. Premedication was performed using 1.4mg/kg azap-
erone (Stresnil, Elanco, Australia) and 3.5 mg/kg ketamine
IM (Ketamil, Troy Laboratories, Australia). Following pre-
medication, induction was achieved through titration of alfax-
alone (Alfaxan; Jurox Pty Ltd, AUS) into the lateral ear
vein to a dose of 0.5 mg/kg IV. The pig was intubated
using a size 7 mm cuffed endotracheal tube and anesthe-
sia was maintained with 1.5-2% isoflurane (Henry Schein)
in medical oxygen. Throughout surgery, anesthetic monitor-
ing parameters included pulse oximetry, capnography, heart
rate, respiratory rate, inspiratory and expiratory isoflurane
concentrations (Masimo ISA AX+ Sidestream gas monitor
was used for capnography, and a multigas monitor with
Masimo Radical 7 Root monitor for pulse oximetry). Fluid
replacement therapy was administered via the lateral ear vein
at 9ml/kg/hr. Peri-anesthetic analgesia was provided with
a combination of methadone (Methone 0.2 mg/kg IV) and
ketamine (1 mg/kg IV); midazolam (0.2 mg/kg IV) and alfax-
alone (0.25 mg/kg IV) were used to maintain consistent respi-
ratory effort and reduce movement artefact. At the completion
of the study protocol, euthanasia was performed using sodium
pentobarbital (125 mg/kg) intravenously.
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FIGURE 1. The receiver cavity-backed slot antenna design: (a) The
antenna consists of a square aluminum box with a side of 33 mm and a
thickness of 11 mm, the brass probe with the dimensions of 21.5 mm x

5 mm x 0.1 mm; the size of the slot is 21 mm x 9 mm [30] ©2021 John
Willey & Sons, Inc; (b) Physical representation of the slot antenna on the
left; The experimentally measured reflection coefficient S;; was —22.7 dB
at 2.7 GHz with a bandwidth of 1.02 GHz, shown on the right.

Both experiments were designed as an internal transmitter
to an external receiver channel (in-body to on-body) using
the same RF measurement equipment, while the torso area
represented a realistic propagation environment for WCE
applications. A cavity-backed slot antenna used as a receiver
was first reported in [29]. It was further modified for bet-
ter performance as an on-body sensor and tested on vari-
ous patients with different anthropometric parameters in-vivo
[30]. Their study investigated the effect of the thickness of the
abdominal wall layers, reporting that there was no significant
effect observed that could affect the antenna performance.

The final design of the antenna consists of two main parts:
a machined aluminum box with a rectangular slot and a
monopole probe made of brass (Fig. 1). A brass probe placed
perpendicular to the slot is connected to a coaxial cable
via a 50 Q SMA connector (SMA 8500-0000; RF Shop,
Lonsdale, Australia). The dimensions of the antenna are given
in Fig. 1 (a). The slot antenna performance as a receiving
sensor with the transmitter surrounded by the ex-vivo porcine
tissues was also tested [21] to confirm the suitability of the
cavity-backed slot antenna for in-body to on-body measure-
ments at 2.45 GHz. An example of the reflection coefficient
measurements for the antenna when placed directly on the
skin in the abdominal region of a living human is given in
Fig. 1 (b). A resonant frequency of 2.7 GHz and a reflection
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a) b)

FIGURE 2. Experimental procedure: a) S;; Measurements taken for the
on-body slot antenna using a Vector Network Analyzer (N9923A FieldFox).
The slot antenna is oriented vertically (same was repeated for the
mediolateral orientation). The transmitter was not implanted inside the
abdominal cavity of the animal at this stage of the experiment; b) The
RSSI was registered using the RF Explorer Spectrum Analyzer from the
implanted Tx in the abdominal cavity. In this example, the on-body slot
antenna is oriented mediolaterally (the same was repeated for all Rx
positions for both orientations).

coefficient of —22.7 dB were observed. The —10 dB band-
width of 1.02 GHz (42% of 2.45 GHz).

The primary goal of the experiments was to validate the
attenuation path loss propagation model for the given in-to-
on body communication scenario. They also served as a ver-
ification of the performance and applicability of the on-body
slot antenna as a receiving sensor (Rx) for WCE localization
in real-life conditions. The RSS and the antenna reflection
coefficient (S11) values were obtained across the frontal sur-
face of the abdominal area of the animal. A Vector Network
Analyzer (N9923A FieldFox Handheld RF VNA 6 GHz,
Keysight Technologies ®), https://www.keysight.com) was
used for S;; measurements as a part of the antenna per-
formance evaluation. An RF Explorer Spectrum Analyzer
(a handheld spectrum analyzer https://www.rf-explorer.com)
was used for the RSS measurements to receive and display the
maximum signal strength in dBm at 2.45 GHz. The values
at each measurement point were manually recorded during
the experiments. Fig. 2 shows the measurements taken on the
skin of the animal (Experiment 2, the same RF equipment
and the same procedures as were used in the first in-vivo
experiment).

The ingested endoscopy capsule was imitated by a small
inverted-F antenna (IFA) coupled to a battery-powered oscil-
lator with the purpose of creating sufficient signal strength
to be detected by the on-body slot antenna. It consists of
a monopole placed parallel to a PCB ground plane with a
short-circuit and a printed feed. The IFA design has good
radiation efficiency and a small size, as the monopole is
co-planar with the ground plane and the circuitry.

In [21], a conventional IFA design was optimized to match
the characteristics of human soft tissues when implanted
inside the abdominal cavity. The reported results on the skin
surface demonstrated the antenna resonated at 2.45 GHz with
a reflection coefficient of —13.3 dB. The dimensions of the
IFA are given in Fig. 3. The dimensions of the ground plane
were 35 mmx 10 mmx0.02 mm and the monopole length
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FIGURE 3. The IFA antenna with circuit used as an implantable
transmitter in the experiments: a) Antenna layout and dimensions;

b) Physical representation of the fabricated antenna with the ground
plane on a substrate; c) Two insertion tools with variable length for
different implantation depths. The LED always pointed towards the front
of the animal in all experiments.

was 18 mm. In both trials, the IFA Tx and the corresponding
electronic components were fabricated on a PCB with an FR4
dielectric substrate (35 mmx20 mmx 1.6 mm).

Additional modifications to the Tx antenna were made
in order to have more control when manually positioning it
inside the abdominal cavity of the animal. A custom-designed
plastic insertion tool was made for the implantation. This
device was manufactured by 3-D laser cutting on semi-rigid
plastic with a thickness of 6 mm. The Tx and the battery
were embedded close to the end of the insertion tool and
were covered with an insulating silicone sealant (Fig. 3 [c]).
The PCB circuit and the battery connector were additionally
covered with a thin layer of plastic.

The insertion tool also served as a measuring device with
a millimeter scale up to 30 cm, to control the distance from
the entry point on the skin surface, while the depth from
the frontal skin surface of the animal was determined by
ultrasound measurements.

In Experiment 1, the real position of the Tx inside the
abdominal cavity was determined with the use of an ultra-
sound imaging unit (Philips Healthcare, https://www.philips.
co.uk/) with S3-1 (1-3 MHz) sector array and L12-3
(3-12 MHz) linear array transducers. In Experiment 2,
a GE LOGIQe ultrasound unit (General Electric Healthcare,
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FIGURE 4. An example of ultrasound imaging measurements obtained
during Experiment 2: a) An ultrasound probe on the surface skin of the
laboratory animal placed in accordance with the marked grid;

b) Transverse ultrasound image of the anterior abdominal wall of the
animal and an indication showing the insertion tool with the transmitting
antenna inside the abdominal cavity (arrow indicates the edge of the
insertion tool while the Tx position in relation to the edge was
predefined). The ultrasound imaging equipment had a precision of

0.1 mm.

https://www.gehealthcare.com) with a 5-MHz convex array
transducer was used. In both trials, interpretation of the results
was performed by trained ultrasound imaging specialists.
The distance from the incision along the direction of the
implantation was found using the scale on the insertion tool,
which determined the 2-D location of the Tx along the pre-
defined measurement grid marked on the skin of the animal
(Fig. 4 [a]). Ultrasound imaging results obtained at that point
provided an estimate of the depth from the skin surface
of the animal to the edge of the insertion tool and the Tx
correspondingly, giving its coordinate in the third dimension.
The combination of these measured parameters allowed an
estimate of the location of the Tx at a given point in 3-D
space. An example of the ultrasound imaging results is given
in Fig. 4 (b).

B. MEASUREMENT PROCEDURE AND DATA ANALYSIS

In both trials, the animal was placed on its back and the
transmitting IFA Tx was surgically implanted through a small
skin incision. After the implantation, the EM field strength
was registered as RSSI in dBm at predefined positions by the
receiving slot antenna (Rx).

Different locations of the Tx in the abdominal cavity were
considered for the exploration of different signal path lengths.
Following the field strength measurements on the skin surface
of the animal for the first location of Tx, the insertion tool was
withdrawn stepwise and the signal strength at each receiver
position was recorded again at each step. The field strength
measurements were conducted by positioning the Rx along a
marked grid over the torso while connected to the Spectrum
Analyzer (Fig. 5 b).

Apart from different animals being subjects in the trials,
the measurement grid on the skin surface for Rx positions and
the direction of the insertion tool implantation were different.
In Experiment 1, the incision was made in the lower part of
the abdominal area, while in Experiment 2 it was made on the
side of the pig torso (Fig. 5). Therefore, different locations
of the implanted antenna inside the abdominal cavity created
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FIGURE 5. Tx implantation and measurements procedure: a) The
in-house manufactured transmitter on the insertion tool was activated
prior to implantation. It was implanted through an incision on the side of
the pig in Experiment 2; b) Surface electric field measurements taken on
the skin of anesthetized laboratory animal in Experiment 1. The
measurement positions for the Rx were marked on the skin of the animal.
The receiving slot antenna was placed in direct contact with the skin to
detect the signal from the Tx.

different propagation paths. This enabled the difference in
the insertion tool retrieval direction, meaning that in Exper-
iment 1, the main change in the implanted antenna location
was along the sagittal plane, while in Experiment 2, it was
in the direction of the transverse plane. The muscle fibers
in the abdominal region have directionality, which may have
an effect on the signal propagation and the values of the
measured surface signal.

For all measurements, the antenna PCB was parallel to the
front surface of the animal. As the on-body slot antenna was
linearly polarized, the measurements in both trials included
two orientations of the slot antenna on the skin surface. Due
to the high losses in the surrounding soft tissues of the animal,
it was assumed that the implanted antenna behaved as a Tx
with an omnidirectional radiation pattern. This assumption
was tested as a part of both experiments.

The schematic representation of the Tx implantation at
different locations is given in Fig.6 for each trial. In Exper-
iment 1, the Tx on the implantation tool was first inserted
towards the furthest possible point from the incision, and
then withdrawn using the step size of 2.5 cm marked on the
insertion tool (Fig. 6 [a]). The Rx was placed on the skin of
the anesthetized pig at 17 predefined positions where the field
strength was recorded (Fig. 6 [b]). The measurement grid
dimensions were designed taking into consideration the size
of the receiving slot antenna and the size of the frontal surface
area along the abdominal cavity.

The measurement grid was expanded in Experiment 2 to
create more data points for a more reliable validation of the
PLM and a more comprehensive localization accuracy assess-
ment. The incision was made laterally to control the position
of the Tx better and to investigate a displacement of the Tx
along the transverse plane. The extended measurement grid
contained 30 Rx locations with a step-size of 3 cm (Fig. 6 [d]).
In each of the experiments, four different Tx locations were
created (Fig. 6 [a] and [c]).

To verify the performance of the slot antenna, the measure-
ment grid on the skin of the animal had a configuration sim-
ilar to the measurements assessing the antenna performance
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FIGURE 6. The representation of the Rx positions and four Tx locations:
a) and c) Schematic representation of the tested position of the IFA inside
the abdominal cavity, for Experiments 1 and 2 respectively; b) and d) The
grid that represents all on-body measurement points for collecting the
data, for Experiments 1 and 2 respectively.

on human subjects in prior research [30]. In Experiment 1,
the Rx showed an average S;; value of —3.5 dB (standard
deviation of 0.5 dB). In [30], measurements on humans were
reported, suggesting that an S1; lower than —4 dB can be con-
sidered reasonable for reliable field strength measurements.
In Experiment 2, the Sy parameter was measured for several
Rx positions of the antenna using both orientations (10 values
for each orientation). The results are presented in Fig. 7. The
corresponding values were determined at 2.45 GHz: mean =
—3.1 dB (standard deviation 0.7 dB) for vertical orientation
(Vert); mean = —3.5 dB (standard deviation of 0.5 dB) for
mediolateral orientation (ML). The results are similar to those
obtained during Experiment 1 and were considered to be well
matched for the purpose of the study.

For the numerical analysis and evaluation of the PLM
parameters, the torso of the animal was represented as an
elliptical cylinder approximation using the real physical
dimensions of the animal in both experiments. The elliptical
model is a realistic geometric representation of the human
body and the Rx and Tx locations in 3-D [31]. The radii of the
cylinder were chosen to match the circumference of the model
to the physical circumference of the pigs. The height of the
cylinder was chosen to be the same as the elliptical cylinder
model in the numerical validation of the attenuation algorithm
for surface field reconstruction in [27]. Fig. 8 shows the
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FIGURE 7. The S;; parameter measured for 10 of the Rx positions in
Experiment 2 for the antenna oriented: a) mediolaterally and b) vertically
along the torso of the animal. Note that the same legend applies to the
results obtained in both orientations and that the numbers of the
receivers given in the figure are in compliance with the measurement grid
in Fig 6 (d).

elliptical cylinder reconstructed for the numerical results in
Experiment 1.

The coordinate system was defined with the origin in the
center of the elliptical cylinder. A symmetrical measurement
grid representing Rx positions was created on the surface of
the cylinder (x-z plane in 2-D) with the point of symmetry at
Rx with the coordinates of [0 m, —0.13 m, 0 m] (Fig. 8 [a]).
The y-coordinate of that Rx is equal to the elliptical radius
in the sagittal plane, r, = 0.13 m. The step between two
consecutive Rx positions in both x and z directions was
0.025 m. Two datasets of signal strength values were obtained
separately at positions with ML and Vert coordinates of the
receivers from each of the transmitter locations shown in
Fig. 8 as red dots. The data analysis accordingly considered
the received results separately for ML and Vert. Note that
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FIGURE 8. The elliptical cylinder model representing the coordinate
systems in 2-D (a) and in 3-D (b) for the measurement analysis and the
corresponding positions of the Rx and the Tx locations inside the
abdominal cavity of the animal in Experiment 1 (rx =0.15mand ry =
0.13 m., z range: —0.2 m to 0.2 m). The Rx locations for two orientations
are demonstrated in different colors.

for the mediolateral orientation, the measurement grid had
a slight offset due to the measurement point at the center
of the slot being placed to the left of the physically marked
location on the skin. The implantation depth was represented
by the y-coordinate. The main displacement for each of the
Tx locations is along the z-axis, as it was the direction of the
insertion tool withdrawal.

For the data analysis and calculations in Experiment 2,
an elliptical cylinder approximation based on the physical
dimensions of the animal described in Section III for the
trial at the University of Queensland facilities, Brisbane,
Australia, was used (ry = 0.15 m and r, = 0.11 m, Fig.9).
As was the case for the first experiment, the implantation
depth from the frontal surface was reconstructed in the
y-axis direction within the model. Note that in Experiment 2,
Rx measurement positions for both ML and Vert orientations
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FIGURE 9. The elliptical cylinder model in 3-D and the corresponding
positions of the measurement grid. The Rx locations for the two Rx
antenna orientations used in Experiment 2 are shown in different colors.
(rx =0.15m,ry =0.11 m, z = —0.2 m to 0.2 m).

experienced an offset from the marked grid on the skin, hence
the corresponding offset from the point of symmetry at [0 m,
—0.11 m, O m].

Fig. 10 shows the Tx locations in the 3-D space of the
model — the solution space for Experiment 2. The main
change in the Tx location in this case was made along the
x-axis following the direction of the insertion tool implan-
tation. The retrieval step of the insertion tool starting from
the maximum implantation (20 cm on the insertion tool) in
the x-direction was 4 cm, resulting in four different locations
of Tx as in the first experiment. The Rx measurement grid
within the coordinate system of the numerical model varied
for the ML and Vert orientations. Fig. 10 (a) shows the
Rx in the Vert orientation with an offset of —0.01 m in
the z-direction from the marked grid on the skin. The Rx for
the measurements in the ML orientation were made with an
offset of —0.01 m in the x-direction along the curvature of
the cylinder model correspondingly in (Fig. 10 [b]). The step
between two consecutive Rx positions in Experiment 2 in
both x and z directions was 0.03 m.

The path length between each of the Tx locations and
each of the Rx on the skin was estimated using the approxi-
mated 3-D coordinates given by the reconstructed numerical
models. The described configurations of the transmitter and
receiver positions resulted in 17 x 4 and 30 x 4 measurement
data points in the first and second experiments, respectively
(for each case, ML and Vert). Each defined a different path
length or radial distance value and the corresponding RSS
measurement that was registered during the experiments.
Only data from positions that produced values above the
noise level were used for the path model validation, which
is described in detail in the following section.

IV. RESULTS AND DISCUSSION

A. INTENSITY DISTRIBUTION MAPS

The reconstruction of the RSS measurement grid in 2-D was
used as a part of the preliminary analysis of the change in the
intensity distribution of the surface electric field for different
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FIGURE 10. Different cross-sections of the elliptical cylinder model used
as the solution space in Experiment 2: a) 2-D cross-section in x-z
showing the measurement grid for the vertically (blue dots) oriented Rx
antenna; red dots represent the changing Tx locations: Tx1, Tx2, Tx3, Tx4.
The transmitter location was changed primarily along the x-direction by
withdrawing the insertion tool with a step-size of 4 cm relative to the
incision on the skin on the side of the animal. The tool was inserted along
the x-axis. b) The elliptical cylinder model’s surface curvature with the
position of the Tx for each new location and corresponding Rx on the
surface in ML and Vert orientations (brown dots, blue dots).

orientations of the slot antenna. The comparison between
these results for each of the transmitter locations served as
an investigation of the effect of the Tx orientation as well as
the effect of slot antenna polarization.

The visual representation of the signal strength distribu-
tion across the skin surface of the animal was obtained by
interpolating the results at each Rx position for a given Tx
location. Fig. 11 and Fig. 12 demonstrate signal strength
intensity maps for Experiment 1 derived from the acquired
results at the 17 Rx positions for the slot antenna in both
orientations: Vert — along the longitudinal or sagittal plane
of the animal; ML — along the horizontal or transverse plane
of the animal. The offset was —0.01 m for the ML case from
the line of symmetry through the origin — along the x-axis in
2-D. The noise level for the data analysis of the results was
approximately —92 dB.

84904

For both orientations, the maximum intensity corresponds
to the location of the Tx in each of the figures. Considering
that the different Rx orientations produced different sets of
the coordinates of the measurement points and that each of the
Tx had different coordinates, the results confirm the assump-
tion that there is a dependency between the radial distance
and the obtained signal strength. It can be used to characterise
a given Tx location for a known set of Rx. Moreover, no
significant directionality was found between the distribution
of the intensities around the maximum value when comparing
ML and Vert orientations. This supports the assumption that
the transmitting IFA sensor was omnidirectional for these
in-vivo measurements.

Similar to the first experiment, a visual representation of
the signal strength distribution was reconstructed by interpo-
lating field strength (values in dB) obtained during Experi-
ment 2 across 30 predefined positions of the Rx. Two datasets
of the RSSI for the Rx in ML and Vert orientations were
reconstructed separately, with the measurement grid offsets
of —0.01 m along the x-axis and —0.01 m along the z-axis
correspondingly (from the line of symmetry through (0,0) or
the marked grid on the skin surface in real life). Fig. 13 and
Fig. 14 demonstrate signal strength intensity maps for the
acquired results for four Tx locations (Tx1, Tx2, Tx3, Tx4
but with different coordinates compared to the first experi-
ment). Note that the same intensity scale has been used for
comparison.

In Experiment 2, the results show a different signal strength
distribution across the same measurement grid for each Tx
location, as well as a slight difference in the maximum
intensity positions across the solution space for the different
Rx antenna orientations. This is explained by the significant
change in radial distance that occurs when the Tx location
inside the abdominal cavity is changed with respect to each of
the fixed Rx. A slight offset in the Rx coordinates between the
ML and Vert orientations resulted in a smaller radial distance
change between the different orientations of the Rx but the
same location of the Tx. The maximum field intensity follows
the real location of the Tx very closely, although compared
to the first trial, in this case the displacement of the Tx was
mainly along the x-axis. The dispersion of the signal around
the maximum when comparing ML and Vert orientations
suggests that for this experiment the transmitting IFA sen-
sor had an omnidirectional radiation pattern as in the first
trial.

Since there was no significant difference observed in the
results obtained by the slot antenna in different orientations
in both experiments, we can conclude that the cavity-backed
slot antenna does not experience any polarization effect.

B. APLM VALIDATION

The validation of the attenuation path loss propagation model
suggested in this paper (8) involved an estimation of its
parameters when experimental data from the two in-vivo trials
were used separately. The performance metrics of the APLM
were also assessed against the two other models described

VOLUME 10, 2022



Y. A. Salchak et al.: In-vivo Experimental Validation of the Attenuation Path Loss Model I E EEACCGSS .

Tx1 Tx2
-30 -30
0.1 0.1
-40 -40
. 0.05
-50 50
°
£
-60 -60 2
£ E o ‘ &
N N ﬁ
-70 70 3
)] w
-0. -0.05
-80 -80
01 -90 01 -90
-0.1 -0.05 0 0.05 0.1 0.1 -0.05 0 0.05 0.1
X, m X, m
Tx3 Tx4
-30 -30
0.1 0.1
-40 -40
: -50 ’ 50 4
]
€ 8 -60 £ 60 2
; Q : ; g
N N - N (Tj
70 70 3
o w
- 80 e -80
0.1 -90 0.1 90
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
X, m X, m

FIGURE 11. The distribution of electric field intensity across the measurement grid in 2-D in Experiment 1 for the
four positions of the IFA-antenna (*, Tx1, Tx2, Tx3, Tx4) relative to the Mediolateral (ML) measurement positions
of the Rx (red circles). Note that the intensity maps were created using interpolation between the measurement
points, which explains the corresponding shape of the reconstructed results (no measurements were made

beyond that area).
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FIGURE 12. The distribution of electric field intensity across the measurement grid in 2-D in Experiment 1 for the
four positions of the IFA-antenna (*, Tx1, Tx2, Tx3, Tx4) relative to the Vertical (Vert) measurement positions of
the Rx (black circles). Note that the intensity maps were created using interpolation between the measurement
points, which explains the corresponding shape of the reconstructed results (no measurements were made in the
white space in the figures).
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TABLE 3. Parameters of the path loss models estimated using the
Experiment 1 measurement data.

Mediolateral Rx Orientation

APLM Linear Log-
(plane wave) Distance

¢ (Np,; mor | 5959 72.08 6.7
C (dB) 60 28.8 151.4
RMSE (dB) 4.47 4.38 4.33
7 0.97 0.92 0.92

Vertical Rx Orientation

¢ (Np,i mOr | 6565 82.7 7.26
C (dB) 60 25.88 159.6
RMSE (dB) 6.5 6.46 6.37
7 0.91 0.84 0.84

by (9) and (10). This required obtaining the corresponding
coefficients for these models based on the same experimental
data first and comparing them to the values reported in the
literature, which are included in Table 2. These observations
allowed to support the reliability of the findings of the current
study.

The experimentally obtained parameters of the APLM, the
attenuation coefficient in particular, were compared to the
theoretical values of the EM properties of the human abdom-
inal lossy tissues shown in Table 1. This was an important
part of the validation, as the main novelty and advantage of
the proposed model is its analytical basis that allows further
generalization of the APLM for in-vivo measurements.

1) EXPERIMENT 1

The best-fit parameters of the three PLM and their perfor-
mance metrics estimated when using the data obtained in
Experiment 1 are given in Table 3. All three models perform
equally well, although the best-fit parameters differ. This
proves that the proposed APLM can perform as well as those
reported in the literature, and even exhibit a slightly better
correlation for both Rx antenna orientations.

When comparing the ML and Vert orientations, similar
results were received for the APLM, including the same value
of C = 60 dB and slightly different attenuation coefficients
of 59.59 Np/m and 65.65 Np/m, respectively. Note that C is
the constant defined in (8), and for the log-distance and the
linear (plane wave) models it had a different values and was
defined as C, and C3 in (9) and (10), respectively.

When the Experiment 1 measurement data were fitted
to the linear (plane wave) and the log-distance models, the
estimated coefficients were similar to those reported in the
literature. The linear model attenuation constant of 72.08 and
82.7 Np/m are close to the reported 67 and 87 Np/m by
reference [14] Table 2 for the tissue-mimicking phantom
experiments. The value of the path loss exponent obtained
n of 7.26 and 6.7 in this study was similar to 10.6 reported
by reference [16] Table 2 for the in-vivo measurements at
2.45 GHz.
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TABLE 4. Ranging errors. Experiment 1.

Mediolateral Rx Vertical Rx
Orientation Orientation
Average Absolute 48 6.9
Error, (mm)
RMSE, (mm) 6.6 8.7
Relative Average
Error, (%) 10.08 14.61

Fig.15 illustrates the APLM model fitted to the measure-
ment data obtained during the Experiment 1 with the best-fit
parameters mentioned in Table 3 for ML and Vert orienta-
tions, accordingly.

Considering that the main purpose of the APLM discussed
in this paper is its implementation for WCE location estima-
tion, it is important to investigate the corresponding ranging
error when using the experimental values to find radial dis-
tances based on the received signal strength.

The ranging error is given in millimeters and is defined by
a comparison between the real distances from the Tx to each
of the Rx and the distance estimated using the APLM model.
The calculations used for the average ranging error and the
corresponding relative ranging error in percentage for each
tested position are given as:

Average Ranging Error
N

> |distancel~’m - distancei’rea1|
i=1

= ; (11)
N
Relative Ranging Error
|distancees; — distance,eq|
= * 100%, (12)

distance,eq;

where distance.s; is the predicted radial distance, and
distance,.q; is the real radial distance between the Tx and a
given Rx (N positions of Rx are considered, where N is a
number of measurement points above noise).

Table 4 shows the ranging error values estimated when
RSSIs obtained by the Rx in both orientations in Experi-
ment 1 were used for radial distance estimation. The results
demonstrate that the absolute ranging error was smaller for
ML orientation of the Rx with a value 4.8 mm, while the Vert
absolute ranging error was 6.9 mm.

Fig. 16 shows the distribution of the relative ranging error
for both orientations when increasing the radial distance, with
an average error of 10.08% and 14.61% for ML and Vert,
respectively.

2) EXPERIMENT 2

The parameters of the path loss models estimated when ana-
lyzing measured RSSI in Experiment 2 are demonstrated in
Table 5.

Similar to the first experiment, all three models perform
equally well, while the correlation coefficient is slightly
higher for the APLM proposed within this paper (r> =
93.5 for APLM, 2= 0.88 for the linear [plane wave] model,
and r? = 0.82 for the log-distance model). These are the aver-
age correlation coefficients between the two orientations of
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FIGURE 15. APLM model fitted to the measurement data obtained during Experiment 1 with the best-fit
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FIGURE 16. Relative ranging errors when using APLM and the data
obtained in Experiment 1: a) Mediolateral Orientation; b) Vertical
Orientation.

TABLE 5. Parameters of the path loss models estimated using the
Experiment 2 measurement data.

Mediolateral Rx Orientation

APLM Linear (plane | Log-Distance
wave)
o (Np/m) or n 73.73 98.13 7.72
C (dB) 63 24.9 151.4
RMSE (dB) 6.55 6.2 7.4
r 0.94 0.88 0.84
Vertical Rx Orientation
a (Np/m) orn 73.73 104.62 6.94
C (dB) 67 26.98 163.94
RMSE (dB) 5.76 5.43 6.94
r 0.93 0.88 0.80

Rx for each model. When comparing each model to the corre-
sponding results reported in the literature, the obtained values
of the attenuation constant for the linear model 98.13 Np/m
and 104.62 Np/m are close to 87 Np/m and 99 Np/m reported
by references [14] and [15] Table 2 for the tissue-mimicking
phantom experiments. The obtained value of the path loss
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FIGURE 17. APLM model fitted to the measurement data obtained
during Experiment 2 with the best-fit parameters mentioned in Table 5 for
ML and Vert orientations.

exponent n of 7.72 and 6.94 in this study is similar to
10.6 reported by reference [16] Table 2 for the in-vivo mea-
surements and the log-distance model.

Fig. 17 represents the measurement data obtained in
Experiment 2 fitted to the APLM model.
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TABLE 6. Ranging errors. Experiment 2.

Mediolateral Vertical
Orientation Orientation
Average Absolute Error, 6.4 56
(mm)
RMSE, (mm) 5.2 6.7
Relative Average Error,
%) 14.0 14.7

Relative Error, %
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FIGURE 18. Relative ranging errors when using APLM and the data
obtained in Experiment 2 by the Rx in: a) Mediolateral Orientation;
b) Vertical Orientation.

The ranging errors given in Table 6 were estimated when
using the APLM as the inverse solution for radial distance
estimation, with the RSSI measured during Experiment 2 as
the input values. The model parameters were chosen in
accordance with the best-fit values given in Table 5. In this
case, the absolute ranging error was smaller for the Vert of Rx
with a value of 5.6 mm, while the mediolateral absolute rang-
ing error was 6.4 mm. These results are consistent with the
absolute ranging errors reported for Experiment 1 (Table 4).

Fig. 18 represents the distribution of the relative ranging
error for both orientations of Rx in Experiment 2 with an
increase in radial distance, with an average of 14.0% and
14.7% for ML and Vert, respectively.

C. DISCUSSION
All fitted parameters resulted in strong linear relationships
between the APLM and the in-vivo measurements (r2 >
0.91, Table 7), stronger than when the other models reported
in the literature were fitted to the same experimental data.
These observations support the reliability of the approach and
the measurement equipment (the Rx slot antenna and the Tx
antenna) for practical applications.

The attenuation coefficient is directly attributed to the EM
properties of the abdominal soft tissues. An important obser-
vation is the close resemblance of the attenuation constant
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TABLE 7. APLM parameters obtain in experiments discussed in the paper.

a(Np/m)| C(dB) |RMSE@B)| ,
i’/}‘LViVO SPU). 1 596 60 447 0.97
g‘;tivo SDU). | 657 60 6.5 0.91
Vv Q| 737 63 6.55 0.94
yivo Uy 737 67 5.76 0.93

values estimated in both in-vivo experiments: 62.62 Np/m
and 73.73 Np/m for the first and second trials (an average
between two Rx orientations). These values are within the
range of the theoretical o values for the human abdominal
cavity organs reported in Table 1 for 2.45 GHz: 44.78 Np/m to
79.29 Np/m, an average of 58 (for the small intestine, colon,
muscle, stomach, kidney). This demonstrated the reliability
of the measurement system for practical applications in the
signal propagation environment representing human tissues,
and the reproducibility of the APLM parameters for several
measurement trials. The latter supports the suggestion of fur-
ther generalization of the APLM for WCE channel modelling.

This is enhanced by the fact that the constant C (dB)
values representing the system performance characteristics
were similar in both experiments: 60 dB and 65 dB for the first
and second experiment, respectively. An average of 62.5 dB
(standard deviation 3.32 dB) between the two trials can be
estimated for the considered communications channel. The
efficiency of the Tx and Rx and the directivity of the two
antennas contribute to the value of the constant C (8).

It is noteworthy that the impedance of the slot antenna
(S11) on human subjects is similar to the measurements on
anesthetized pigs. This provides additional validation that the
pigs used in these experiments are relatively good human
analogues.

The important parameter for the assessment of the APLM
reliability as the inverse solution for range-based localiza-
tion was the corresponding ranging error when the RSS
values were used to find the radial distances. The average
relative ranging errors (12.3% and 14.35%) were obtained
in the first and second experiments, respectively, while the
average absolute ranging errors were 5.85 mm and 6 mm
(Tables 4 and 6). These findings point to the model’s high
reliability and accuracy, as well as the APLM’s suitability for
estimating the radial distance to an unknown implanted Tx in
realistic scenarios.

V. CONCLUSION

Path loss propagation models serve as an important tool
in wireless communication system design by enabling cal-
culations of the received signal strength at a given dis-
tance. At the same time, they can be used to create an
inverse solution using the given RSS value to determine an
unknown distance between the sensors. This can be par-
ticularly useful for range-based localization problems. This

84909



IEEE Access

Y. A. Salchak et al.: In-vivo Experimental Validation of the Attenuation Path Loss Model

paper addressed radiofrequency-based localization of wire-
less endoscopy capsules as one of the relevant challenges
that can benefit from the development of a suitable path loss
propagation model. Wireless capsule technology is based on
the transmission of an RF-signal from an antenna placed on
an implanted sensor moving through the GI tract to the Rxs
placed on the surface of the body. Although using the same
RF-signal for the capsule localization could be beneficial,
no standardized PLM exists that could be used for these
purposes, especially for high operational frequencies.

This study discussed an alternative model to those reported
in the literature. It includes an attenuation constant « instead
of the path loss exponent as well as the spherical wave attenu-
ation component. Such an approach is advantageous because
it provides a correspondence to the real EM properties of the
lossy human tissues. The validation of this model, referred
to as APLM, was demonstrated through two separate experi-
ments on living porcine animals, providing the most realistic
conditions. The porcine abdominal visceral organs, intestine,
and soft tissues in the abdominal cavity of pigs have similar
EM characteristics to human tissue. The ability to conduct
the measurements while the laboratory animals were under
general anesthesia enabled data acquisition that incorporated
the influence of natural movements, which can be present in
the real-life application of the WCE. The estimated model
coefficients of the APLM were similar for both trials. The
values of the experimentally estimated attenuation coefficient
parameter were close to the theoretical « values for the lossy
human abdominal tissues. This confirmed the reliability of
the model and its suitability to be used as a universal approach
for similar propagation environments.

In future work, investigations on laboratory animals that
have different EM properties could be beneficial in order to
confirm that the proposed approach maintains its agreement
with theoretical values in general. Apart from that, additional
measurements when the implanted antenna is close to the
tissues with significantly different conductivity, e.g., the bone
structures, or when the latter form a part of the signal propa-
gation path, could be conducted to demonstrate the change in
the @ values.

A comparison of the model performance characteristics
to the similar or the most commonly reported in the litera-
ture validated on the same experimental data at 2.45 GHz,
showed that the proposed APLM performed adequately, and
even exhibited slightly higher correlation coefficients when
predicting RSSI. An important characteristic in terms of the
model accuracy is the ranging error obtained when using this
model as an inverse solution to find the distance to a Tx.
The reported absolute ranging error values in both of the
trials were in the range of less than a centimeter. This can be
considered a promising result for the further implementation
of the APLM as a part of the range-based WCE localiza-
tion. In future work, the corresponding positioning errors in
2-D and 3-D should be evaluated, to provide a more compre-
hensive analysis of the suitability of the proposed model for
precise estimation of the unknown capsule location.
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