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Abstract—Ingestible and implantable antennas are widely used
in current in-body bioelectronic devices. This paper aims to
examine the behavior of magnitude and phase of the reflection
coefficient of ingestible antennas in the gastrointestinal tract for
the purpose of sensing and distinguishing the gastrointestinal
tissues (stomach, small intestine, and large intestine). In this
context, the paper presents the changes in these parameters
for three common antenna types (dipole, loop, and patch) in
the interval of electromagnetic properties (relative permittivity
and electrical conductivity) of the gastrointestinal tissues. The
antennas operate in the 433 MHz Industrial, Scientific, and
Medical Band and conform to the inner surface of polylactic-
acid capsules with shell thicknesses of 0.2, 0.5, and 1 mm.
They are optimized in a homogeneous spherical phantom having
time-averaged electromagnetic properties of the gastrointestinal
tissues. The changes in the magnitude and phase are presented in
the intervals of 57–72 for the relative permittivity and 0.5–2.1 S/m
for the conductivity, covering the values of the gastrointestinal
tissues. The results show that the phase varies in wider intervals
than the magnitude, mostly due to the changes in the conductivity,
indicating that it is better to track the phase for distinguishing
the gastrointestinal tissues.

Index Terms—Antenna impedance, conformal antennas, in-
body antennas, ingestible devices, wireless bioelectronics.

I. INTRODUCTION

In recent years, the number of wireless biomedical de-
vices used in health-related sensing applications has greatly
increased. Implantable and ingestible bioelectronics are among
medical devices that operate inside of the body and can be
implemented to sense and actuate physiological parameters of
humans [1], [2] and animals [3]. Different application fields of
bio-sensing devices include, for example, endoscopy [4]–[6],
neuro-recording [7], [8], and vascular blood flow sensing [9],
[10].

In-body bioelectronics devices require several components
that must be integrated inside a small area to achieve their task
effectively [11]. Among these components, the implantable or
ingestible antenna has a crucial role not only in the communi-
cation but also in the sensing performance of the entire system,
and meticulous design of such multiplexed sensor–antenna can
significantly improve the overall performance of the device in
terms of both sensing and radiation performance [12]–[14].
Various types of multiplexed biosensor antennas such as helix
[9], multiple-input-multiple-output (MIMO) [15], and loop
antennas [16] have been proposed for in-body applications.

One of the antenna parameters that is frequently tracked
in biosensing applications is the reflection coefficient (in
particular, the resonant frequency) of the in-body antenna, as
in [17] and [18]. The reflection coefficient is tracked mostly
in the cases where it is likely to observe a change in the
electromagnetic (EM) properties (relative permittivity, εr, and
electrical conductivity, σ ) of the environment, which is the
subject of sensing, as these properties affect the reflection
coefficient. One of the biological environments where this
methodology can be employed is the gastrointestinal (GI) tract.
The GI tissues (stomach, small intestine, and large intestine)
have varying and nondeterministic EM properties [19], which
leads to changes in the reflection coefficient (both in magni-
tude and in phase) of a capsule-integrated ingestible antenna as
the capsule advances through the GI tract. By tracking these
changes, it can be possible to sense and distinguish the GI
tissues from each other and to locate the capsule inside the GI
tract in real-time, which can help identify specific pathologies
such as gastroparesis [20].

In this context, this paper examines the effect of a range of
EM properties encountered in the GI tissues on the magnitude
and the phase of the reflection coefficient of ingestible anten-
nas using three types of typical antennas (dipole, loop, and
patch). The main focus of the paper is to examine the phase;
however, magnitude variations are also presented for the sake
of completeness. The paper also aims to determine which of
these two parameters is better to track for distinguishing the GI
tissues. The results presented in this paper can be considered as
a guideline for designing antennas with sensing functionalities
in the GI tract.

II. ANTENNA MODELS AND SIMULATION SETUP

Three antenna models that were previously designed by the
authors are used for the examination in this paper: the dipole,
the loop, and the patch antenna shown in Fig. 1. The dipole
and the loop are meandered antennas, and the details for their
design can be found in [20] and [21]. The patch antenna
consists of two identical radiating elements having stepped
transition that are connected to each other with a meandered
microstrip line. This antenna is explained in detail in [22].
The antennas are designed on a 20 mm × 54 mm 127-µm-
thick Rogers 5880 substrate (εr = 2.2, [23]) and conform to
the inner surface of polylactic-acid (PLA, εr = 2.7) capsules
as seen in Fig 2. They are optimized using CST Studio
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Fig. 1. Models of the dipole, loop, and patch antenna used for the examina-
tion.

TABLE I
OPTIMIZED VALUES OF PARAMETRIZED DIMENSIONS FOR DIPOLE AND

LOOP ANTENNAS

t Length Width Trace Width Feed Offset N
(mm) (mm) (mm) (mm) (mm)

Dipole
0.2 14.1

0.250.5 1.9 17.4 6.6 6
1 20.35

Loop
0.2 14.4 1.95

0.25 *
6

0.5 13.9 1.35 9
1 14.3 1 13

Suite (Dassault Systèmes Simulia Corp.) to operate in the
433 MHz Industrial, Scientific, and Medical (ISM) Band for
three different shell thicknesses (t = 0.2,0.5, and 1 mm) in
a spherical homogeneous phantom having time-averaged EM
properties of the GI tract (εr = 63, σ = 1.02 S/m at 434 MHz,
[21]) as visualized in Fig. 2. These three thickness values are
selected to show the dependency of the changes on the shell
thickness and to provide further insight. The optimized values
of parametrized dimensions are tabulated in Table I for dipole
and loop antennas and in Table II for patch antennas. Note that
the parametrization of the dimensions of the antennas are the
same as in reference publications [20]–[22], hence not repeated
here.

To observe the effect of the EM properties on the reflection
coefficient, the relative permittivity and the conductivity of the
phantom are changed separately. The range for the EM prop-
erties of the GI tissues at 434 MHz is 62–67.2 for the relative
permittivity and 0.87–1.92 S/m for the conductivity [24]. To
include possible variations depending on the individual (due
to age, sex, etc.), the relative permittivity is varied between
57–72 with increments of 0.5, and the conductivity is varied
between 0.5–2.1 S/m with increments of 0.05 S/m. As one
of the variables is varied in its interval, the other one is kept
constant at its time-averaged value.

Fig. 2. Loop antenna conforming to the inner surface of the PLA capsule
and the capsule placed in the middle of the spherical homogeneous phantom
for simulations (units: mm).

TABLE II
OPTIMIZED VALUES OF PARAMETRIZED DIMENSIONS FOR PATCH

ANTENNAS

t l1 lc w1 w2 wc ws

(mm) (mm) (mm) (mm) (mm) (mm) (mm)

Patch
0.2 6 1.83 22 0.5 1.99 3.2
0.5 8.1 2.53 36.5 1.35 4.41 5.9
1 8.25 2.58 51.2 1.75 6.55 7

III. RESULTS AND DISCUSSION

A. Relative Permittivity

Fig. 3 shows the behaviour of the magnitude and the
phase of the reflection coefficient for all antennas in the
determined interval of the relative permittivity. It can be seen
that the magnitude tends to either monotonically increase or
monotonically decrease with increasing relative permittivity
for all antennas. The maximum difference in the magnitude is
observed for the loop antenna with t = 0.2 mm (7.1 dB from
εr = 57 to εr = 72). As for the phase, the maximum difference
is observed for the dipole antenna with t = 0.2 mm (43.7◦

from εr = 57 to εr = 72).

B. Electrical Conductivity

Fig. 4 shows the behaviour of the magnitude and the phase
of the reflection coefficient for all antennas in the determined
interval of the conductivity. It is observed that the magnitude
makes a peak at a value in the given interval for all antennas,
contrary to the results obtained with the relative permittivity.
The maximum difference in the magnitude is observed for the
dipole antenna with t = 0.2 mm (17.2 dB from σ = 0.7 S/m
to σ = 2.1 S/m). As for the phase, it tends to either mono-
tonically increase or monotonically decrease with increasing
conductivity, and the maximum difference is observed for the
dipole antenna with t = 0.2 mm (163.7◦ from σ = 0.5 S/m to σ

= 2.1 S/m). It can also be seen that the phase values change in
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Fig. 3. The effect of the relative permittivity on the magnitude and the phase of the reflection coefficient for dipole, loop, and patch antennas.

Fig. 4. The effect of the conductivity on the magnitude and the phase of the reflection coefficient for the dipole, loop, and patch antennas.
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wider intervals with varying conductivity compared to relative
permittivity, indicating that the phase is more susceptible to
the changes in the conductivity. Moreover, it is observed that
the interval of changes for both magnitude and phase decreases
with increasing shell thickness since the fields radiated from
the antennas extend less into the tissue.

C. Comments on Sensing Capabilities

From the results in Fig. 3 and Fig. 4, it is observed that
the phase values change in wider intervals than the magnitude
values. In particular, they change predominantly due to the
variations in the conductivity. This shows that it is better
to track the changes in phase rather than in magnitude for
sensing and distinguishing the GI tissues from each other. In
this context, it can be seen that the phase values have the
widest interval for dipole antennas. This emphasizes that the
dipole antenna is the best option for sensing purposes in the GI
tract among these three typical types of antennas. Moreover,
the interval of values increases with decreasing shell thickness,
indicating that using a thinner shell may increase the sensing
capability. However, the designer should keep in mind that
decreasing the shell thickness may also decrease the radiation
efficiency as the fields radiated from the antenna extend more
into the tissues in this case. This is left out of the scope of
this paper.

IV. CONCLUSION

This paper examined the behaviour of the reflection coeffi-
cient of three common ingestible antenna types in the GI tract
with the aim of distinguishing GI tissues from each other. Con-
formal dipole, loop, and patch antennas operating in the 433
MHz ISM band were simulated in the spherical homogeneous
phantom with varying relative permittivity and conductivity.
The relative permittivity was changed between 57–72, and the
conductivity was changed between 0.5–2.1 S/m. Changes with
wider intervals were observed in the phase values, making it
a better option to distinguish the GI tissues. Our current work
aims at fabrication of the antennas with corresponding RF
circuitry [25] and experimental validation in phantoms as well
as in animal models for pre-clinical validation. These results
will be presented at EuCAP 2024.
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