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A Wideband Circularly Polarized Conformal
Endoscopic Antenna System for

High-Speed Data Transfer
Rupam Das and Hyoungsuk Yoo

Abstract— In this paper, a conformal wideband circularly
polarized (CP) antenna is presented for endoscopic capsule
application over the 915-MHz Industrial, Scientific, and Med-
ical (902–928 MHz) band. The thickness of the antenna is
only 0.2 mm, which can be wrapped inside a capsule’s inner
wall. By cutting meandered slots on the patch, using open-end
slots on the ground, and utilizing two long arms, the proposed
antenna obtains a significant size reduction. In the conformal
form, the antenna volume measures only 66.7 mm3. A single-
layer homogeneous muscle phantom box is used for the initial
design and optimization with parametric studies. The effect
of the internal components inside a capsule is discussed in
analyzing the antenna’s performance and to realize a more
practical scenario. In addition, a realistic human body model
in a Remcom XFdtd simulation environment is considered to
evaluate the antenna characteristics and CP purity, and to
specify the specific absorption rate limit in different organs
along the gastrointestinal tract. The performance of the proposed
antenna is experimentally validated by using a minced pork
muscle phantom and by using an American Society for Testing
and Materials phantom immersed in a liquid solution. For
measurements, a new technique applying a printed 3-D capsule is
devised. From simulations and measurements, we found that the
impedance bandwidth of the proposed antenna is more than 20%
and with a maximum simulated axial ratio bandwidth of around
29.2% in homogeneous tissue. Finally, a wireless communication
link at a data rate of 78 Mb/s is calculated by employing link-
budget analysis.

Index Terms— Capsule endoscope (CE), circular polarization,
Industrial, Scientific, and Medical (ISM) band, ingestible devices,
link budget.

I. INTRODUCTION

THE endoscopic diagnosis system is essential in the
medical field for its ability to properly diagnose and

treat conditions in the digestive tract. In the traditional wired
endoscopic procedure, only the upper 120 cm of the stomach
and small intestine can be imaged, not the remaining parts of
the colon and rectum. To examine these remaining parts, there
is another diagnosis procedure called colonoscopy. Moreover,
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these types of systems can induce discomfort or pain and can
cause an infection (unless sterilized), because they are used
multiple times on different patients. In addition, it is difficult
to access regions of the twisted large intestine by means of
wired endoscopy. Hence, capsule endoscope (CE) systems
were invented to overcome these restrictions [1]–[4], and they
can perform endoscopy and colonoscopy simultaneously.

Generally, a CE contains a small camera, a wireless IC
transceiver, LEDs, batteries, an optical dome, and an antenna
at dimensions of 26 mm × 11 mm [5], as shown in Fig. 1.
The antenna system in the CE is used for telemetry [6].
Designing a suitable antenna for a CE is of a great challenge
due to the small capsule size and the variable properties of the
digestive organs. Wide bandwidth is also a required feature
for high-resolution data transmission. Therefore, designing an
implantable or ingestible antenna is currently attracting a lot of
attention [7]–[13]. In the previously used capsule endoscopy
products, the data rate of the images was a few megabits
per second because of the limitations of the technology in
this field [14]. However, recently developed high-definition
complementary metal–oxide–semiconductor (CMOS) image
sensors provide up to 30 frames/s at 1920 × 1080 pixels
per frame and a data rate of 78 Mb/s [15]. Furthermore,
the selection of a proper operating frequency has received
significant attention, as there are some popular bands available.
For instance, the 402-MHz Medical Implant Communication
Service is a global license-free service that has a small
bandwidth, and is improper for CE application. The 2.45-GHz
Industrial, Scientific, and Medical (ISM) band, on the other
hand, offers a larger bandwidth [16].

An endoscopic capsule benefits from a circularly polar-
ized (CP) antenna due to the reduction of multipath dis-
tortion and improvement in bit error rate. There are a
few studies related to circular polarization of implantable
antennas [5], [17]–[19]. In most of these studies, high-
frequency bands (1.4 or 2.45 GHz) are used for circular
polarization. Liu et al. [17] discussed a CP microstrip patch
antenna in the ISM band, but it has a poor axial ratio (AR) and
impedance bandwidth. Liu et al. [18] furthered their own work,
and a much improved AR and impedance bandwidth were
obtained by employing a helical antenna. They also discussed
CP purity, and evaluated the communications link by using
an omnidirectional CP external antenna. Nonetheless, higher
frequencies (above 1 GHz) may cause increased radiation loss
due to liquid body tissues [20]. In addition, present leading
wireless systems like ZigBee (IEEE 802.15.4), wireless local
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Fig. 1. Overview of capsule endoscopy and capsule details.

area networks, and Bluetooth (IEEE 802.15.1) operate in the
2.4-GHz ISM band and create strong interference with each
other when located in the same place [21]. Besides these,
the free space path loss increases with the high frequencies,
which can leave inadequate separation between the transmitter
antenna and external receiver. To maintain safety in such
exposures, specific absorption rate (SAR) is also an issue at
high frequencies. Hence, a frequency band that can offer a
small size and a reasonable AR and impedance bandwidth
while adhering to the SAR safety limit is desired [16].

In this paper, a wideband thin (0.2 mm) conformal patch
antenna with a volume of 66.7 mm3 is proposed for wireless
CE application in the 915-MHz ISM band. To achieve minia-
turization of the proposed antenna, an angled meandered slot
on the patch and an open-end ground slot are used. Circular
polarization is obtained by wrapping the antenna around an
ingestible capsule, and by creating a helical shape [22]. This
paper is composed as follows. In Section II, the flat geometry
of the proposed antenna is discussed, as well as the antenna’s
conformal shape by using a standard 11 mm × 26 mm
capsule. Initially, the capsule antenna was simulated inside a
50-mm deep homogeneous muscle phantom using ANSYS,
Inc.’s HFSS software without defining any inner capsule
components. Then, antenna performance in terms of flat and
conformal versions is discussed, and circular polarization of
the conformal antenna is analyzed by using vector current
distributions. In addition, variations in AR performance with
respect to conformal antenna orientation are included. The
parametric study and optimized design of the proposed antenna
are explored. Detuning of the proposed conformal antenna is
also observed by placing a metallic battery and other auxiliary
parts inside the capsule. Next, the CP purity and SAR of the
proposed antenna are investigated by placing it in a realistic
human model in a Remcom XFdtd simulation environment.
In Section III, to keep the antennas conformal shape, a spe-
cial arrangement inside a printed 3-D capsule is considered.
The performance of the conformal antenna is measured by

using minced pork, and by applying it in an American Society
for Testing and Materials (ASTM) phantom containing a liquid
solution. Finally, approximation of a 78-Mb/s communications
link is calculated by using antenna link-budget analysis.

II. METHODOLOGY

A. Layout of the Proposed Antenna

The geometry of the proposed two-layer conformal antenna
is depicted in Fig. 2. This antenna has two long arms, and
is generally a microstrip patch antenna with a coaxial feed
of 0.3 mm in diameter located at the edge of one arm,
as shown in Fig. 2(a). On the other arm, one slot is placed in
the ground, which introduces an additional parasitic element.
In addition to this slot, there are two more open-end slots on
the ground surface near the two arms, which help in antenna
miniaturization.

The radiating patch has a serpentine structure that is
made by placing different lengths of angled meandered slots
at a 49.5° angle against the direction of the arms. The
details of slots configuration in the radiating patch are illus-
trated in Fig. 2(b). To give the conformal shape, Rogers
ULTRALAM 3850HT (εr = 3.14, tanδ = 0.002) liquid
crystalline polymer (LCP) material is used as substrate and
superstrate. A 0.1-mm thickness for this material was chosen.
In the flat form, the antenna occupies a volume of 53.5 mm ×
10 mm × 0.2 mm (107 mm3), and in the conformal shape,
the proposed antenna easily fits into an 11 mm × 26 mm
standard endoscopic capsule with a volume of 66.7 mm3, or
π × 10 mm × (5.42–5.22) mm2, as seen in Fig. 2(c) and (d).
The thickness of the capsule is 0.1 mm, and the material is
defined as biocompatible polyethylene (εr = 2.25, tanδ =
0.001) [18]. To tune the antenna, ground slot position P1 and
the dimensions of S1, S2, and S3 can be varied. In addition,
meandered slot (S4, S5, S6, and S7) dimensions as well as
the slot angle (θ ) can be adjusted for tuning. Section II-
C discusses the effect of P1 and slot angle θ on antenna
performance.

B. Simulation Environment

The proposed antenna arrangement was simulated by plac-
ing it at a 50-mm depth inside a homogeneous muscle
phantom with dimensions of 100 mm ×100 mm ×100 mm,
as visualized in Fig. 3. The muscle electrical properties were
εr = 55 and σ = 0.948 S/m at 915 MHz [23]. Primarily,
this homogeneous muscle phantom was considered for easy
optimization of the antenna. For simplicity, the associated elec-
tronic components were initially ignored, and only the antenna
was placed inside the capsule, as seen in Fig. 3. The inside of
the biocompatible polyethylene capsule is considered empty.
However, the effect of the electronic circuitry and batteries
on the proposed antenna will be discussed in a later section.
HFSS was used for homogeneous phantom simulations.

The reflection coefficient (|S11|) of the antenna in the flat
form and in the conformal form is depicted in Fig. 4. From
Fig. 4, we can see that the conformal shape of the antenna
improves the performance as well as the bandwidth. This is
because, in the folded version of the antenna, the two long
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Fig. 2. Detailed antenna architecture (unit: mm): (a) Antennas flat side
view associating the ground and patch. (b) Patch dimensions. (c) Capsule
dimensions. (d) Capsule internal details with a conformal antenna.

arms introduce parasitic capacitance between themselves and
the radiating patch element as indicated in Fig. 4. These par-
asitic elements are not present in the flat form of the antenna.

Fig. 3. Homogeneous muscle phantom simulation setup for numerical
calculations in HFSS.

Fig. 4. Simulated reflection coefficient for the flat and conformal versions
of the proposed antenna.

The proposed conformal antenna has a −10 dB impedance
bandwidth of 185 MHz (780–965 MHz).

Antennas produce CP waves when two orthogonal field
components with equal amplitude, but in phase quadrature,
are radiated. The circular polarization of the proposed antenna
can be realized by analyzing the surface current distributions
in different phases, as shown in Fig. 5. For θ = 0° and 180°,
the bulk of the surface current flows in the two arms of the
antenna but in an opposite direction in each phase, as shown
in Fig. 5(a) and (b). In contrast, for θ = 90° and 270°, most
of the surface currents follow the slots of the serpentine patch
structure, and this patch lies in an orthogonal direction to
the arm in the conformal form. Fig. 5(c) and (d) demonstrates
the current distributions at θ = 90° and 270°, respectively. The
cumulative effects of these surface currents in different phases
generate the circular polarization. The AR is shown in Fig. 6.
CP radiation is usually characterized at an AR of 3 dB. There-
fore, for simplicity, the y-axis ticks are normalized (multiples
of three) to 3 dB for all AR calculations. From Fig. 6, we found
that the antenna has a 3-dB AR bandwidth of 222 MHz



DAS AND YOO: WIDEBAND CP CONFORMAL ENDOSCOPIC ANTENNA SYSTEM FOR HIGH-SPEED DATA TRANSFER 2819

Fig. 5. Simulated vectors of surface current distributions of the conformal
antenna at 915 MHz in HFSS at phase: (a) θ = 0°, (b) θ = 180°, (c) θ = 90 °,
and (d) θ = 270°.

Fig. 6. Simulated normalized 3-dB AR (in the main radiation direction)
for flat and conformal versions of the proposed antenna in a homogeneous
muscle phantom.

(900–1122 MHz) in the conformal shape; however, when flat,
the antenna is linearly polarized. The proposed antenna has
a peak gain of −19.4 dBi in a homogeneous phantom at
915 MHz. A closer look at Fig. 5(a) and (c) helps us to
realize the direction of the surface current that flows from the
lower arm at θ = 0°, and then we see that the radiating patch
at θ = 90° is counter clockwise. Therefore, the suggested
antenna has left-hand circular polarization (LHCP) with cross-
polarization discrimination (XPD) of −17 dB in the main
radiation direction.

For further explanation of the circular polarization, there are
two cases to be considered. One is a helix (in conformal form),
and another is a slot. It is well known that when the helix
circumference is about one wavelength it radiates a CP wave.
This mode of radiation is called the axial or beam mode, which

may be dominant over a wide frequency range with desirable
pattern, impedance, and polarization characteristics. On the
other hand, by introducing the perturbations along the diagonal
directions of a square patch using arbitrarily shaped slots with
a feed location along the orthogonal axis, two orthogonal
modes with a 90° phase shift (circular polarization) can be
achieved [24]. Furthermore, slots can be used for antenna
miniaturization.

For the proposed antenna, at L y = Lx = 10 mm, a square
patch is formed, as shown in Fig. 2, and the patch has
arbitrary diagonal slots along with a feed in the orthog-
onal directions (i.e., in one of the arms). However, when
flat, these slots are not good enough to produce circular
polarization (Fig. 6). Hence, the helix form is introduced by
giving the proposed antenna a conformal shape, where two
long arms act as two turns of the helix. This helix has a
circumference of ≈ 33 mm (π× the diameter of the conformal
antenna). As the proposed antenna is placed inside different
dielectric materials (such as tissue or substrate/superstrate
material), the effective wavelength decreases, and it can be
estimated at around 25∼30 mm. Since, the circumference of
the conformal antenna is almost equal to the effective wave-
length, it can therefore radiate a CP wave in the direction of
maximum or main radiation. This maximum radiation direc-
tion is always normal to the surface of the slot, as visualized
in the 3-D polar plot of Fig. 6. It is obvious from Fig. 6 that
theta = 0° is the main radiation direction for this particular
orientation of the proposed antenna. According to [24], it was
also found that orthogonal modes are typically excited if slots
are placed at θ = 45° to the axis of the feed location (Fig. 2).
Therefore, parametric studies of the proposed antenna in terms
of different slot angles will be discussed in the following
section.

C. Parametric Studies of the Proposed Antenna

Parametric studies of an antenna play an important role in
optimization, as well as for adapting the antenna to different
scenarios. For the proposed antenna, the important parameters
are considered to be the ground slots, the radiating patch slot
angle (θ ), and the length of the two arms, as well as the
radiating patch. A detailed study of each parameter is beyond
the scope of this paper. Nevertheless, variation of slot angle θ ,
which controls the antenna bandwidth, along with variation of
slot position P1 and patch dimensions L y is discussed below.
In addition, dielectric permittivity variations also carried out to
extend the range of the antenna for different flexible dielectric
substrates.

1) Radiating Patch Slot Angle: Parametric studies of the
proposed antenna in terms of different slot angle are illustrated
in Fig. 7. The slot angle was varied from 45° to 30°. The
|S11| curve in Fig. 7(a) reveals that the impedance band-
width (−10 dB) of the antenna decreases as θ changes from
45° to 30°. The AR curve in Fig. 7(b) shows that some
pronounced peaks and dips exist when θ decreases from 45°.
As a consequence, the AR bandwidth is also reduced with
a reduction of slot angle θ (see Fig. 2). Therefore, for the
proposed antenna, the slot angle has a significant effect on
the antenna bandwidth (impedance and AR) as compared with
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Fig. 7. Parametric studies of the proposed antenna with a different slot
angle θ . (a) Reflection coefficients. (b) Normalized 3-dB AR.

changes or shifts in the resonant frequency. Moreover, circular
polarization purity (AR < 3 dB) at the desired resonant
frequency (i.e., 915 MHz) also deteriorates with a decreasing
slot angle.

2) Variation in Ground Slot Position P1 and Patch Dimen-
sion L y: Fig. 8 shows the parametric studies of the antenna
with different slot positions, P1, as well as with different
patch dimensions, L y . The proposed antenna has two resonant
frequencies, which can be confirmed from |S11| in Fig. 8(a).
By changing P1, the second resonant frequency of the reflec-
tion coefficient can be shifted, as seen in Fig. 8(a). However,
the resonant frequency of the normalized 3-dB AR remained
almost unchanged as we varied P1, as visualized in Fig. 8(b).
Therefore, circular polarization purity can be maintained while
changing P1. On the other hand, changes in patch dimen-
sion L y alter both resonant frequencies of the reflection
coefficient, as depicted in Fig. 8(c). There is a subtle change
in the resonant frequency of the AR owing to variation of L y ,
as indicated in Fig. 8(d).

3) Variation in Antenna Dielectric Permittivity (εr ): The
Rogers ULTRALAM 3000 series utilizes a highly temperature-
resistant LCP as dielectric film and εr varies between 2.9
and 3.14, whereas the polyamide substrate εr lies between
3 and 4. Hence, the most common flexible substrate for
εr ranges from 2 to 4. Fig. 9 shows the variation of |S11| and
AR values with respect to different εr . As shown in Fig. 9(a),
changes in substrate (as well as superstrate) permittivity signif-
icantly affect the antenna |S11| characteristics. From Fig. 9(b),

Fig. 8. Parametric studies of the proposed antenna with different
(a) and (b) ground slot positions P1 and (c) and (d) patch dimensions L y .

it is obvious that the CP purity and AR bandwidth also
change due to different εr . Hence, proper tuning is required
based on the substrate used to achieve the optimum antenna



DAS AND YOO: WIDEBAND CP CONFORMAL ENDOSCOPIC ANTENNA SYSTEM FOR HIGH-SPEED DATA TRANSFER 2821

Fig. 9. Parametric studies of the proposed antenna with a different εr .
(a) Reflection coefficients. (b) Normalized 3-dB AR.

performance. In this paper, the antenna is optimally tuned
for the Rogers ULTRALAM 3850HT material (εr = 3.14,
tanδ = 0.002).

Therefore, from the parametric studies of the suggested
antenna, we can conclude that the slot angle (θ ) has a
significant effect on impedance and AR bandwidth, and cir-
cular polarization purity degrades for θ < 35°. In addition,
alterations in ground slot positions and patch dimensions
result in changes in the resonant frequency of the reflec-
tion coefficient by maintaining circular polarization purity.
The permittivity of the antenna substrate material also has
a major influence on the antenna characteristics. Based on
these simulations, we obtained a maximum impedance band-
width (780–968 MHz) of 198 MHz (21.6%) and an AR
bandwidth (900–1168 MHz) of 268 MHz (29.2%) for θ =
45° and P1 = 3.5 mm, and L y = 10 mm. The proposed
capsule antenna can cover the entire 902–928-MHz band,
hence, these modified antenna parameters were considered
for the rest of the study. For the ingestible antenna, a larger
bandwidth than the allowed bandwidth is desirable. Ingestible
devices (such as the CE) will move through different tissues
while scanning the gastrointestinal (GI) tract. As the electrical
properties of each tissue differ, antenna characteristics may
also change. In addition, human tissue tends to change prop-
erties with age, and therefore, having a larger bandwidth is an
advantage [25].

Fig. 10. Performance of the proposed conformal antenna with electrical
components. (a) Reflection coefficients. (b) Normalized 3-dB AR.

D. Electrical Component Consideration for
the Capsule Endoscope System

Up to now, the biocompatible polyethylene capsule was
considered to be empty. However, in a practical scenario,
the inside of this capsule will contain electrical components,
as shown in Figs. 1 and 2(c). Therefore, it is necessary to
check for any coupling issue between the proposed antenna
and the electrical components. To do this, most of the internal
parts of Fig. 1, such as the CMOS camera, the lens holder, and
the spacer, are considered to be dielectric. The optical dome
material is assigned as a vacuum, and for the batteries perfect
electric conductor material was selected. After considering
all the internal parts, the antenna gain was reduced from
−19.4 to −25.2 dBi and a detuning effect was also observed,
as shown in Fig. 10. This detuning of the antenna occurred
mainly due to the metallic batteries. When the batteries are
kept near the antenna, severe reflection has been observed as
shown in Fig. 10(a). The AR curve in Fig. 10(b) shows that
some pronounced peaks and dips exist when d = 0 mm. As a
consequence, the AR bandwidth as well as the impedance
bandwidth are also reduced when d = 0 mm. Nonetheless,
if the batteries are placed farther away from the antenna,
at a distance d = 1 mm, the effect is neutralized gradually,
as depicted in Fig. 10. Therefore, metallic components such
as batteries should be placed at a minimum distance of 1 mm
from the antenna ground slot to reduce coupling. However,
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Fig. 11. 3-D realistic human voxel model used to test the antenna
performance.

such a separation (1 mm) in a biomedical device is generally
not acceptable because these devices tend to be very small.
Hence, strategic management of the capsule components is
required, where conductive components should remain at a
distance of 1 mm from the ground slot.

E. Analysis of the Proposed Antenna in
a Realistic Human Model

So far, the homogeneous muscle phantom is used to analyze
and optimize the suggested antenna with different capsule
components. It should be pointed out that a homogeneous
phantom will also be used for measurements, and measured
results will be compared with the simulated version for eval-
uation. However, the human body is not homogeneous, and a
realistic human body consists of various heterogeneous tissues.
Therefore, it is very important to stretch this study into a more
practical human body model in the Remcom XFdtd simulation
environment. The human model in Remcom has 39 different
tissue types [26]. Fig. 11 shows this model, along with the
portion of this body [rectangular box] used for the simulation.
The volume chosen for the simulation (60 cm × 34.2 cm ×
55 cm) is higher than the volume of the homogeneous phan-
tom (Fig. 3), and the performance of the conformal antenna
is checked in the stomach, the small intestine, and the large
intestine (or colon). The depths of the implant are different,
relative to the organs.

The simulated reflection coefficient is visualized in Fig. 12
for various cases. The results indicate that |S11| of the
proposed antenna is not affected due to the different tissue
environments, and it can cover the 915-MHz ISM band. The
results also demonstrate the accuracy of the homogeneous
muscle phantom model in Fig. 3, especially for |S11|.

The simulated radiation patterns and AR of the con-
formal antenna for three implant locations are depicted in
Fig. 13(a)–(c). AR was chosen in the direction of maximum
radiation for each organ. The maximum radiation directions
on the Y Z plane in the stomach, small intestine, and colon
are 150°, 75°, and 50°, respectively. The maximum 6-dB
beamwidth is obtained in small intestine, which is more
than 120°. Table I compares the performance of these three

Fig. 12. Simulated |S11| of the proposed antenna in homogeneous muscle
phantom in HFSS of Fig. 3 and in heterogeneous body model of Remcom
XFdtd.

Fig. 13. Simulated normalized 3-dB AR and radiation patterns of the
proposed antenna at 915 MHz in (a) stomach, (b) small intestine, and
(c) large intestine.

implant positions at 915 MHz. From Table I, it is clear that
the peak gain in the stomach and colon is higher than in the
small intestine. This could be due to the fact that the small
intestine (εr = 59, σ = 2.17 S/m) has higher conductiv-
ity (lossy components) than the large intestine (εr = 57.9,
σ = 1.09 S/m) and stomach (εr = 65, σ = 1.19 S/m)
at 915 MHz. Because of the higher conductivity, antenna
bandwidth and CP purity also deteriorate for the small intes-
tine, as compared with the colon and stomach. However,
the small intestine offers the highest 6-dB beamwidth of 138°
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TABLE I

PERFORMANCE OF THE PROPOSED ANTENNA IN REMCOM
XFdtd ENVIRONMENT AT 915 MHz

TABLE II

MAXIMUM POWER FOR SATISFYING THE SAR STANDARD

IN THE HUMAN BODY AT 915 MHz

from among the three digestive organs. The antenna gain
in all cases is lower than the HFSS-simulated homogeneous
phantom model because of the higher simulation volume in
XFdtd. Nonetheless, the obtained gains from Remcom XFdtd
are more than acceptable [16].

Table II indicates the SAR study of the proposed antenna
inserted in three different human tissues. This study is required
to maintain the safety exposure limit, and to indicate the
maximum allowable power to the antenna. The 1- and 10-g
SAR is limited to 1.6 and 2 W/Kg, respectively, for the
implantable antenna system [13]. In order to meet the reg-
ulation, the allowed transmitter power is 7.6 mW for 1-g SAR
and 30.54 mW in case of 10-g SAR (small intestine, Table II).
Similar result also found in [18]. These values are much
higher than the required transmitter power (25 μW); therefore,
SAR should not be a problem for the proposed antenna.

III. EXPERIMENTAL MEASUREMENT

In most previous studies [12]–[19], [27]–[28], the designed
antenna was placed directly inside the phantom for mea-
surement purposes. However, these experimental procedures
did not completely mimic a practical application scenario.
In reality, the antenna is inside an endoscopic capsule that
is hermetically sealed, and this capsule will be in contact with
tissue. Therefore, to emulate a more realistic environment,
a 3-D capsule was designed to properly hold the proposed
conformal antenna. The capsule arrangement is depicted
in Fig. 14. A wheel is used to maintain the conformal shape
of the antenna. A hole in the capsule (top or bottom) was also
created so that coaxial cable can pass through it. The hole’s
radius should be equal to the radius of the outer conductor of
the coaxial cable.

The fabricated conformal and the fabricated capsule
arrangement for measurement are shown in Fig. 15(a) and (b),
respectively. The capsule material is acrylonitrile butadiene
styrene, which has dielectric properties identical to poly-
ethylene. The reflection coefficient measurement setup is
shown in Fig. 15(c). Initially, minced pork was used as a
phantom material. The experimental setup for the radiation
pattern measurement is shown in Fig. 15(d).

Fig. 14. Design of the 3-D capsule for measurement purposes.

Fig. 15. (a) Fabricated proposed conformal antenna. (b) Printed 3-D capsule
along with the conformal antenna. (c) Reflection coefficient measurement
setup in minced pork. (d) Radiation pattern measurement setup using minced
pork. (e) Experimental setup for reflection coefficient measurement in a liquid
ASTM phantom.

After being swallowed by the patient, an endoscopic capsule
will pass through different tissues having different electrical
properties, as discussed earlier. Furthermore, the permittiv-
ity and conductivity of human tissue are frequency depen-
dent [29]. Therefore, a single phantom property that can
be simplified for the electrical properties of body materi-
als should be considered for measurements. The properties
of this material include a dielectric constant of 56.7 and
a conductivity of 0.94 S/m [29]. Consequently, an ASTM
phantom [30] containing water, alcohol (such as methanol),
and salt (NaCl) is also considered for only |S11| measurement.
The experimental setup is shown in Fig. 15(e).

The coaxial (feed) cable may alter antenna performance
by giving rise to radiating currents on the outer part of
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Fig. 16. (a) Simulated and measured reflection coefficients. (b) Far-field
gain radiation patterns of the proposed conformal antenna in a homoge-
neous muscle phantom and in the minced pork. Elevation (X Z plane) and
Azimuthal (XY plane).

the cable. In most cases, implantable antennas have only a
superstrate, and the ground plane, along with the cable, are
in direct contact with the experimental phantom. Owing to
the significant losses of the phantom, the currents on the back
side of the antenna ground plane are weakened, and restrict the
current flow on the cable. Consequently, the feeding cable has
a negligible effect during measurement [27]. However, if the
whole implantable antenna is encapsulated by a biocompatible
plastic to mimic subcutaneous implantation (similar to our
study), then considerable change in antenna performance can
be found, depending on the feeding technique.

One important finding of [27] is that if the electrical
size (compared the proposed frequency) of a biocompatible-
encapsulated implantable antenna is significant, then the
feeding cable role is not notable. In other words, the coaxial
cable effect is of great importance at a lower frequency,
such as 400 MHz, where antennas are very small compared
with wavelengths. In the proposed antenna, the wavelength is
comparable with antenna size (as described in Section II-B);
therefore, the effect of the feeding technique (contact or insu-
lation) can be ignored. Nevertheless, to free the cable from
phantom contact during measurement, additional wires were
inserted, as shown in Fig. 15(b). A comparison between
the measured and simulated reflection coefficients is shown
in Fig. 16(a). Fig. 16(a) reveals that the measured result in
minced pork is almost identical to that of the simulated result,
except for a slight shift in the second resonant frequency.
However, a significant alteration in |S11| with the liquid phan-
tom was observed, as compared with the simulated version.
This frequency shift and mismatch may be due to the fact
that the two layers of the antenna (superstrate and substrate),

as shown in Fig. 15(a), were fabricated separately, and both
of these layers were combined by using an adhesive material.
Therefore, there can be a thin air gap between these layers,
and the properties of the adhesive material should also be
accounted for in the deviation. Moreover, during measurement
in the liquid phantom, some liquid may also enter the capsule,
which should account for the significant difference in the
reflection coefficient. Nonetheless, both measured cases still
maintain a satisfactory |S11| limit. The radiation pattern is
visualized in Fig. 16(b). In the simulation, the peak gain was
found to be −19.4 dBi, and in the minced pork, it was around
−26 dBi. The reduction in gain is reasonable, as the volume
of the experimental pork-muscle containment box was higher
than the simulated phantom box. In contrast, the shape of the
radiation pattern remains identical in both the elevation and
azimuthal planes. In addition, the measured gain is higher than
in most of the recent studies [16].

A. Wireless Communications Link Study
of the Proposed Antenna

To specify the range of the data telemetry link, a link
budget for wireless communications should be considered.
This calculation is associated with different losses, such as
free space loss (L f ), antenna mismatch loss, polarization
loss [31], and antenna base station cable loss. For a reliable
telemetry link, a CP antenna for base station is preferred as
it will provide less polarization mismatch loss. For simplicity,
an omnidirectional CP antenna (AR = 1 dB) is considered
as a receiver with a maximum gain of 2 dBi. Then, based
on Table I, the maximum polarization losses (PL ) in the
capsule antenna placed in the stomach, small intestine, and
colon are found to be 0.3, 0.65, and 0.4 dB, respectively.
Here, we considered the maximum polarization loss, as the
orientation of the conformal antenna cannot be adjusted when
the capsule scans the GI tract. The antenna mismatch loss is
neglected based on Fig. 12, as the antenna has a good match
in different tissues.

The input power (Pt ) to the implanted antenna is limited
to 25 μW (−16 dBm) [12]. The transmitter power level
is a vital section of the entire capsule endoscopic system.
This is due to the fact that transmitter power will markedly
affect the speed or data rate of the transmitter. Likewise,
high transmitter power would upgrade the power utilization
of the endoscope, in this way, lessen the working time of
the endoscope system. As indicated in [32], power supply
is a major concern in capsule endoscopy system integration.
Most industrially accessible endoscopic capsules incorporate
silver-oxide coin batteries in the case shell that last around
8–10 h at a voltage of 3 V at 55 mAh, with normal power
conveyance of 20 mW. By considering this condition, trans-
mitter power (Pt ) at −4 dBm was chosen for the link budget
study.

The required antenna power (Rp) is computed as

Rp(dB) = Eb

No
+ kTo + Br (1)

where Eb/No represents ideal phase-shift keying in decibels,
k is the Boltzmann constant, To is the temperature (in kelvin),
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Fig. 17. Distance versus margin in different implant locations at 915 MHz.

TABLE III

PARAMETER OF THE LINK BUDGET CALCULATION AT 915 MHz

and Br is the bit rate for transmission (in megabits per second).
Here, we chose Br = 78 Mb/s, as a CE requires high-speed
data transmission. The available antenna power (A p) is given
as

A p(dB) = Pt + Gt + Gr − Lf − PL (2)

where Pt is the transmit power (dBm), Gt is the gain of
the proposed antenna (dBi), Gr is the gain of the receiving
antenna (dBi), L f relates the free space loss (dB), and (PL )
represents the polarization mismatch loss (dB). If d (m) is the
separation between the transmitter and receiver, then (L f ) can
be written as

L f (dB) = 20 log10

(
4πd

λ

)
. (3)

Gani and Yoo demonstrated that an acceptable margin
of more than 20 dB is required between A p and Rp for
reliable communications [33]. Table III lists the parameters

used to calculate Rp and the A p. A distance versus margin
plot in Fig. 17 indicates that 78 Mb/s of data can easily
be transmitted a distance of 10 m for different implant
locations. The outcome demonstrates that communication is
conceivable when the antenna is placed in different implant
positions. To add more, there is an effective edge for better
communication, regardless of the implant location, unlike the
study was done by Liu et al. [18]. The calculated distance
is significantly higher than the previous studies [18]–[19];
therefore, the proposed antenna is a good fit for the telemetry
in the endoscopic capsule devices at 915 MHz. However,
in reality, the antenna in the human body ought to have
more positions and orientations. The link budget analysis
is investigated here to initially assess the communications
capacity of the proposed antenna and external CP antenna.

IV. CONCLUSION

In this paper, a CP antenna is developed for a CE system in
the 915-MHz ISM band. The proposed antenna includes dif-
ferent slots in the ground and patch for miniaturization. These
slots can also be used for tuning purposes. The circular polar-
ization of the proposed antenna is visualized by using vector
current distributions. Circular polarization purity is evaluated
in terms of orientation of the capsule. Parametric studies of
the antenna are discussed to obtain the optimum design, too.
Antenna performance is also checked by introducing electronic
components inside the capsule and by placing the antenna in
a heterogeneous tissue environment under Remcom XFdtd.
It is found that the antenna may couple with conductive
components for a separation below 1.5 mm. From the XFdtd
results, we observed that the antenna |S11| is less sensitive
toward various tissues; however, polarization purity changes
in accordance with different tissues. The conformal antenna
has a maximum simulated gain of −19 dBi (homogeneous
muscle) and a minimum gain of −35 dBi (small intestine). The
maximum simulated AR bandwidth is 29%, and impedance
bandwidth is 21.6% in a homogeneous muscle phantom.
Experimental measurements were carried out by using minced
pork and by exerting an ASTM phantom containing a liq-
uid solution. Special arrangements for the experiment were
considered and discussed by using a printed 3-D capsule.
From measurements, the maximum gain was found to be
−26 dBi, and impedance bandwidth matched the simulated
results. Lastly, a wireless communications link for high-speed
data transfer was calculated by applying link-budget analysis.
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