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ABSTRACT This study presents a multi-band conformal antenna based endoscopic system for robust
biotelemetry communications, which covers five important bands, including the MedRadio (401-406 MHz),
Industrial, Scientific, and Medical (ISM) (433.1-434.8 MHz, 868-868.6 MHz, 902-928 MHz), and midfield
(1200 MHz) bands. These bands are intended for functions such as biotelemetry, power saving, and wireless
power transfer (WPT). The proposed antenna is printed on a flexible material Rogers ULTRALAM with a
thickness of only 0.1 mm, which can be easily wrapped around the inner wall of a capsule. Owing to the
insertion of the via and open-ended meandered slots in the radiator and in the ground plane, the footprints
of the suggested antenna reduce considerably. In the flat form, the antenna is 57 mm?> in volume, whereas
in the wrapped form, it is only 48.98 mm? in volume. In a homogeneous muscle phantom, the proposed
conformal antenna shows a 27.46% wider bandwidth at 402 MHz,whereas it shows a 13.2% and 5.42%
bandwidth at 915 MHz and 1200 MHz, respectively. Furthermore, the specific absorption rate investigation
at three resonance frequencies in various implanted locations shows compliance with the IEEE guidelines,
thereby guaranteeing human safety. For measurements, a 3D capsule with batteries and circuitry is devised
using a 3D printer, and the simulation results are experimentally validated in a box containing minced pork.
Finally, the robustness of the communication link is confirmed through the link budget analysis at 1 Mb/s. The
conformal design concept, omni-directional radiations, and multi-band functionality with a wider bandwidth
in the MedRadio band of the suggested antenna will enhance the diversity of the capsule endoscope and be

a good addition to the field of biotelemetry.

INDEX TERMS Biotelemetry, conformal antenna, link budget, multi-band, specific absorption rate.

I. INTRODUCTION

Wireless capsule endoscopy (WCE) is a noninvasive method
used to record and deliver images of the gastrointestinal (GI)
tract for medical analysis [1]. The WCE can examine
regions of the GI tract, which cannot be accessed using
the traditional wired endoscope. The antenna employed in
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WCE is responsible for the radiation and reception of the
electromagnetic (EM) waves, thereby enabling establishment
of a communication link between the external equipment
and the capsule. The establishment of a robust wireless link
between an endoscopic antenna and an external station is
challenging owing to various factors [2]. Recent studies on
capsule/endoscopic antennas have shown that conformal [3]
and embedded structures [4] are the preferred types of
antennas. The embedded-type antennas are set inside the
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endoscope cavity; however, they exhibit lower radiation
efficiency when compared to the conformal antennas. On the
contrary, the conformal antennas use only the outer or inner
surface of the capsule, thereby allowing the interior to be
utilized by the batteries and related circuitry. This allows an
antenna of a larger size to be used for better performance and
makes the most effective use of the available capsule surface
area [5].

Several frequency bands are allocated for biomed-
ical applications. Most of the commercially available
IWMDs (endoscopes) operate in the MedRadio frequency
band (401-406 MHz). The higher license free ISM bands
(0.915 GHz, 2.45 GHz, and 5.8 GHz) are preferred for appli-
cations requiring high data rates. However, at 2.45 GHz and
5.8 GHz, the losses become dominant owing to the increase in
the tissues conductivity with increase in frequency. Moreover,
these bands are overloaded due to its use by Bluetooth,
WLAN, ZigBee, and other modern wireless systems, thus
causing considerable interference. Additionally, the telemetry
range decreases due to increase in path-loss at higher
frequency bands. Consequently, a suitable frequency band
combining lower SAR, small size, and reduced interference
along with an adequate bandwidth, is essential. Therefore,
the 402 MHz MedRadio, 434 MHz, 868 MHz, and 915 MHz
ISM, and 1200 MHz midfield bands were targeted in this
study.

A two-layered single-band circular polarized (CP)
implantable antenna 15 mm x 15 mm x 1.27 mm in size
was proposed in [6]. Despite the superstrate and substrate
rigidity, a narrow simulated bandwidth of 97 MHz was
achieved in a cubic phantom assigned with electric properties
of human skin at 0.915 GHz. In [7], a multi-layered helical
antenna operating at 2.4 GHz was reported for endoscopy.
However, this helical implantable antenna has a small
gain of —32 dBi and a complex geometry with a bulky
volume of 302.05 mm?>. The single-band antennas may not
meet all the requirements of an implanted wireless medical
device IWMD) because these devices require operating
frequencies for functionalities such as wireless charging
and waking-up along with biotelemetry [8]. Consequently,
there has been an increased demand for multiband ingestible
antennas.

In literature, only a few ingestible implantable antennas
with dual- and triple-band operations have been pro-
posed [9]-[12]. Hence, the potentials of multi-band ingestible
antennas have not yet been completely exploited. In [9],
we reported a dual-band antenna with flower-shaped radiator
for skin implantations and endoscopy applications. Besides
the drawbacks regarding structural complexity and a small
gain at 2.45 GHz, the study lacked a system-level analysis.
Similarly, the two dual-band antennas proposed in [10]
and [11] may not comply with most IWMDs owing to the lack
of frequencies for power saving or wireless power transfer
(WPT).The tri-band implantable antenna [12] operating
at 0.915 GHz and 2.45 GHz industrial, scientific, and
medical (ISM) bands, and 1.9 GHz midfield band was
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designed on a rigid substrate for deep tissues and skin
implantation. However, the simulated bandwidths obtained
in these three bands were very small (8.7%, 7.3%, and
8.2% at 0.915 GHz, 1.9 GHz, and 2.45 GHz, respectively)
and therefore increased the possibility of detuning threats
in a practical scenario. In [13], a dual CP antenna having a
conformal structure and wide bandwidth characteristics was
proposed. The antenna was integrated with an endoscopic
capsule and the wireless link was characterized through
simulations and experiments. However, the antenna suffers
feed complexity due to the loop structure, thus not possible
to feed the antenna in the flat condition.
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FIGURE 1. (a) Wireless capsule endoscopy. (b) Cross-sectional view of the
designed capsule endoscope. (c) Side view of the designed capsule
endoscope.

In this study, a multi-band conformal implantable antenna
integrated with a capsule system covering the MedRadio,
midfield, and three ISM bands is presented for multi-tasking.
The structure of the capsule endoscope 11 mm x 26 mm
in dimension and containing an optical dome, batteries,
a camera, LEDs, sensors, and an antenna is displayed
in Fig. 1. Owing to the multi-band operation with a wide
bandwidth in the MedRadio band, the proposed antenna
system can perform data telemetry, power saving, and WPT
simultaneously. Table 1 shows a detailed performance-based
comparison of the proposed multi-band conformal antenna
with some recent research on implantable antennas. It can
be observed that the proposed conformal antenna exhibits
prominent properties regardless of its flexible structure and
multi-band functionality with wideband characteristics in the
MedRadio band. Initially, the antenna was simulated individ-
ually at the center of a homogeneous muscle phantom (HMP)
in its flat and conformal forms. It was then integrated with a
capsule device containing batteries and related circuitry, and
its performance was analyzed by conducting simulations in
the same HMP. Detuning caused by the components of the
device was overcome via updating of the width of the antenna
ground slots. Subsequently, the results of the device obtained
in the HMP were verified in the stomach, small intestine, and
large intestine of a heterogeneous human model. To ensure
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TABLE 1. Performance comparison of proposed multi-band conformal antenna with recent research.

Ref. Year  Frequency Volume  Bandwidth Gain SAR (W/kg)  Antenna type
(MHz) (mm?) (Yoage) (dBi) 1-g 10-g
[1] 2018 433 104.5 112.5 -35 - - Conformal
[2] 2018 2450 116.5 - 2414 | 2172 - Conformal
[3] 2017 434 9 4 224 -- -- Conformal
[4] 2011 500 392.7 20.9 -19.9 - - Embedded
[6] 2017 915 285.8 10.6 27 517 - Embedded
[7] 2014 2450 362 40 -34.6 126 26.8 Embedded
402 11.3 297 | 216.6
[8] 2017 915 106 9.14 249 | 924 - Conformal
2450 19.8 232 | 985
915 9.84 285 | 971.6 | 1183
[11] | 2018 2450 24 857 | 228 | 8073 | 102 | Fmbedded
915 8.7 -26.4 380 40.4
[12] 2018 1900 21 8.2 23 358 38.2 Embedded
2450 73 -20.5 363 40.3
405 15.8 -40.85 | 6654 | 93.24
[14] 2016 915 52.5 10.1 -32.98 | 837.7 | 93.97 Embedded
2450 4.3 2237 | 759.7 | 87.24
This 402 38.6 -30.8 | 289.0 | 60.9
work | 2020 915 48.98 19.6 -19.7 | 263.5 | 53.9 Conformal
1200 8.1 2187 | 2149 | 505

user safety, the specific absorption rate (SAR) analysis
of the entire system was also conducted in the three
different aforementioned heterogeneous implanted organs.
Furthermore, the wireless link viability was confirmed via
the link budget analysis. The simulation results achieved in
different scenarios were validated via measurement of the
fabricated 3D capsule in the minced pork phantom.

Il. DESIGN METHODOLOGY

This study aims to design a multi-band compact conformal
antenna for capsule endoscopy, which can efficiently perform
simultaneous biotelemetry, WPT, and power saving. The
detailed geometry of the proposed conformal antenna with
dimensions of 19 mm x 15 mm x 0.2 mm is displayed
in Fig. 2. The geometric values shown in Fig. 2 were
obtained inside an HMP. As shown in Figs. 2(a) and (b),
the meandered shaped slots with open ends were created in
the antenna radiator and ground. These slots, along with the
shorting pin, were responsible for a considerable reduction
in size, tuning to the desired frequencies, and bandwidth
enhancement of the proposed antenna. The radiator of the
designed conformal antenna is backed by a biocompatible and
flexible Rogers ULTRALAM substrate [dielectric constant
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(er) = 2.9 and tangent loss (tand) = 0.0025] with a thickness
of 0.1 mm [15]. For the superstrate, a layer of a bio-plastic
material polylactic acid (PLA) with a thickness = 0.1 mm,
&r = 3.1094, and tand = 0.0053 was laid over the proposed
antenna, which was the same material used for the capsule
shell. Before the antenna was integrated with the capsule,
the superstrate layer was removed. The primary function
of the PLA superstrate in the flat form of the proposed
antenna was to avoid its mismatching following integration
into the capsule. However, it also helped in size reduction as
investigated in [16]. For excitation of the antenna, a coaxial
feed of 50 © and a radius of 0.2 mm was used. The
multi-band functionality with satisfactory bandwidths was
achieved through the open-ended slots and moving the feed
and via to the most suitable positions. Table 2 presents all the
parameters of the proposed conformal antenna.

A. CONSIDERED SIMULATION AND MEASUREMENT
SCENARIOS

The design of the proposed conformal antenna-based endo-
scopic system was created and simulated using the finite
element method (FEM)-based simulator Ansoft HFSS and
the finite difference time domain (FDTD)-based Remcom
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TABLE 2. Antenna parameters before and after optimization.

Variable Value (mm) Variable Value (mm)
Before After Before After
optimization | optimization optimization | optimization
W, 19.0 19.0 L, 10.0 10.0
124 1.4 1.4 L3 12.0 12.0
w, 0.8 0.8 L, 0.8 0.8
Ws 0.6 0.6 Ls 7.5 7.5
w, 22 2.2 L 3.2 3.2
We 0.7 0.7 L, 0.8 0.8
W, 0.8 0.8 Lg 2.6 2.6
W, 11.9 11.9 Lo 6.6 6.6
Wg 10.6 10.6 Lio 0.5 0.5
Wy 7.15 7.15 L1y 8.2 8.2
Wio 7.2 7.2 Lip 0.7 0.7
Wi, 99 9.9 Lis 35 3.5
Wi, 13.5 13.5 Ly 2.1 2.1
Wis 2.1 2.1 Lis 1.0 1.3
Wia 9.5 9.5 Lig 13.5 13.5
Wis 5.0 5.0 Lq7 1.0 1.0
Wie 0.8 0.4 Lig 1.5 1.5
Wi, 52 5.2 Lo 6.0 6.0
Wisg 1.0 1.0 fx 10.8 10.8
Wio 5.0 5.0 fy 2.5 2.5
L, 15.0 15.0 Sy 0.7 0.7
L, 13.6 13.6 S, 3.0 3.0
( \ S 400 mm
{ I Copper [ Rogers ULTRALAM @ Feed @ Shortingpin | @\I«;x e box/,,
w, I D s

FIGURE 2. Geometry of suggested multi-band conformal antenna.
(a) Front view. (b) Rear view.

and CST simulators. Primarily, the antenna was individually
kept flat and conformal at the center of the HMP with
dimensions of 20 mm x 100 mm x 100 mm in HFSS,
as depicted in Fig. 3(a). Next, it was integrated with an
endoscopic capsule, and the same HMP was used for the
further analysis. To validate the performance in a more real
approaching scenario, the proposed system was implanted
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FIGURE 3. Simulation scenarios. (a) Homogeneous. (b) Heterogeneous.

in the stomach, small intestine, and large intestine of a
realistic heterogeneous model in the FDTD-based simulator,
as illustrated in Fig. 3(b). The permittivity and conductivity
properties of the HMP and aforementioned organs at three
achieved resonance frequencies are shown in Table 3. The
prototypes of the multi-band conformal antenna and the
3D capsule along with the corresponding circuitry were
fabricated, as shown in Figs. 4(a) and (b), respectively.
The measurement setups, shown in Figs. 4(c) and (d), were
used for the simulated S7; and radiation patterns validation,
respectively.
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TABLE 3. Properties of human tissues at various frequencies.

Phantom Relative permittivity (&) | Conductivity (o) (S/m)

Frequency

402 915 1200 402 915 1200
MHz MHz MHz MHz MHz MHz

Frequency

Muscle 57.1 55.0 544 | 0.797 | 0.948 1.06

Large

. f 62.6 579 56.7 | 0.859 1.09 1.23
intestine

Stomach 67.5 65.0 64.3 1.00 1.19 1.33

Small
intestine

am

Antenna | ¢
prototype
. Coaxial cable

66.1 59.4 579 1.90 2.17 2.33

..7

Antenna
prototypes

:
() (d)
FIGURE 4. (a) Conformal antenna fabricated prototypes. (b) 3D-printed

capsule with batteries and related circuitry. (c) S;; measurement setup.
(d) Radiation patterns measurement setup.

B. MULTI-BAND ANTENNA DESIGN EVOLUTION

As illustrated in Fig. 5(a), the proposed conformal
multi-band antenna with wideband characteristics in the band
of 402 MHz was designed and evolved via four successive
steps. It is evident that the final multi-band design was
obtained via conduction of step-wise modifications in a
simple rectangular patch antenna. These modifications were
made in the form of the insertion of a shorting-pin and
removal of strips from the patch and ground plane to achieve
better performance parameters and antenna miniaturization.
It is noteworthy to mention that the dimensions of all the
cuts were selected after a comprehensive parametric study
based on reflection coefficient (Sy1). It can be observed from
Fig. 5(b) that antenna S; improves owing to the step-wise
modifications in its design.

C. CURRENT DISTRIBUTIONS

Figs. 6(a)-(c) show the surface currents on the radiator
and ground plane at 402 MHz, 915 MHz, and 1200 MHz
before the antenna was wrapped. It can be observed that
at 402 MHz, the currents on the ground plane (Fig. 6(a))
generated near the port, flow towards the shorting pin where
they couple with the ground plane. Whereas, the current on
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FIGURE 5. (a) Designing steps. (b) S;; of the corresponding designing
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FIGURE 6. Current distributions. (a) 402 MHz. (b) 915 MHz. (c) 1200 MHz.
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the ground plane following a much longer path to constitute
402 MHz band. Here, the currents on the main radiator flow
unidirectionally, following the quarter wavelength monopole
mode [21]. The currents at 915 MHz (Fig. 6(b)) also show
the same behavior on the main radiator as those at 402 MHz.
However, the current intensities are much lower than those at
402 MHz. In other words, the electrical length of the antenna
decreased compared to the lower resonance mode. Moreover,
the currents on the parasitic patch became smoother and
more balanced resulting in impedance matching at 915 MHz.
Fig. 6(c) shows the surface currents at 1200 MHz. It can
be seen that the currents on the main radiating patch are
changing their directions while flowing towards the port,
following the half wavelength monopole mode [8]. The
electrical length of the antenna at the higher frequency band
was decreased because the currents take much shorter paths to
flow on the radiator as well as on the ground plane compared
to the other lower resonance modes. Additionally, it can be
clearly seen that at 402 MHz and 915 MHz, majority of the
currents on the main radiating patch and in adjacent sections
of the parasitic element are flowing in opposite directions.
It shows that the passive elements is not resonating at these
two lower frequencies. However, at 1200 MHz, the currents
on the mentioned parts of the resonator become parallel to
each other. It clearly shows that the parasitic element is
contributing in the resonance at 1200 MHz. It is noteworthy
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that the current intensities around the ground slots at the
desired frequencies are higher compared to those around the
radiating patch. These higher current densities can detune the
operating frequencies of the antenna owing to the availability
of capsule components and batteries that can couple with
back radiation from the ground slots. However, the detuning
was retuned by updating the ground slot dimensions. Thus,
it can be concluded that the ground slots are crucial for tuning
owing to the existence of strong currents on its edges.
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FIGURE 7. Effects on S;; due to variations in feed position.

D. EFFECTS DUE TO VARIATIONS IN FEED POSITION

The effects on Sy; of the proposed antenna owing to the
variations in the feed position are shown in Fig. 7. It can be
seen that the feed position is crucial to obtain multi-bands for
the proposed antenna. Feeding the antenna at P, produces a
single resonance at 1.33 GHz of 80 MHz narrow bandwidth.
However, when the antenna is excited at P3, two weak
resonance modes appear at approximately 970 MHz and
1.26 GHz, thus demonstrating the dual-band behavior of the
antenna. Similarly, keeping the feed at P4 generates a single
sharp resonance at 1.46 GHz. It is observed that when the feed
and shorting-pin are placed near to each other, the frequency
shift to the higher spectrum. It is due to the fact that the
current path from the port to the shorting-pin as well as the
returning path through a shorting-pin and ground becomes
shorter. Moreover, exciting the passive element at various
positions control the higher band (1200 MHz). Approaching
the feeding point on passive structure near to the adjacent
arm of the main radiator, the higher band shifts down to
1200 MHz. From this analysis, we determined that P; was the
most suitable feed position at which to obtain the multi-band
functionality with satisfactory bandwidths in the operating
bands.

E. EFFECTS DUE TO VARIATIONS IN VIA POSITION

The effects on Sy; of the proposed antenna owing to the
variations in the via position are displayed in Fig. 8. It can
be clearly observed that the via position not only affects the
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FIGURE 8. Effects on S;; due to variations in via position.

antenna impedance matching but also plays an important role
in the tuning and achievement of the multi-band functionality.
Upon moving the via to P;, the depths of the first and last
resonances decrease, and a shift towards the left side can
be observed in all the operating frequencies. When the via
is inserted at P3, a large shift in the upper resonance mode
towards the higher frequencies and a significant reduction
in the two lower resonance frequencies can be observed.
When keeping the via at P4, the antenna produces only
one resonance at approximately 1.1 GHz with a bandwidth
of 130 MHz. Finally, the proposed conformal antenna
becomes a dual-band operating antenna at 610 MHz and
2.3 GHz when the via is removed. Hence, it can be concluded
that in the proposed conformal antenna, the via plays a vital
role in the impedance matching, tuning, and achievement of
multiple resonances.

F. COUPLING EFFECTS DUE TO ANTENNA INTEGRATION
WITH CAPSULE

Thus far, the conformal antenna without capsule/endoscope
has been conceived. Nevertheless, in a real scenario,
the antenna will be encapsulated with batteries and circuitry,
as displayed in Fig. 1. Thus, it is essential to check for
coupling issues between the capsule components and the
suggested antenna. To execute this, most of the components
shown in Fig. 1, such as the lens holder, spacers, CMOS
camera, and electronics sensor, were supposed as dielectrics.
The perfect electric conductor (PEC) was selected as a
material for batteries. For the coupling analysis, the entire
system was set at the center of the same HMP, as portrayed
in Fig. 3(a). As discussed earlier, strong currents were
present around the ground slots edges at three resonance
frequencies (Fig. 6). Consequently, following integration
with capsule, the conformal antenna was detuned from its
desired frequencies, which was then retuned via updating of
the dimensions of its ground slots(Wj¢ and L15), as illustrated
in Fig. 9. Subsequently, the results obtained after the retuning
of the antenna were validated in the stomach, small intestine,
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+Flat condition
<Antenna in conformal condition without capsule

Antenna in conformal condition with capsule before optimization
< Antenna in conformal condition with capsule after optimization

0 02 04 06 08 1 12 14 16 18
Frequency (GHz)

FIGURE 9. Effects on S;; due to the coupling of conformal antenna with
capsule components.

and large intestine of a heterogeneous human model in
the FDTD environment. The drastic changes in the Sy at
402 MHz and 1200 MHz due to antenna integration with
capsule may be imputed to the alteration in the antenna
impedance matching at these frequencies. The geometrical
values of the ground slots before and after retuning are shown
in Table 2.

i «Efficiency before retuning  =Efficiency after retuning

Efficiency (dB)

0 02 04 06 08 1 12 14 16 18
Frequency (GHz)

FIGURE 10. Efficiency of the conformal antenna before and after retuning.

G. ANTENNA EFFICIENCY BEFORE AND AFTER RETUNING
Fig. 10 displays the efficiency values of the conformal
antenna over all the achieved resonances before and after
retuning. The efficiency of antennas after implantation in the
human tissues drastically decreases due to the strong coupling
with the tissues and absorption of radiations. Depending on
the implantation depth and tissue type, implantable antennas
usually have an efficiency of less than or equal to 1%. As can
be seen in both cases of Fig. 10, the total efficiency is greater
than —40 dB at all the three resonance frequencies. It can be
also observed that the antenna efficiency has increased after
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its retuning. This increment is due to the improved impedance
matching after antenna optimization.

i*HMP Large intestine+Stomach-+-Small intestine #Measured in minced porki

0 02 04 06 08 1 12 14 16 18
Frequency (GHz)

FIGURE 11. S;; comparison in different implantation scenarios.

IIl. RESULTS AND DISCUSSION
To reduce the analysis time, the design of the proposed con-
formal antenna was initiated and analyzed at the center of an
HMP (Fig. 3(a)) in an HFSS simulator. Owing to the diversity
in the human tissues, the antenna sensitivity was considered.
According to the target application, the proposed conformal
antenna-based system was implanted in the stomach, small
intestine, and large intestine of a heterogeneous human
model in an FDTD based simulator, as shown in Fig. 3(b).
To confirm the validity of the simulation results, the fab-
ricated conformal antenna-based 3D capsule was measured
in minced pork, as demonstrated in Figs. 4(c) and (d).
The comparison S1; in the HMP, realistic heterogeneous
scenarios, and measured environment is displayed in Fig. 11.
It is apparent that the proposed conformal antenna system
resonates at 0.402 GHz, 0.915 GHz, and 1.2 GHz with
measured bandwidths in the minced pork of 120 MHz,
144 MHz, and 63 MHz, respectively. These bandwidths
could encompass five important frequency bands: MedRadio
(401-406 MHz), ISM (433.1-434.8 MHz, 868-868.6 MHz,
and 902-928 MHz), and midfield (1200 MHz). In Fig. 11,
a certain degree of detuning can be observed at three
resonance frequencies owing to heterogeneous environments.
The greatest shift was recorded in the highly conductive
environment of the small intestine, whereas the smallest shift
was observed in the large intestine. These shifts in the desired
operating bands may be the result of the electrical properties
variations [17] and asymmetrical load effects [18] of the
heterogeneous tissues. Nevertheless, regardless of the above
shifts, the achieved bandwidths still adequately covered all
the target frequency bands in all the implanted scenarios.
Fig. 12 shows the far-field polar gain patterns obtained
in various simulation scenarios and measured in the minced
pork using the setup shown in Fig. 4(d). Among the various
implantation scenarios, the lowest gain values (—36.2 dBi,
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FIGURE 12. Radiation patterns comparison in different implantation
scenarios. (a) E-plane. (b) H-plane.

—25.1 dBi, and —24.9 dBi at 402 MHz, 915 MHz, and
1200 MHz, respectively) are observed in the small intestine,
whereas the highest values are observed in the HMP, as men-
tioned in Table 4. The lower gain values in the small intestine
are due to its high conductive nature (Table 3) compared
to other tissues at all frequency bands. Furthermore, it can
be seen in Fig. 12 that in most scenarios, the radiation
patterns are nearly omni-directional, like obtained in previous
studies [19], [20], which is an essential feature required owing
to the changing orientations of the endoscope in the GI tract.

Furthermore, we investigated the safety performance of the
proposed capsule endoscopic antenna in the stomach, small,
and large intestines based on the IEEE safety regulations.
These guidelines restricted the SAR such that 1.6 W/kg and
2 W/kg for 1 g and 10 g of tissues, respectively, were not
exceeded. In this safety analysis, we considered 1 W of input
power for our proposed endoscopic antenna. Based on this,
the calculated values of SAR and the maximum allowed
power for the proposed conformal antenna in the stomach,
small, and large intestines are shown in Table 4. The higher
values of SAR of 293.7 W/kg and 64.2 W/kg are observed in
the small intestine for 1 g and 10 g of tissues, respectively.
These higher values of SAR were observed owing to the
lossy nature of the small intestine at microwave frequencies.
However, the calculated maximum allowed power (Table 4)
is higher than the specified power of 25 uW [15] for
implantable devices. Therefore, the proposed endoscopic
antenna is proven safe under the IEEE safety guidelines.
The overall performance of the proposed antenna system is
summarized in Table 4.

IV. LINK BUDGET ANALYSIS
A biomedical telemetric link allows for the physiological
measurements remotely through implantable transducers.
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TABLE 4. Summary of antenna performance parameters in different
scenarios.

Implanted | Frequency | Bandwidth | Gain SAR Max. allowed input
scenario (MHz) (MHz) | (dBi) power (mW)
l-g | 10-g | 1-g SAR | 10-g SAR
limit limit
402 109 -29.8
HMP 915 126 |-16.9
1200 70 -15.8
402 129 -30.3|277.5| 60.3 5.8 33.16
Large 915 151 |-18.4]2275| 49.7 | 7.03 40.24
Intestine
1200 88 -18.3]206.1 | 44.6 7.8 44.84
402 138 -30.8|289.0 | 60.9 5.53 32.84
Stomach 915 166 -19.7|263.5 | 53.9 6.07 37.10
1200 93 -18.7| 2149 | 50.5 7.44 39.60
402 175 -36.21293.7 | 64.2 5.44 31.15
Small
intestine | 915 206 |-25.1)266.6 | 572 | 6.0 35
1200 104 -24.9|220.5| 51.9 7.25 38.53
402 120 -30.9
Measured 915 144 -18.7
1200 63 -17.3

Therefore, a reliable communication link is essential between
the in-body device and external controlling and/or moni-
toring device (worn by the patient). However, ensuring the
robustness of the communication link is challenging owing
to several types of losses such as path loss, reflection,
absorption [12], and polarization mismatch losses [11].
In this link analysis, we considered the maximum value
for polarization losses to be due to the use of a linear
polarized antenna that can change its orientation while it
travels through the GI tract. Additionally, to avoid safety
issues and interference with nearby devices operating at the
same frequencies, the input power and effective isotropic
radiated power (EIRP) are restricted for implantable devices.
Therefore, the EIRP must be less than or equal to the
EIRP,,, = —16 dBm and 36 dBm for 402 MHz and
915 MHz bands, respectively. At lower frequencies, the signal
propagates more reliably in the body when compared to the
higher frequencies. Thus, the lower frequencies are more
suitable for GI applications and deep skin implantations.
In contrast to EIRPs restrictions, the electronic circuits and
batteries in the endoscopic device can impose more power
restrictions [9]. In the endoscopic capsule-type devices, silver
oxide batteries of 20 mW power are used, which can supply
3V at 55 mAh continuously to the circuit for 8-10 hours.
Considering these challenges, the transmitter power (P;) is
maintained at —4 dBm, which is lower than the maximum
allowed input power (calculated based on the maximum SAR
values). The value of B, is considered to be 1 Mb/s because
capsule endoscopy requires a high data rate for transfer of
high-quality images to the external base station. To establish
a stable communication link between the endoscopic antenna
and external device, the antenna power (A,) should be higher
than the required power (R,,). The values of A, and R, can be
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determined as follows:

Ap(dB) = Pry + Grx + Gpe — Ly — Py, (D
E
Rp(dB) = Fb + KT, + B;, )

o

where Pry, G1y, and G, denote the transmitter power, gain of
the transmitter, and gain of the receiver antenna, respectively.
Depending on the implantation scenario, the value of Gry
is varied according to Table 4, while that of the Ggy is
considered to be constant (2 dBi). Ly and Pp denote the
free space and polarization mismatch losses, respectively. Ly
generally depends on the distance (d) between the transmitter
and the receiver. This loss can be computed using the
following equations:

Ly (dB) = 20log( ?). 3

Ey/No, K, Ty, and B, in equation (2) represent the ideal
phase shift keying, Boltzmann constant, temperature, and
datarate, respectively. All the aforementioned parameters and
their values used for link calculation are listed in Table 5.
The link margins for the stomach, and large and small
intestines are plotted in Fig. 13. It is observed that in various
implanted scenarios, the proposed endoscopic antenna can
reliably transmit data over a distance of more than 7 m at
40 dB margins for both frequencies.

TABLE 5. Important parameters considered for link budget analysis.

Parameters Variables Value

Resonance frequency fo (MHz) 402/915

Noise power density N, (dB/Hz) -203.93
Transmitter power Pr, (dBm) -4

Polarization mismatch loss | Py, (dB) 1

Temperature T, (Kelvin) 273

Free space path loss Ly (dB) Distance dependent

Transmitter antenna gain G, (dBi) Scenario dependent
Receiver antenna gain G R (dBi) 2
Boltzmann Constant K 1.38 x 1023
Available power Ap (dB) Distance dependent
Bit rate B, (Mbps) 1
Required power Rp (dB) -134.64
Margin Ap -Rp (dB) | Fig. 13
<+Large intestine  +Stomach Small intestine
80 80
~ 70 70
g g
£ 60 é 60
: :
50 50
40 40

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (m) Distance (m)

(2) (b)

FIGURE 13. Link budget analysis at 1 Mbps in different implanted organs.
(a) 402 MHz. (b) 915 MHz.

V. CONCLUSION
A multi-band ingestible antenna encompassing five bands
(i.e., the MedRadio, midfield, and three ISM bands) was
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proposed for multi-tasking. The prominent radiation char-
acteristics with satisfactory gains in the aforementioned
bands and a wider bandwidth in the MedRadio band were
achieved with a more miniaturized size of 48.98 mm?3
(conformal form) compared to state-of-the-art implantable
antennas. The shorting pin and open-ended slots in the patch
and ground were found to be helpful for miniaturization,
frequency tuning, bandwidth enhancement, and impedance
matching. Moreover, the designed antenna was encapsulated
with batteries and related dummy circuitry to constitute
the capsule architecture. The link budget and SAR analysis
were conducted to ensure the reliability of the wireless
link and user safety, respectively. The simulated parameters
of the fabricated 3D capsule in various scenarios were
experimentally validated via measurements conducted using
minced pork. The proposed conformal antenna encapsulated
in a 3D capsule can be employed beneficially for multitasking
(i.e., telemetry, power saving, and WPT) owing to its
conformal structure, omni-directional patterns, multi-band
operation, and wider bandwidth in the MedRadio band.
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