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ABSTRACT A number of design challenges are associated with in-body devices, especially ingestible
capsules, including selection of operation frequency and antenna design. Operation frequency, miniatur-
ization, gain, and interference with the environment and the internal components of ingestible capsules are
all challenging factors. In this work, we design and measure the performance of miniature antennas that
can be included in ingestible capsules. The meandering pattern designs are implemented with a 433 MHz
center frequency which is within one of the industrial, scientific and medical (ISM) bands. The antenna
patterns are rolled into cylinders to reflect their configuration inside a capsule. The effects of different
antenna design features, environmental dielectric changes, and the battery locations relative to the antenna
traces are explored. We show that the optimized antenna can offer acceptable performance even when the
center frequency shifts due to the modulation of the dielectric constant of the media and by the insertion of
batteries. Both simulations and measurements provide insight into how the meandering antenna should be
designed for the desired frequency that can be expanded to other ingestible and implantable systems.

INDEX TERMS Antennas, biomedical electronics, biomedical telemetry, gastroenterology, radio frequency.

I. INTRODUCTION
Ingestible capsules are becoming more prevalent as medi-
cal devices [1]-[17]. However, the reliability of their com-
munications systems is still challenging. One of the main
components of these communications units is the antenna,
which should be designed specifically to operate efficiently
within the allocated communications band for the device. The
433 MHz band is frequently used by medical devices and
thus also common for ingestible capsules [18]. The 433 MHz
band is within the radio spectrum reserved internationally
for industrial, scientific and medical (ISM) usage, which is
allocated for non-telecommunications applications [18].
There are challenges for designing antennas that can be
incorporated into ingestible smart capsules or implantable
systems operating at 433 MHz. When the capsule trav-
els through various segments of the gastrointestinal tract,
the environment around it changes. It experiences variations
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in the dielectric properties of the environment that can be
liquid, gaseous, or made of specific tissues [4]. This means
that the capsule antenna experiences significant impedance
changes, which may lead to very large changes in its charac-
teristics. Additionally, the shape and size of the capsule pose
further challenges. The capsule size and shape are limited due
to the need to adhere to the typical ingestible capsule dimen-
sions (such as dimensions used by Medtronic, Olympus,
IntroMedic, Jinshan Science and Technology, and CapsoVi-
sion for their capsules [19]), which limits the available space
within the capsule, imposing constraints on the dimensions
of the antenna and hence restricting the possibility of making
it larger to obtain higher gains. Another issue for the antenna
is relevant to the components that are placed inside the cap-
sule. These include the PCB tracks, electronic components,
the components of the packaging of the capsule and perhaps
more importantly the batteries. The batteries especially have
critical impact on the antenna characteristics as they occupy
a significant amount of the volume in the capsule, can be in
close proximity to the antenna, and are also metallic.
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There have been several reports that address the above
challenges. Many examples can be found in the literature
regarding different antenna designs that operate at 433 MHz
with acceptable gain, depending on the link budget of
the incorporated transmitter, for ingestible capsules. These
include coil and helix [20], patch [21]-[23], and meandered
pattern [24]—-[26] antennas. A typical example is the work by
Arefin et al. [27] who designed an antenna that operated at
433 MHz and addressed the space and morphology challenge
by implementing a meandering antenna design. The design
used a meandering patten of approximately 36 mm x 21 mm
dimensions which was rolled and placed into the capsule
of 12 mm diameter and 25 mm length. They have obtained
an impressive scattering parameter (S11), which is commonly
measured as the return loss, value of approximately —34 dB at
near the centre frequency. However, they did not show how
the centre frequency could shift with the change in pH that
results in the change of the environmental ionic conductivity.
Such a shift can be quite large when the capsule moves from
the acidic environment of the stomach with a pH of 2-4 to
the other segments of the GI tract with a more neutral pH
of 6-8 [28]-[30]. In general, centre frequency shifts in capsule
antennas, which are seen when the capsule moves from one
segment of the gut to another, can be accounted for by increas-
ing the bandwidth of the antenna. However, the influence of
such manipulations on the gain of the antenna should also
be taken into account. While for many capsule antennas the
bandwidth and gain do not show direct relationships, it is
important to ensure that a desirable gain and bandwidth can
be obtained.

The influence of batteries on the performance of the cap-
sule antenna was also presented in some studies such as the
one by Wang et al. [24]. However, it seems that many of
such studies, during measurements, ignored the inclusion of
the actual full encapsulation of an ingestible capsule and
hence extra return loss is seen in the measurements that could
be associated with the direct electrochemical coupling of
antenna to the environment rather than the radiation loss.

Orientation of the capsule antenna can also affect the
performance which should also be taken into consideration.
Rolling patch antenna structures into capsules can signifi-
cantly impact their directionality which should be explored
before implementation [26], [31].

Considering the above gaps, we have designed a series of
antennas based on conformal meandering patterns. We will
show that one of these designs operates at 433 MHz and can
provide a Sy value lower than —18 dB across the extreme
conditions of the dielectric environment that may be seen
in the gut. The measurements and simulations have been
conducted with and without the presence of the battery, which
emulates the practical setup seen in real ingestible capsules.

Il. PROPOSED ANTENNA DESIGNS

A major issue in the antenna design for wireless ingestible
or implantable devices is to reduce the size of the antenna.
Antenna size is largely determined by the wavelength of the
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desired operating frequency. The wavelength corresponds to:

co
e,

where A is the wavelength, co is the speed of light in free
space (3 x 103 m-s~1), f is the frequency and ¢, is the relative
permittivity of the medium. Increasing the permittivity of the
medium leads to a reduction in the wavelength, effectively
reducing the required size of the antenna. At 433 MHz,
the free space wavelength is nearly 700 mm which is large
relative to the limited area inside an ingestible capsule. Fortu-
nately, operating inside the human body substantially reduces
the effective wavelength by almost an order of magnitude due
to detuning effects resulting from the dielectric properties of
human tissues. While this reduced wavelength substantially
increases the feasibility of fitting an antenna of this length
into an ingestible capsule, it is also necessary to consider
an antenna design methodology that is highly area efficient.
As such, a meandered wire pattern design is chosen so that
the antenna can operate at 433 MHz in a small area.

Our antenna is a loop with reflectional symmetry around
a vertical plane of the cylindrical capsule within which it
is wrapped. The resonant frequency depends on the length
of the loop as can be seen in the Table S1 in the Supple-
mentary material. To adjust the resonant frequency of the
antenna, the loop length needs to be modified to change
the overall inductance. A meandering pattern is suitable for
this purpose as it uses the small available space efficiently.
The capacitance is predominantly influenced by the permit-
tivity of the environment rather than the spacing or width of
the arms of the antenna. As such, the meandering sides of the
loop antenna govern the total length that allow us to adjust
the center frequency of the antenna to around 433 MHz.
The width of the arms and the spacing between the arms
at the antenna input could be used as tuning parameters for the
input impedance, while the change of the center frequency of
the antenna, due to such perturbations, can be compensated.
Adjusting the dimensions of the arms and meandering pat-
terns tunes the operation frequency and the antenna gain as
presented in Table S1 and seen in Fig. S1-S10. The discussion
regarding the 5 more suitable designs for operation in the
capsule at 433 MHz are presented in the main manuscript
while the rest are presented in the Supplementary material
(Fig. S1-S10).

The designs are categorised by width (horizontal dimen-
sion) into two groups: 28 mm wide antennas and 25 mm
wide antennas. The former is the common size found in
standard size ingestible capsules whereas the latter allows for
the reduction of size for future designs. The height (vertical
dimension) of the antennas is chosen according to the length
of the capsule. A summary of the dimensions for each antenna
design is presented in Fig. 1. The trace width and spacing of
the antenna patterns are fixed at 0.5 mm.

The first three patterns are 28 mm wide (Fig. 1.). The
antenna traces are divided into two adjacent mirrored sections
separated by 1 mm spacing. The height does not exceed

ey
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FIGURE 1. Flat patterns of the antennas with their respective dimensions.

13 mm in all designs. The schematics of the planar form of the
five antenna designs are illustrated in Fig. 1. These designs
were implemented to explore the impact of introduced capac-
itance and inductance on the operational frequency, that are
formed as a result of changing the spacing or the length of
the traces [34]. For pattern 1, there is a larger space at the
top of the antenna where the signal is inserted. This was
introduced to see the effect of the input impedance change
in comparison to other antennas. In pattern 2, the space is
removed, increasing the impact of the capacitive component
at the input. Another loop is added in pattern 3 to extend
the total length of the antenna trace and observe the effect
on gain. This slightly increases the antenna height while half
of the length of the bottom spacing in pattern 3 is reduced in
size to increase the internal capacitance. The last two patterns
are 25 mm wide (Fig. 1). For pattern 4, the gap between
the mirrored sections becomes smaller to minimize the total
width of the antenna. This miniaturization also affects the
total length of the antenna trace. The bottom of pattern 4 is
flattened in pattern 5 to observe the effect of additional inter-
nal capacitance on the performance.

ill. METHOD

A. SIMULATION SETUP

The simulations are performed in CST Studio suite (CST
Microwave Studio - specialist tool for the 3D electromagnetic
simulations). The antenna is modelled as a 35 pm-thick
copper trace defined on a 0.1 mm-thick polyimide flexible
substrate. The relative permittivity (e,) and loss tangent (tan
8) of polyimide are 3.5 and 0.0027, respectively [33]. The
design is then rolled into a cylinder. For simulations including
batteries, the antenna is wrapped around a battery analog
represented by an ideal perfect electric conductor (PEC)
cylinder with a height of 10.8 mm and a diameter of 7.9 mm.
PEC is a good approximation of the material of the battery
cladding. For comparison we also simulated the Sy response
for a steel cladded battery, which showed no significant
shift occurring to the center frequency (see supplementary
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FIGURE 2. (a) Schematic of simulation capsule in surrounding medium.
(b) Close-up schematic of simulation capsule. The capsule wall thickness
is 1 mm and the substrate is on the inside of the antenna. (c) Table of
dielectric properties of the three media simulated [32], [33]. The media
used in simulation and measurement of the antennas in different
environments were chosen to represent extreme end case conditions.

As a result, the performance of the antennas across a broad range of
conditions can be inferred without explicitly testing the antennas in every
single variant of media found in the human body. The table representing
these conditions can be found in the Supplementary material (Table S2).

material). The battery is electrically floating in the simulation
and not connected to the ground of the antennas. A single
end of each antenna is connected to a simulated 50 2 coax-
ial cable. The coaxial cable is modelled using a two-layer
cylinder shielded with a conducting material. The inner PEC
cylinder is surrounded by a polytetrafluoroethylene (PTFE)
insulator. Each antenna is folded inside a capsule model as
shown in Fig. 2. The capsule is a polycarbonate cylinder with
a dome on each end. Its relative permittivity and loss tangent
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FIGURE 3. (a) Fabricated antennas with SMA connectors (b) Antenna with batteries and the 3D printed open top test capsule (c)

Measurement set-up for placing antenna with open top capsule in each medium.

are 2.9 and 0.01, respectively [33]. As the coaxial cable needs
to be placed inside the capsule to avoid the direct contact
with the surrounding medium, the total capsule height and
diameter of the capsules are adjusted for each design.

A simplified equivalent homogeneous human body model
is simulated by a cylinder with a diameter of 200 mm and a
height of 200 mm as shown in Fig. 2. The dielectric properties
of the model are set to simulate three different equivalent
media that are found in the gut: neutral water, saline water,
and ballistic gel (that is used for describing a human tis-
sue). Details of the dielectric properties of each medium are
described in Fig. 2. The capsule is placed at the centre of the
cylinder model to simulate its operation in the environment
model.

B. ANTENNA FABRICATION

The planar view of the fabricated antennas can be seen in
Fig. 3.a. As modelled in the simulations, 35 pwm-thick mean-
dered copper traces are fabricated on a 0.1 mm-thick poly-
imide flexible printed circuit board (FPCB — manufactured by
PCBWay, China). One end of the copper trace is connected to
a SMA connector. A complete fabricated set up that emulates
the capsule and can be immersed in the measurement media is
shown in Fig. 3. The antenna is rolled and placed in a capsule
without top capping that was made using a 3D printer. The
printed test capsule cladding is made of a 1 mm-thick layer
of polylactic acid (PLA) which could perfectly protect the
antenna during immersion in the liquid media, preventing it
from becoming wet during the measurements. Batteries were
also inserted for the battery included measurements (using
two SR754 button batteries to form the battery pack). The
height and the diameter of each battery pack are 5.4 mm
and 7.9 mm, respectively. The battery cladding is electrically
floating.

C. MEASUREMENT SETUP
To create the measurement media, 35 g of salt was dissolved
in 1 L of water to replicate saline water and a mixture of 100 g
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of gelatine powder in 1 L of water was employed to create the
ballistic gel. Tap water was used as the neutral water in the
experiments. The antenna performance was evaluated using
a vector network analyser (VNA — model SVA1032X) via a
50 2 coaxial cable.

The measurement setup for evaluating the antenna perfor-
mance is illustrated in Fig. 3.c. The antenna in the open top
capsule is immersed in a plastic container filled with each test
medium. The dimensions of the liquid medium container are
25 cm x 17 cm x 5 cm while that of the gel are 10 cm x
15 cm x 6 cm. A ferrite bead, with 7 mm thickness, for
adjusting the impedance, was also included in some of the
measurements.

Apart from testing the effect of each medium, multiple
battery positions were also tested to investigate the effect of
the batteries on the performance of the antenna. The batteries
were placed at two different positions: at the furthest position
from the antenna port and the nearest position to the antenna
port. These tests were also performed without batteries. The
battery position experiments were performed in each medium
to measure and compare the antenna performance.

IV. RESULTS AND DISCUSSION

Fig. 4. shows the measurements with and without the ferrite
in neutral and saline water (with battery inserted to account
for conditions close to that of a real capsule design). The
simulations are also presented for comparison. As can be seen
in these graphs, the simulations are much closer in shape to
the measurements taken with the ferrite. Without the ferrite,
an extra trough is seen in S11, which is due to the reflection of
the electromagnetic waves from the coaxial cable. These extra
troughs are eliminated by adding a matching ferrite. After
using ferrites in the measurements, two main troughs remain
in Sy patterns for each antenna: one is in the 400-500 MHz
range and the other is in the 800-900 MHz range, which in
essence are the first and second harmonics of the antenna,
respectively. From this point onward we only discuss the mea-
surements with ferrites as they represent the actual version of
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FIGURE 4. Simulations and measurements of return losses for all

antenna patterns (1-5) in neutral water (left column) and saline water
(right column).

the antenna responses when matching networks are imple-
mented.

In the following, we discuss that the optimal design for the
433 MHz communications band is pattern 3. Our acceptable
S11 was a maximum of —7dB. This was based on our past
human trials and the link budget of the overall communica-
tions system. Anytime the antenna could not provide such
gain we had a loss of data during the data transmission from
the capsule [1]. Although the trough, for the main band, shifts
from 442 MHz to 433 MHz when the medium changes from
neutral water to saline water, the value of Sy; always remains
smaller than —7 dB at 433 MHz. Altogether, pattern 3 always
retained a return loss of less than -7 dB at the extreme
dielectric conditions as also highlighted in Table S3.
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Measurements in neutral and saline water are the best indi-
cators because they simulate the two most extreme conditions
that are seen in the gut: one extreme is in the stomach with a
pH of 2, which contains a high concentration of ions, and the
other is when the ionic content is significantly diluted in the
gut. None of the other designs offered such a consistent return
loss at 433 MHz. As such, the rest of the measurements are
focused on pattern 3 only.

The trends of trough shifts in the simulations are in close
agreement with the measurements, although the location of
the trough centre frequencies can be seen to be slightly shifted
towards the lower frequencies. Altogether, the comparison of
the measurements and simulations show that the simulations
can be reliably used to predict the locations of troughs and the
S11 behaviour before the actual fabrication of the proposed
antennas.

Fig. 5. shows the difference in performance of pattern 3 in
each of the different media tested, with and without batteries.
The actual location of the battery pack relative to the antenna
is shown in Fig. 6.e.ii. This location was chosen as it is the
most practical location for the battery pack in an ingestible
capsule. It can be seen (Fig. 5.) that the Sq; troughs for the
ballistic gel measurement conditions fall in between those
of neutral and saline water, presenting an example of inter-
mediate conditions in the gut. Additionally, it can also be
seen that the centre frequencies shift to higher values when
batteries are added. This is probably due to the effect of the
metallic cladding of the batteries making a mirror image of
the antennas where the batteries are placed.

This part cancels out the effective radiative surface of the
antenna; hence the effective area of the meandering pattern
is reduced and the centre frequencies are shifted to higher
values.

It is important to note that while the height of the two
batteries together is 10.8 mm, in practice only a few mil-
limetres of the battery body coincide with the antenna
(Fig 6.d) to impact its performance. The simulations also
predict the upward shift equally well and thus agree with the
measurements.

To expand the study on the full effect of the batteries at dif-
ferent locations relative to the antenna, further measurements
were conducted (Fig. 6.). These measurements were con-
ducted when battery locations either fully or half coincided
with the antenna as shown in Fig. 6.d-e. For comparison, mea-
surements with no battery are also included. As can be seen
here (Fig. 6.a-c), when battery is fully inserted (Fig. 6.e.1)
into the antenna cylinder a centre frequency shift is observed
towards lower frequencies, while when the battery is only
half inserted (Fig. 6.e.ii) a slight upward shift is seen. We dis-
cussed the upward shift previously. However, the significant
shift downward is likely due to the impact that the metallic
cladding of the battery pack has on the input impedance.
It couples to the input port of the antenna and adds a very large
parallel capacitance at the input of the antenna to account for
this change. This accounts for a reduction of the bandwidth
of the antenna as well, which is in fact undesirable as a
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FIGURE 5. Simulations and measurements of return losses for pattern 3 in neutral water, saline water and ballistic gel, with

batteries (second row) and without batteries (first row).

more broadband antenna is preferable in order to compen-
sate for the variety of application environments. Altogether,
these outcomes provide a good picture for capsule design-
ers as to how the battery can affect the performance of the
antenna.

The radiation pattern measurements were conducted in a
standard set up with a cylindrical container for holding the
liquid media, inside which the antenna in the protective open
top capsule was partially submerged. No anechoic chamber
was needed as the output power from the transmitter port of
the VNA, with a minimum detection threshold for the port
of —80 dB and a dynamic range of 60 dB, was —5 dBm and
the probe antenna had a ~25 dB loss (SRF5030T Near Field
Probes E5 and HS5). Considering the antenna gain of —40 to
—50 dB at different orientations the system was not sensitive
enough to receive signal reflections from the walls of the
laboratory during the measurements (this was also confirmed
in the anechoic chamber). The simulations and actual mea-
surements of the radiation patterns for antenna pattern 3 are
shown in Fig. 7. It indicates that the antenna pattern is nearly
omni-directional in ¢ = 0° and 90° like a conventional dipole
antenna. The measured peak gains of the antenna at ¢ = 0°
(vertical orientation) with and without battery are —41.2 dBi
and —39.4 dBi, respectively, while the values for the antenna
at ¢ = 90° (horizontal orientation) with and without battery
are —39.2 dBi and —39.0 dBi, respectively. Altogether the
measured and simulated gain patterns are relatively consis-
tent with each other. The good omnidirectionality of the
designed antenna mitigates the possible loss of data during
transmission, while the capsule takes various orientations
inside the gut. The radiation patterns with and without the
inserted battery are also relatively omni-directional.

The results show a good agreement between the simula-
tions and the measurements in all cases. Several assumptions
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were made for the simulations which could influence the
simulation results such as the choice of cladding material,
the length of the feed line and the size of the feeding coax-
ial cable. The open top capsule used for measurement was
designed differently than the one in the simulation as the top
dome of the cladding was removed for measurements.

This might also affect the accuracy of the test environment
as the position of the cable could easily change, which might
lead to uncertainties in measurements.

The return loss of all the measurements fluctuated around
the frequency range that covers the commercial sub-bands of
MedRadio [35]. All of the designs had two troughs: one at
the fundamental frequency around 400 MHz and the other at
the second harmonic above 800 MHz. An additional trough
could also be found near the 400 MHz band, but it was
eliminated after the including of the ferrite bead. The ferrite
bead was implemented as a matching network which allowed
proper impedance matching between the VNA port and the
antenna so that the unwanted resonance against the feeding
cable could be removed.

Methods for simultaneously producing good gain and
bandwidth that may involve the use of other antenna mor-
phologies than the meandering pattern of our report are pre-
sented elsewhere [36]. However, it is important to consider
that trade-offs between gain and the dimensions of antennas
always remain a challenge. The small space available in
capsules limits the use of a variety of designs for operation
at the centre frequency of 433 MHz.

V. LIMITATIONS OF THE STUDY

The measurements could lead to more practical outcomes if
we were able to test the antennas in real human bodies. How-
ever, this would require further permissions and processes
including ethics approval and recruiting volunteers.
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In this paper, we have considered three different media and matter of various dielectric parameters, and the cross section
believe that this is sufficient to demonstrate the performance of this tube changes depending on the segment of the gut.
of the antennas across a broad range of dielectric conditions. While the stomach is more like a bag, the small intestine and
Regardless, the addition of measurements in a larger variety the colon are made of more tubular structures. An experimen-
of other dielectric environments would provide additional tal setup consisting of a tube of gas, liquid or solid matter

detail about the performance of the antennas in more specific immersed in other dielectric media close to the properties of
tissue types like those found in and around specific segments body tissues could be used for more accurately simulating the
of the gut. conditions present in different parts of the intestines.

The environment of the gut is a long tube of different Incorporating the aforementioned conditions will make the

diameters that contains very different gaseous, liquid or solid measurements of both return losses and radiation patterns
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much more accurate. The same discussion can also be applied [7]
to the simulation methodology. By exploring a tubular struc-

ture of various dimensions, filled with different media (sim-

ilar to ingested matter and fermented gases), inserted into a

variety of dielectric substances that can represent materials (81
ranging from different tissues to body fat, more thorough
outcomes can be generated.

[9]
VI. CONCLUSION

Designing miniature antennas to maximize antenna perfor-
mance is one of the most challenging tasks in the development [10]
of telecommunications subsystems for ingestible capsules.

A number of meandered wire antennas were designed and

tested. The designs were governed by the conditions needed (1]
to fulfill the obligations of miniaturization, performance at
the required band of 433 MHz, and sufficient gain. Five mean-
dered wire antennas were designed, simulated, fabricated,

. 3 [12]
and tested in order to understand the antennas’ behaviour
in the environments with different dielectric properties. The
return loss parameters were analysed through the simulations [13]

and measurements of the antennas immersed in neutral water,

saline water, and ballistic gel with a consideration of battery
positions. The simulation and measurement results showed

that the antenna patterns could be modified to offer the [14]
desired performance at 433 MHz, even though it was influ-

enced by the effect of the batteries and the change of media.

The optimum antenna design could maintain a return loss

of below —10 dB in every medium. The impact of multiple [15]
battery positions was also investigated for which acceptable
performance was observed. Altogether, we showed that our
antenna design procedure could offer sufficient wireless sig-

nal transmission strength at 433 MHz in a small device to [16]
allow for adoption in ingestible and implantable devices for

future healthcare systems.

[17]
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