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Abstract

In this paper, a design of a miniature antenna for biomedical implant applica-
tions is presented. The proposed structure consists of a printed antenna de-
signed to cover all frequency bands below 1 GHz and is dedicated to biomed-
ical applications with good matching, omnidirectional radiation, and a maxi-
mum realized gain of —26.7 dBi. It offers two bandwidths of 270 MHz and 762
MHz respectively. A Phantom model of the elliptical cylinder of 180 x 100 x
50 mm?® was used to simulate the electromagnetic radiation inside the human
body. The tissue considered is equivalent to a muscle with a relative permit-
tivity of 57 and a conductivity equal to 0.79 S/m. We also studied the antenna
behavior when close to the internal electronic components. The simulation
showed that the antenna remains robust in such an environment. Finally, the
Specific Absorption Rate of the muscle was evaluated when the antenna was
fed with 1 V. The evaluation proved that the calculated value of 0.48 W/Kg is
well below the limit value imposed by the International Commission on Non-
Ionizing Radiation Protection.

Keywords

Implantable And Miniaturized Antenna, Arcs Curved Antenna, Specific
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1. Introduction

The increase in the connectivity capacity of new generation networks (NGN) over
the last two decades has driven a dynamic in the use of new Information and Com-
munication Technologies (ICT) in the healthcare sector worldwide. According to

the Joint Observatory of Computing, Engineering, Studies and Consulting (OPIIEC)
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[1], this dynamic not only contributes to patient care, but also facilitates access to
information for various professionals and patients. The OPIIEC believes that the use
of ICT in medical care facilitates cooperation between professionals and increases
the quality of care. Biomedical telemetry is one of the applications of ICT in
healthcare. It represents a huge potential to improve the quality of medical care as
it allows cooperation, remote intervention of actors and especially the collection of
parameters of several pathologies at the same time. However, the major challenge
of biomedical telemetry remains the reliability and stability of radio connectivity in
or near the human body. Therefore, to meet this challenge, sensor nodes for bio-
medical telemetry must have antennas that are suitable for the environment charac-
terized by high permittivity. In the paper [2], the authors classified biomedical telem-
etry antennas into three categories based on their location in or on the body: ingest-
ible antennas (endoscopic capsules), body-mounted antennas (wearable antennas)
and implantable antennas.

Whether endoscopic, wearable or implanted, biomedical telemetry antennas
must be incorporated into tiny equipment and must contribute to providing
quality health care or anticipating the onset of certain pathologies. This requires
the design of miniature antennas with good performance in terms of matching,
radiation, bandwidth and gain. In addition, most of the antennas proposed in
the literature have large dimensions that are detrimental to their use in the hu-
man body.

In this study, we propose a meander antenna with a very small size (9.4 x 4.7 x
0.0254 mm’®) for use in human body implants. With a volume of 1.122 mm?, a
minimum reflection of —30 dB and two wide bandwidths of 270 MHz and 762
MHz respectively, these characteristics make the antenna a good candidate for
implantable systems. It appears to be smaller than all antennas described in the
literature.

The remainder of this article is organized as follows: In section II, a literature
review of biomedical telemetry antennas is made. This section not only describes
previous work, but also invents the categories and requirements of telemetry an-
tennas. Section III of this study presents the structure and performance of the
proposed antenna. In section IV we make a study of the miniaturized antenna,
and we also compare the performances of miniaturized antenna with those of
other antennas described in the literature. Section V provides an assessment of the
Specific Absorption Rate (SAR) of the muscle. Finally, in section VI, we give di-
rections for future work and conclude this study.

2. Literature Review

2.1. Antennas for Endoscopic Capsules

An endoscope is a device placed in a body cavity or more generally in the digestive
tract and allows the transmission of medical data in image/video format between
the body and the outside world. Wireless endoscopes are increasingly used in

comparison to wired endoscopes because they offer a certain comfort to the
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patient during the clinical examination. Since wireless endoscopes are usually in-
gested, they can explore several cavities of the digestive tract during their passage.
This allows them to explore certain cavities such as the small intestine that are
inaccessible to wire endoscopes. According to [3], an endoscopic capsule includes
an optical dome, a camera, one or more LEDs, a radio frequency transmitter, an
antenna and a battery. The antennas of the endoscopes must be efficient (broad-
band, good adaptation) to allow the visualization of High Definition (HD) images
or videos and the early diagnosis of certain diseases (Crohn’s disease, tumors, can-

cers...).

2.2. Wearable Antennas

They are used in measurement and data transfer applications of gadgets worn on
or near the body (arm, neck, clothing...). Wearable antennas can be used as an
interface between implantable or endoscopic antennas and external receivers.
They can also directly transmit data collected by the equipment which is an inte-
gral part of other sensors.

Due to their proximity to the body, the performance of the antenna is impaired,
so the use of suitable antennas is essential. Artificial Magnetic Conductors (AMC)
antennas can be used in the one proposed by Agarwal K, Guo Y and Salam B in
[4], where the authors used a double layer of AMC material to increase the ra-
diation efficiency of a Yagi antenna to 78.97% and reduce its SAR to 0.714
W/Kg.

To minimize the effect of the body on the performance of wearable antennas,
metamaterial can also be used. In [5] authors used 2 X 2 metamaterial cells to
improve the performance of a U-shaped patch antenna. After placement of the
metamaterial cells the gain of the antenna reached 7.5 dBi and the relative band-
width was 14.5%. The weakness of this antenna is the complexity of the structure

for mass production.

2.3. Implantable Antennas

An implant is a device placed in a body tissue other than a cavity for the pur-
pose of collecting and monitoring key physiological data from a patient and
sending it to a remote node on or off the body. The most well-known implants
today are intraocular implants, cardiac defibrillators (ICDs), neural brain mon-
itoring implants, and Electromyogram (EMG) implants [6]. But increasingly,
they are also being used to measure vital parameters in people exposed to major
pathologies. Implants must be distinguished from endoscopes that are neces-
sarily placed in cavities as described in the subsection dealing with endoscopy

antennas.

2.4. Challenges of Biomedical Telemetry Antennas

Antennas used in biomedical telemetry must comply with many limitations. Accord-

ing to [7], for an implantable antenna, these constrains concern size, resonance
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frequency, good biocompatibility, good impedance matching. According to [8], in-
body antennas must also have omnidirectional radiation to be able to communicate
with sensors outside the body. Other criteria are also important, such as the minia-
turization criteria of the antennas defined by Harold W [9], the dimensions of the
implants or medical capsules, the flexibility of the substrate and the radiating ele-
ment, the optimization of the power consumption, the adaptation of the bandwidth
to the video transmission and above all the relatively low frequency band defined
for the Radio medical communications (Med Radio).

Numerous studies have been conducted on the propagation inside the body and
the antennas used. It has been found that satisfying one or more of the constraints
often degrades the performance of the other specifications. For example, in paper
[10], Ala Alemaryeen proposed a miniature of 18 x 10 mm? folded shape antenna
for implants of various tissue characteristics. Simulated in an 80 x 80 x 80 mm?
Phantom, for a reflection coefficient of -10 dB, the antenna exhibits good imped-
ance matching (—30 dB) and a bandwidth of 532 MHz. In addition, the maximum
gain of the antenna is —28 dBi, which seems very low for efficient long-range
transmission. Furthermore, the author does not specify the size of the implant
around which the antenna is wrapped, nor the adaptation of the antenna in the
presence of electronic components inside the implant. Different frequency bands
have been regulated for biomedical transmission. In [2] [10] these bands have
been listed according to the following classification:

e Ultra-Wide Band (UWB): 3100 - 10,600 MHz;

e Medical Body Area Network (MBAN): 2360 - 2400 MHz;

e Medical Implant Communication Service (MICS): 402 - 405 MHz;

e Medical Device Radio communications Service (MediRadio): 401 - 406 MHz;

e 413 -419 MHz, 426 - 432 MHz, 438 - 444 and 451 - 457 MHz;

e Industrial Scientific and Medical (ISM) band: 433.05 - 434.79 MHz; 902 - 928
MHz; 2400 - 2483.5 MHz; 5725 - 5850 MHz;

e WMTS bands: 608 - 614 MHz; 1395 - 1400 MHz; 1427 - 1432 MHz.

Different biocompatible materials are used as substrate or superstrate in the
design of antennas radiating into the human body. Table 1 hereafter illustrates
the main substances used. As most of the tissues are dielectric supers, their per-
meability is very close to that of air. This leads us not to specify this characteristic
in this table. Complex permittivity’s are measured at frequencies ranging from
100 MHz to 1 GHz, so there is little variation in these values for frequencies near
this range.

Most of the materials used are polymers. The radiation of an antenna inside
a tissue depends on the characteristics of the tissue. The characteristics vary ac-
cording to the type (stomach, intestine, muscle...), the age, the gender of the
individual and especially the location of the tissue (skull, abdomen, trunk,
legs...). The tissues have high permittivity and low conductivity. In the following
Table 2 extracted from the survey [2] we can find the average characteristics of

the main tissues.
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Table 1. Biocompatible materials used as substrate or superstrate.

Ref. Materials £, Tan o
[11] [12] LCP1/Kapton 3.5 0.0027
[11] Alumine (A1203) 9.9 0.0001
[13] PDMS2 2.8 0.005
[14] Rogers 3010 10.2 0.0035
[15] Ultem, 3.15 0.0013
[16] Teflon 2.17 0.05
[12] Biofila Silk 2.8 0.01
[17] FR-4 47 0.025

'Liquid Crystalline Polymer, *Poly Di Methyl Siloxane; ¢, andtand represent the relative

permittivity and loss tangent, respectively.

Table 2. Characteristics of the main tissues of the human body.

Tissues Relative Permittivity (&, ) Conductivity o (S/m)
Muscles 52.729 1.7380
Stomach 62.158 2.2105
Small intestine 54.125 3.1731
Colon 53.879 2.0383

To design an antenna that will radiate with minimal loss and acceptable gain, it
is necessary to know the characteristics of the tissue in which the antenna will be
inserted.

There are different methods to miniaturize and adapt biomedical telemetry an-
tennas. The most well-known techniques are among others the winding of the
radiating strand, the creation of slots, the insertion of electronic components and
the use of metamaterials. In [15], authors proposed a broadband capsular antenna
for biotelemetry applications. The antenna with dimensions of 12 x 6 x 0.035
mm3 is an E-shaped meander etched on a capsule of 11 mm diameter and 24 mm
length. The biocompatible Ultem substrate used has a relative permittivity of 3.15
and a conductivity of 0.0013 S/m. Implanted in a body, for a return loss limited to
—10 dB, the authors obtained a bandwidth of 7.31 GHz and gains of —25.23 dBi in
the human model of three layers (80 mm of muscle, 8 mm of fat, 2 mm of skin).
The weakness of this antenna lies in the drop of the antenna gain in the presence

of electronic components, particularly the battery.
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3. Proposed Antennas
3.1. Structure of the Proposed Antenna

Antenna Design Steps
The antenna developed by R. Alrawashdeh et al. in [18] inspires the shape of the
suggested antenna but its shape has been revised to optimize its operation.

In the 1st step of the design, we unified the width of the radiating strands at 1
mm and replaced the vertical elements with circular arc elements with a diameter
of 2 mm. By integrating the circular arcs, we aim to achieve harmonious radiation
and lengthen the electron path. In fact, the gradual 180" turn of the electrical
charges when changing direction eliminates unwanted radiation and lowers the
resonant frequency.

In the second phase of antenna design, 4 arcs were symmetrically integrated
into the upper and lower horizontal strands. The arcs allow the resonant fre-
quency to drop to a much lower frequency and balance the current distribution.

Figure 1 shows the geometry of the antenna when extended and when wrapped
around an implant of 3.5 mm radius and 10 mm height [18].

The length (L) of the lower strand is 20 mm and that of the upper strands (L;)
and (L,) is 3.37 mm. The diameter (D;) and (D) of the upper arcs is 2.26 mm. The
gap (E) between the central arcs has been dimensioned at 1.6 mm and the hori-
zontal sections (S1), (S2), (Ss) have common lengths of 2.66 mm. The height (H)

of the implant is 10 mm.

L, D
<R /
/ -
(
\

Figure 1. Antenna geometry (a) spread shape (b) shape wrapped around a 3.5 mm radius
implant.

3.2. Simulation Results and Discussion

Electromagnetic simulation software was used to perform the simulations. Figure 2
and Figure 3 show the simulation results of the new antenna structure in the muscle
characterized by the paper [18]. The muscle has a permittivity and dielectric con-
stant equal to &musae = 57 and o= 0.79 s/m respectively. The dimensions of the hu-
man phantom were also kept at 180 x 100 x 50 mm®. We have chosen the elliptical

cylinder shape of the Phantom to better approximate the real shape of most human
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muscles.

S11 (dB)

30 2 2 2 . . :
0 200 400 600 800 1000 1200
Frequency (MHz)

Figure 2. Simulated reflection coefficient (S11) of the antenna.

180

Theta / Degree vs. dB

Figure 3. 3D radiation pattern of the meander antenna.

As shown in Figure 2, the antenna has two modes of resonance which corre-
spond respectively to bandwidths of 203.7 MHz and 673.7 MHz. The first reso-
nance occurring at the frequency of 304.6 MHz extends from 224.3 MHz to 428
MHz and the second resonance that occurs at the frequency of 1010.8 MHz covers
the frequency range from 576.3 MHz to 1200 MHz. The first resonance mode has
therefore moved to low frequencies. The integration of the circles has also im-
proved the adaptation. At the first resonance, the simulated reflection coefficient
is —22.56 dB and at the second resonance, it is —25.20 dB. Figure 3 also shows that
the maximum gain achieved has increased from —28.4 dBi to —26 dBi. Further-
more, the radiation is mainly in the plane (xoz) orthogonal to the antenna axis.

However, it is obvious that neither bandwidth covers the 400 MHz bands (401 -
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457 MHz) dedicated to medical communication services.
Table 3. summarizes the comparative study of the performance of the initial

antenna with that of the antenna integrating the arcs.

Table 3. Comparison of the radiation characteristics of the right-angle antenna and the
antenna with the arcs of a circle.

Antenna integrating

Characteristics Antenna with right angles [18] A
arcs of a circle
224 - 428
Bandwidth (MHz) 327 - 530
576.3 - 1200
—22.56
S11 parameter (dB) =22
—-25.2
Maximum gain (dBi) -28.4 -26

4. Miniaturized Antenna

4.1. Antenna Miniaturization Process

The drop of the first resonance mode to 304.6 MHz after arcs integrating gives the
possibility to reduce the dimensions of the antenna.

We wanted to miniaturize the antenna so that once implanted in the body the
bandwidth covers all biomedical frequencies up to 1 GHz. The targeted bands
constitute 60% of the frequency bands allocated to the transmission of data for
biomedical applications. These bands are the most used because of their low prop-
agation losses in the body and the low risk of ionization of human tissue. To
achieve this objective, the first resonance mode should be at 500 MHz. By appli-
cation of the three rules, this theoretically gives a reduction of 40%. At this reduc-
tion ratio, two modes of resonance appear respectively at 554.4 MHz and at 1337
MHz but most of the medical bands are not covered. Also, the antenna is almost
broadband. To therefore unify the two passbands, we sought by simulation an
intermediate resonance frequency between the two resonance frequencies. The
simulation proved that at a size of 9.4 x 4.7 mm?, the antenna resonates at 562.8
MHz with coverage of all biomedical frequency bands up to 1 GHz. Applying the
same rule of three, this corresponds to a theoretical reduction of 45.88%. But if we
consider the simulated size of the antenna, it appears that the antenna has been
reduced to 47% of its initial size. The area of the reduced antenna is thus reduced
from 20 x 10 m* to 9.4 X 4.7 m*

4.2. Miniaturized Antenna Performances

The miniaturized antenna was simulated in the same conditions of the human
Phantom as in the paper [18]. Figure 4 and Figure 5 show the simulation results
of the S11 and the reduced antenna radiation pattern. The antenna has been re-
duced by 53% compared to its initial size. The occupied volume of the proposed
antenna is 1.122 mm? (9.4 x 4.7 x 0.0254 mm?).
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Figure 4. Simulated reflection coefficient (S11).

SRS S N S
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180

Phi / Degree vs. dB

Figure 5. 2D radiation pattern.

Through Figure 4 and Figure 5, with the reduction, the antenna remains dual
band but each of these bands has been widened. The first band, which covers the
range from 10 Hz to 270 MHz has a bandwidth of 270 MHz. This band can be
used in the downlink transmission of biomedical communication systems [19] for
the administration of products or the activation of a patient treatment process.
The second bandwidth extending from 397.2 MHZ to 1159.2 MHZ is 762 MHz
wide. This mode covers the MIC (402 - 405 MHz), MediRadio (401 - 457 MHz),
ISM (902 - 928 MHz) and WMTS (608 - 614 MHz) bands which are regulated for
the transmission of uplink data in biomedical communication systems. The an-

tenna can be used in implantable connected objects to communicate with long-
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range IoT gateways (LoRa, Sigfox) that are currently transmitted in the 868 MHz
band (ISM868).
The matching and maximum realized gain of the antenna have also improved.

Table 4 shows the simulated performance of the reduced antenna.

Table 4. Comparison of the radiation characteristics of the miniaturized antenna and the
structures with right angles and arcs.

Antenna with right Antenna integrating the Miniaturized

Characteristics .
angles [18] arcs of a circle antenna
204 270
Bandwidth (MHz) 203
623.7 762
-22.56 -30
S11 Parameter (dB) =22
-25.2 —29.09
Maximum gain realized
-28.4 -25.1 —26.7

(dBi)

4.3. Effects of the Internal Electrical Components of the Implant

Inside the implants are assembled small electronic equipment providing useful
functions. That equipment, which is mostly made of conductive materials, can
affect the performance of the antenna. The most unpleasant of these devices is the
battery. It can act as an unidimensional ground plane whose effect on the match-
ing will be unpredictable. It can also generate a static electric field, which can alter
the radiation pattern of the antenna. To study the effect of internal components,
we modeled the battery by a perfect cylindrical conductor (PEC) of 5 mm diame-
ter and 10 mm height. We varied the distance (d) between the antenna and the
battery by varying the diameter of the battery.

Figure 6 shows a modelled battery inside an implant and Figure 7 shows the

variations of the simulated reflection coefficient for different distances.

Figure 6. Modelled battery inside an implant.
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Figure 7. S11 simulated in presence of battery.

The analysis of this curve shows (see Figure 7) that when the battery is moved
away from the antenna, the antenna matching improves reaching —50.57 dB for a
distance d of 2 mm. However, as the battery gets closer to the antenna, its match-
ing degrades, and the resonance shifts to higher frequencies. However, the an-
tenna retains its performance in the presence of internal electronic components

with a distance (d) more than Imm.

4.4. Effect of Permittivity and Conductivity Variation

Since the characteristics (permittivity, conductivity) of human body can vary ac-
cording to organ, gender, and age, we wanted to analyze the effect of any variation
of these quantities on antenna performance. We therefore varied relative permit-
tivity from 54 to 60 and conductivity from 0.59 S/m to 1.09 S/m. These values are
those that a muscle can assume, depending on age and part of the body, at fre-
quencies above 1 G Hz.

Figures 8(a) and Figures 8(b) illustrate the variation curves of the reflection
coefficient for these different permittivity and conductivity values.

For relative permittivity below 56, the S11 parameters of the first resonance mode

and the resonance frequency of the second resonance mode drop, respectively.

or
-10F
= S11 ep=53
% ==S11 ep=54
~ -20 m—S11 ep=55
= ==S11 ep=56
/5] ==S11 ep=57
-30 -S11 ep=58
==S11 ep=59
==S11 ep=60
_40 L ep L s b
0 200 400 600 800 1000 1200
Frequency (MHz)
(a)
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Figure 8. Simulated S11 variation (a) according to the relative permittivity, (b) according
to the conductivity.

But for relative permittivity values above 56, the reflection coefficient remains un-
changed. Moreover, despite the change in permittivity, the reflection coefficient
remains below —10 dB overall. Analysis of the curve in Figures 8(a) shows that,
although the conductivity of the body varies, the reflection coefficient remains be-
low —10 dB, and the two resonance modes retain their same resonance frequencies.
These two simulations prove that the antenna can be used in different parts of the

body while maintaining the same performance.

4.5. Comparison of the Results with Those Existing in Literature

In Table 5, we compared the antenna performances with those of antennas listed
in the literature. The proposed antenna dimensions (44.18 mm?) appear to be the
smallest but it performs better than the other antennas. It covers 5 bands (402,
433,614, 868, 915 MHz) including the 868MHz band which is currently successful
in IoT connectivity. This band could be used to popularize the IoMT (Internet of
Medical things). Moreover, the size of the antenna allows it to be implanted in
small muscles such as those of the fingers. The antenna also radiates in the 160

MHz band used for downlinking between outdoor transmitters and implants.

5. The Specific Absorption Rate (SAR)

Tissue ionization is one of the most feared hazards by implant wearers. To remove
this ambiguity, we wanted to check the Specific Absorption Rate (SAR) related to
the use of the proposed antenna. According to [20], the SAR values of implantable
antennas should be between 1.6 W/Kg per 1 g of tissue and 2 W/Kg per 10 g of
tissue to prevent dangerous tissue heating.

We considered the frequency 401 MHz of the MedRadio band to evaluate the
SAR. According to the article [20], the SAR can be calculated by using the equa-
tion (1).

_alef (1)
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Pis the power density losses (W/m?), p and o are the density (Kg/m?) and con-
ductivity (S/m) of the tissue, Eis the electric field (E™) generated. To determine 7,
we related the PL power lost in the tissue to the volume (V) of the Phantom under
consideration. This allows us to rewrite the SAR expression with equation (2).

SAR = L (2)
oV

To feed the antenna excitation port during the simulation, a Gaussian voltage
with a maximum value of 1 volt was produced. This voltage allowed to radiate a
power of 0.03 mW for a power of 450.80 mW received (accepted). The power (PL)
absorbed by the tissue is so 450.77 mW. The density of the muscle at that fre-
quency is 1041 Kg/m® and the conductivity is 0.79 S/m. The calculated SAR value
is therefore 0.48 W/Kg. This value is quite low compared to the references given
by ICNIRP (International Commission on Non-Ionizing Radiation Protection)
but the EIRP (Effective, Isotopically Radiated Power) of —15.23 dBm is slightly
higher than —16 dBm defined as the maximum EIRP for implants. Therefore, to
use the proposed antenna without damage, an excitation voltage of less than 1 V

is required to feed.

Table 5. Comparative table of antenna performance with other antennas.

References

(18]

[21]

Proposed
antenna

Frequences
(MHz)

402
433

401

2.45

433
915

402
433
614
868
915

. . Antenna Phantom: tissue, size,
Volumes  Bandwidths Maximum Antenna . . . .
. . . dimensions implantation depth
(mm?) (MHz) realized gains (dBi) structures
(mm?) (mm?)
5.08 203 -28.4 Meander 20 x 10 180 x 100 x 50
Monopole
193.2 50 -19.99 28 x 11.5 180 x 60 x 60
antenna
Circular
9.8 483 -12 7x7 50 x 50 x 50
shaped
6.3 532 —28.5 E-sharp 18 x 10 80 x 80 x 80
12.446 230 -28 bear-shaped 7x7 25 x 25 x 25
270
1.10 762 —26.7 Meander 9.4 x4.7 180 x 100 x 50

6. Conclusions

In this paper, a meander antenna for biomedical implant applications has been
proposed. Compared to its initial geometry, the antenna integrates circular arcs
that control its operation. The integration of the arcs allowed us to miniaturize
the antenna to a volume of 1.122 mm?® and to improve the performance. The per-
formances reached both in terms of bandwidth (762 MHz), matching (-30 dB),
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gain (—26.7 dBi) and especially in terms of size (9.4 x 4.7 mm?) making this an-
tenna a potential candidate for implantable sensors.
Moreover, we are working on making the antenna reconfigurable and improv-

ing its gain so that it can be proposed for other applications.
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