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Abstract — In this work, a novel multi-tracks wide-
band and multi-band miniaturized antenna design for
implanted medical devices biomedical telemetry is pro-
posed. This antenna entirely covers seven frequency
bands which are the bands (401—406) MHz of the
Medical Device Radiocommunications Service (MedRa-
dio), the three bands (433.1—434.8), (868.0—868.6), and
(902.8—928.0) MHz of the Industrial, Scientific, and
Medical (ISM), and the three bands (608—614) MHz,
and (1.395—1.400) and (1.427—1.432) GHz of the Wire-
less Medical Telemetry Service (WMTS). The antenna
possesses a compact full size of (19.5 x 12.9 x 0.456)
mm?3. The antenna miniaturization and impedance
bandwidth enhancement are achieved using two tech-
niques: the patch slotting and insertion of open-end
slots in the ground plane, respectively. Prototype of
proposed antenna with multi-tracks has been fabricated
and tested in free space. The comparison between
the simulated and measured reflection coefficient has
been done and found in good agreement with each
other. Furthermore, simulations of the proposed antenna
implanted in the underneath the scalp in a realistic
human model shows a wideband operation from 0.19
to 0.94 GHz, and from 1.38 to 1.54 GHz correspond-
ing to return loss (S;; < —10 dB). Link budget calcula-
tion is performed to specify the range of telemetry con-
sidering both Specific Absorption Rate (SAR) restric-
tions and effective isotropic radiated power (EIRP) lim-
itations. The designed implantable antenna with full
ground plane presents an appropriate reflection coeffi-
cient for muscle implantation. Furthermore, the designed
implanted muscle antenna may be also suitable for skin
implantation.

Index Terms — Biomedical telemetry, implanted antenna,
ISM, MedRadio, multi-band, multi-tracks, wideband,
WIMD, WMTS.

Submitted On: April 10, 2021
Accepted On: March 10, 2022

L. INTRODUCTION

Wireless body area network (WBAN), standard-
ized by IEEE 802.15.6 [ 2] is a promising wireless
personal area network to connect low power devices
placed on, inside, or around the human body for med-
ical and non-medical ends. Implanted medical devices
(IMDs) [2, 13]] focus on various clinical purposes: diag-
nostic, monitoring, therapeutic, etc. [4]. The most
modern of IMDs includes a communication mecha-
nism for data exchange [4} [5]. In regard to the tra-
ditional limited near-field inductive coupling link [6],
an implantable radiofrequency antenna has been inte-
grated into the IMD to establish an effectiveness bidirec-
tional wireless link between them and an exterior mon-
itoring/control base-station for communication and/or
physiological data transmission [5H7]. The biomedical
telemetry using wireless IMDs (WIMDs) antenna has
become more attractive for real-time remote monitor-
ing and allowing telemedicine to improve the patient’s
life quality [2]. Nowadays, WIMDs are integrated in
WBAN, where an on-body (or off-body) sensor node
is used for linking the device to the exterior monitor-
ing/control base-station that stands away from the body
[4) 18, 9].

The implanted antennas in the heterogeneous lossy
medium of the human body are designed for operation
in specified frequency bands that face the challenge of
size miniaturization while keeping good antenna radia-
tion performances, i.e., high efficiency, high gain, and
larger bandwidths [5] to establish an efficient telemetry
communication. In addition, the specific absorption rate
(SAR) restrictions for patient safety and the antenna bio-
compatibility also must be considered.

Large available bandwidth is an important fac-
tor to keep the implantable antenna performances sta-
ble and away from any frequency detuning due to the
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dielectric properties modification caused by gender, age,
health situation, etc. In addition to this, when such
antennas cover several allocated frequency bands, they
will allow to increase the WIMDs communication appli-
cations diversity. Furthermore, allocated telemetry fre-
quency bands vary from a country to another. In spite
of this, low frequencies are associated with relatively
lower loss through the biological tissues [3l], and the
frequency bands in the range (0.2—2) GHz are more
efficient for both data transmission and wireless power-
ing [10]. Thus, implantable antennas small enough to
fit into WIMDs that cover the almost allocated bands
widely within this frequency interval are more attrac-
tive. Such antennas are not widely reported in the
literature.

Various implantable antennas have been proposed
in the literature to cover various frequency bands of
WIMDs biotelemetry applications [3,15]. The developed
antennas can be classified in three groups: (1) single nar-
row band [11] and single wideband [[12H21]], (2) dual nar-
row bands [22-25]], dual lower wideband [26H28]], dual
higher wideband [29]], and dual wideband [30-31], and
(3) multi-narrow bands [32+34], multi-lower wideband
[35537]], and multi-wideband [38)]].

Several miniaturization techniques of implantable
patch antennas are reported in [39] such as slots inser-
tion in the radiating patch, stacking [[15}22], and embed-
ded open-end slots in the ground plane [26] 32, 34} 138]].
The split ring resonator (SRR) technique is also used
[L1} 30, 40]. In spite of this, various methods have
been proposed to enhance the gain, including the par-
tial meandering of the patch [[18], metamaterial array on
the superstrate [17], lens and parasitic ring, and reac-
tive impedance surface [[19]. The ground plane slotting
[26]], stacking [21]], and a capacitor at the open-end of the
ground slot [38] are also used for the impedance band-
width widening.

In [12] and [15], two muscle broadband implantable
PIFA antennas have been proposed for covering the Med-
ical Device Radiocommunications Service (MedRadio)
band (401—406) MHz, where the exhibited volumes of
399 and 448 mm?® are relatively large. Similar study for
the 2.45 GHz industrial, scientific, and medical (ISM)
frequency band has been carried out in [20], where the
occupied volume is 295.75 mm> and the impedance
bandwidth is 220 MHz.

In [38]], a quad-band implantable PIFA antenna for
the underneath the scalp in the head muscle and other
clinical applications has been proposed where the whole
size of the antenna is 8.43 mm?>. Tests carried out
on minced pork and the covered bands are MICS 403
MHz and ISM 915 MHz, both designed for telemetry,
whereas the ISM 2.4 GHz is used for control signaling
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and the Midfield 1470 MHz is used for wireless power
transfer.

In [22] and [24]], two scalp dual bands implantable
antennas have been proposed. For the first antenna, four
frequency bands have been covered. Nevertheless, the
simulated bandwidths inside a head model were rela-
tively narrow. The second antenna has been proposed
only for intracranial pressure monitoring. Furthermore,
the exhibited SAR values were large.

In [32], a scalp triple band implantable PIFA
antenna has been proposed. Although the volume is rel-
atively small, the obtained impedance bandwidths were
relatively narrow and the SAR has high values at consid-
ered frequencies. In [34]], another triple band implantable
antenna for deep tissue and skin implantations has been
designed. The obtained measured impedance band-
widths were narrow and lower biotelemetry frequency
bands are not covered.

Recently, in the reference [40], the authors proposed
a flexible wideband loop antenna for wireless capsule
endoscopy that covers all biotelemetry frequency bands
within the range (305—3500) MHz.

In this work, a novel multi-tracks wideband
implanted antenna design is proposed for muscle
WIMDs telemetry for frequencies up to 2 GHz. Since
this allows miniaturization, high permittivity substrates
are often used in the design of implantable anten-
nas. However, this also has the effect of reducing the
impedance bandwidth. For this reason, the choice was
made to achieve miniaturization by an efficient design
and to use a low permittivity substrate. Antenna’s minia-
turization is realized using path current lengthening prin-
ciple and the optimized size of the design is 114.70 mm?.
The design procedure starts from an initial coax-feed
PCB plate and consists of four steps, in which conduct-
ing regions of the patch and the ground plane are shaped
by slotting.

The designed antenna performs multi-band opera-
tion and covers seven biomedical telemetry frequency
bands with large bandwidths available and has the par-
ticularity of not having a superstrate.

The paper is organized as follows. In Section II,
the antenna structure and the design and optimization
process are presented. The fabricated prototype of the
implantable antenna is also presented as well as a com-
parison of measured and simulated return loss in free
space.

In Section III, tissues and implantation depth effects
are investigated using two phantom models; a one-layer
model which consists of skin or fat, and a three-layer
model constituted of skin, fat, and muscle. Section IV
presents antenna operation in two realistic implantations
of human body; in the underneath the scalp and in the
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muscle of the upper arm. Far-field gain radiation pattern,
SAR restrictions, and link communication performances
are investigated. Section V shows a comparison of the

Table 1:
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Various shaped patch tracks 7i, and sub-

tracks S7;, ground plane tracks Tg, and sub-tracks
STg; dimensions

proposed antenna performances with those of recently Tracks and | Dimensions| Tracksand |Dimensions
published implantable antennas and Section VI summa- sub-tracks |[mm x mm] sub-tracks |[[mm X mm]
rizes the main results. number number
T 0.2 x 5.6 ST, (T4 — T5) 0.2 x 0.3
II. ANTENNA DESIGN AND OPTIMIZATION T 12x09 | ST, (Ts —Ti4) | 04 x0.7
A. Antenna structure T3 04 x20 | ST3 (T14a —T6) | 02 x02
The side view and 3D view of the proposed antenna Ty 02 x 164 | ST4 (T —T13) | 1.2x0.2
are represented in Figures (1| (a) and (b), respectively. Ts 0.3 x16.2 | ST5 (T3 —T7) | 0.2 x0.2
The antenna is fed by a coaxial cable using a sub- T 02 x15.6 | STe(T7 —T7) | 02 x0.2
miniature version A (SMA) connector with a charac- Iy 172 x0.2 | ST7 (T7 — T1o) | 02 x 02
teristic impedance of 50 Q and inner radius of 0.63 Ty 172 x 0.2 | §Tg (T12 = Ty) | 02x 0.2
Ty 19.0 x 0.2 | STy (Tg — T1y) | 0.2 x 12.0
Tl() 19.0 x 0.4 ST10 (T11 — Tg) 0.2 x0.3
; T11 172 x 1.4 ST11 (Tg — T10) 0.2 x0.2
Dielectricl substrate Ra(lizlting‘patch I T2 172 % 1.6 |ST12 (T11 — T13)| 1.0 x 0.6
1 T13 172 x23 Tg] 19.5 x 3.6
T|4 162 x 1.0 ng 19.5 x 1.1
Tis 19.5 x 1.6 Tg3 19.5x 7.8
T16 0.3 x 10.9 STg1 (Tg1 — ng) 0.3 x0.2
Ground plane Coaxial SMA connector — ;:; :; : ;Z STg» (Tg2 - Tg3) 0.3x0.2

- We =12.9 mmn > - Wg =12.% mm -
Tis 0
T;
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TZ"fTJ" !
1
=
"
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Fig. 1. The proposed antenna. (a) Side view. (b) 3D
view. (c) Top view. (d) Ground plane.

mm. The all-compact structure is covered with a thin
layer of the polymer parylene-C (relative permittivity
€, = 2.95, loss tangent tand = 0.013, and thickness
= 20 um) to guarantee the biocompatibility and the
electrical isolation. Herein, the planar conductors con-
sist of copper with thickness 18 pum and conductivity
o =58 MS/m.

The antenna consists of three parts from the top to
bottom: shaped patch with slotting, Cuflon substrate, and
open-end slotted ground plane.

Part 1, the radiating patch: A detailed description
of the antenna radiating shaped patch is given by Fig-
ure 1(c), where the radiating patch consists of 18 tracks
T; i=1,..., 18) obtained by slotting, and their opti-
mized dimensions are given in Table The various
tracks are connected between them using a set of sub-
tracks ST;(T;1 — Tj2) of total number 12. The partic-
ular case of the sub-track occurred between tracks 4
and 5 and is located at a distance 1.2 mm from the
track T¢.

Part 2, the dielectric substrate: A low permittivity and
very low loss substrate is used, Cuflon with relative per-
mittivity €, = 2.05, loss tangent tand = 0.00045, and
dielectric thickness Thd = 0.38 mm. In addition to these
frequency-uniform electrical properties [41], this sub-
strate is relatively flexible, which allows freedom of the
muscle movement and avoids injuries caused by sharp
edges.
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Fig. 2. 3D view of the implanted antenna in the muscle
phantom model (X, Y, Z) = (110, 115, 25) mm.

Part 3, the ground plane: It consists of three tracks
Tgr (k=1,2,3)and two sub-tracks STg; (Tg; - Tg2), and
STg> (Tg> — Tg3) as shown in Figure[I](d). The ground
plane tracks and the sub-track dimensions are also given
in Table[T]

B. Structure of the phantom model

For implantation, a single layer muscle human tis-
sue phantom model is used, where the whole antenna is
submerged in the phantom center at a distance d =4 mm
as shown in Figure 2] The phantom has a parallelepiped
form of dimensions 110, 115, and 25 mm along the axes
X, Y, and Z, respectively.

The dielectric properties of human tissues are
frequency-dependent as demonstrated by the model of
Gabriel et al. [42]]. Herein, the model is implemented to
generate the frequency-dependent conductivity and rela-
tive permittivity of the muscle, fat, and skin; the data are
represented in Figure 3] for interest frequencies.

Fat and skin generated data will be used in Section
III for studying tissues and implantation depth effects on
implanted antenna performances.

C. Design process

It is not a quiet simple task to derive an exact
straightforward theoretical model for the analysis and
design of the proposed multi-track antenna, due to the
complex form of its radiating element with irregular
shape. Thus, we should make recourse to rigorous
numerical methods.

To design, simulate and solve the corresponding
electromagnetic problem, in a heterogeneous, complex,
and non-uniform structure, the Ansys® HFSS, which is
based on 3D full-wave finite element method (FEM) field
solver is used.

Since our objective is to obtain closely multi-band
operation for telemetry, we perform two techniques: 1)
current path lengthening by inserting a slot in the radiat-
ing patch and 2) embedded open-end slots in the ground
plane.

Now, the design procedure of the proposed
implantable multi-track antenna is outlined. The design
is accomplished in four steps by inserting slots in the
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Fig. 3. Dielectric properties of the muscle, fat, and skin
human tissues. (a) Conductivity o [S/m]. (b) Relative
permittivity €,.

radiating patch and open-end slots in the ground plane
as shown in Figure[d The corresponding reflection coef-
ficients calculated with the antenna submerged at a dis-
tance d = 4 mm in the muscle phantom model were used
to carry out the design (Figure[5).

[Step#1:] Start from an initial non-optimized design in
which a microstrip antenna with full ground plane, where
the antenna feed is fixed at the origin of the coordinate
system as shown in Figure [4] (a). The dimensions are
those ofFigure(c): Ly x Wy =19.5 x 12.9 mm?. From
the results shown in Figure[3] step#1, it is seen from the
computed reflection coefficient that the antenna does not
resonate in the frequency band of interest (dc-2 GHz).

[Step#2:] Insert a meandered slot with variable sections
of a minimum width; for example, 0.2 mm, in the radi-
ating patch as shown in Figure |4] (b). This creates four
resonance frequencies, as shown by the corresponding
reflection coefficient. The impedance matching in this
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Fig. 4. Representation of the evolution of the patch and
ground plane shapes with the four-step design process:
(a) step #1; (b) step #2; (c) step #3; (d) step #4.
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Fig. 5. The reflection coefficients (S11) corresponding to
the design process steps.

step is poor for the all created resonance frequencies as
shown in Figure[3] step #2.
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[Step#3:] The poor matching obtained in step #2 is
improved for the first three resonances by inserting three
other slots in parallel to the edges of the meandered
slot introduced in the previous step as represented by
Figure [ (c). Also, the remaining fourth resonance fre-
quency is shifted considerably to low without reaching
its final target resonance frequency. For the fourth reso-
nance frequency impedance matching enhancement, two
parallel open-end slots are inserted in the ground plane.
The reflection coefficient corresponding to this step is
shown clearly in Figure[5] step #3.

[Step#4:] The poor obtained matching is reinforced
again by inserting five other slots in the middle of the
radiating patch, and another slot in parallel to the right
edge of the meandered slot inserted before in step #2,
as shown Figure [4] (d). A further shifting of the four
resonance frequencies to their targeted counterparts is
obtained with closer resonances. A fifth resonance fre-
quency has been added in high frequencies. Finally, for
resonance frequency tuning, adjustment of slots dimen-
sions is performed. Results relative to reflection coeffi-
cient of this step are reported in Figure[5] step #4.

This marks the end of the antenna design and opti-
mization. The final design yields a total impedance band-
width of 0.90 GHz (0.20—0.94 and 1.37—1.53 GHz),
and the obtained reflection coefficients (S;) are —22.91,
—18.46, —18.06, —18.65, —11.61, —12.08, and —16.68
dB at frequencies 403, 433, 611, 868, and 928 MHz and
1.395 and 1.432 GHz, respectively.

At this stage, we would say a word on the com-
putation time. It is found that the computation time is
highly depending on the antenna complexity which is
directly related to the number of tracks of the radiating
antenna. Hence, the computation time increases with the
step number in the design process, detailed above in Sec-
tion II-C. Later, in the simulations carried out in Sec-
tion IV, computation time will increase again when the
antenna is implanted in a realistic human model.

D. Ground plane open-end slotting effect

Figure [6] presents a comparison of the reflection
coefficients of the final design with and without open-
end slots inserted in the ground plane.

The open-end slots inserted in the ground plane
enhance considerably the impedance bandwidth in
higher frequencies. Otherwise, considering it is reported
that an implantable antenna with full ground plane is pre-
ferred in some WIMDs, the designed antenna with full
ground plane is still effective especially for the lower part
of the targeted frequencies and remains a good candidate
for such systems.

E. Free space measurements
To verify the performance of the designed
implantable antenna in free space, a prototype of
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Fig. 6. Ground plane open-end slotting effect on

impedance bandwidth enhancement.

the antenna was fabricated and appropriate measurement
setup was used. A top and bottom view of the fabri-
cated antenna and the measurement setup are shown,
respectively, in Figures[7](a) and (b).

The antenna consists of a coax-feed double-sided
patch printed on a low permittivity and very low loss
Cuflon substrate, with the same dielectric properties and
thickness used in the simulation. A professional milling
machine combined with high-precision 45° milling tools
are used to engrave both the radiating patch and the
ground plane. The antenna was connected to the vector
network analyzer (VNA). A coaxial probe with an SMA
connector that presents a characteristic impedance of 50
Q is used to feed the antenna. Figure ] displays a com-
parison of the measured and simulated return loss in free
space.

Obviously, the antenna is not efficient in air, but
according to the figure, we can see that numerical and
experimental results are in a very good agreement. The
measured resonance frequencies correspond to those pre-
dicted by the simulation, indicating that all current paths
are present.

II1. TISSUES AND IMPLANTATION DEPTH
EFFECTS

In realistic implantation, the antenna is surrounded
by various tissues that present different dielectric proper-
ties. The dielectric properties of all biological human tis-
sues are frequency dependent. Examples of such charac-
teristics are given for the muscle, fat, and skin in FigureEl
and will be used throughout this section. Furthermore,
some types of tissues, such as the fat, possess variable
thickness. To predict accompanied effects, simulations
are performed into two main stages.

The first stage consists of one layer tissue with a
total volume of 110 x 115 x 25 mm?® in which the
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(b)

Fig. 7. (a) Fabricated antenna. (b) Measurement setup.
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Fig. 8. Measured and simulated reflection coefficients
(S11) in air.

antenna implantation depth d,r is set to 4 mm as shown
in Figure E] (a). Two different layers, skin and fat, are
considered and the corresponding reflection coefficients
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Fig. 9. Layered models used for tissues and depth effects
study. (a) The one layered phantom model: skin or fat
X, Y, Z) = (110, 115, 25) mm. (b) The three layered
phantom model: skin (X, Y, Z) = (110, 115, Zg) mm, fat
(X, Y, Z)= (110, 115, Zr) mm, and muscle (X, Y, Z) =
(110, 115, Zys) mm.

Table 2: Various studied scenarios of a three-layer phan-
tom model together with their physical dimensions

Scenario Layers thickness, and | Implantation
implantation  depth |tissue
[mm]
1 Zs=13,Zr=1.7,
Zy =22.0,drr =4.0
2 Zs=13,Zr=1.7,
Zy =220, dpp 6.5 |Musele
3 Zs=2.0,Zr = 10.0,
Zy =13.0,drr =150
4 Zs=13,Zr=1.7,
Zy =22.0,drr =0.6 .
5 Zs=20.Zr =100, _|>Nn
Zy=13.0,drr =1.5

are compared in Figure [10| to the one previously calcu-
lated in muscle layer. Results show that fat introduces
an important shift of the resonance frequencies to higher
frequencies due to lower values of relative permittivity
of this human tissue layer and impedance mismatching
is observed especially at lower frequencies. On the con-
trary, skin tissue layer introduces small modifications
since it presents a closer permittivity with muscle.

The second stage consists of three layer tissues:
muscle, fat, and skin, whose thicknesses are Zy;, Zr, and
Zs, respectively, as shown in Figure E] (b). The antenna
implantation depth dr7, in the layer of muscle, is defined
as the distance between the radiating patch surface and
the most close air—skin interface. Five scenarios cor-
responding to different values of implantation depth and
layers thicknesses are given in Table[2]and are simulated.
The whole volume of the structure is kept 110 x 115 x
25 mm? as in the first stage.
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Fig. 11. Reflection coefficients (S1;) in a three-layer
tissues phantom model.

From the return loss results of the second stage
scenario #1 given in Figure we note that the use
of three-layer human tissues phantom model shifts all
implanted antenna resonance frequencies to higher fre-
quencies with respect to the implantation in one layer
muscle phantom model. Despite this shift, due to a lower
permittivity of the media, a good impedance matching is
maintained.

The obtained results of scenarios #2 and #3 pre-
sented in Figure [TT] show that an appropriate increase in
the implantations depth drr in the muscle allows reach-
ing back the target resonance frequencies with very fine
impedance matching level.

Furthermore, the designed skin implanted antenna
of scenarios #4 and #5 present a good impedance
matching for almost all target frequencies which are
in this case, the MedRadio band (401—406) MHz,
the ISM bands (433.1—-434.8), (868.0—868.6), and



(902.8—928.0) MHz, and the Wireless Medical Teleme-
try Service (WMTS) band (608—614) MHz. The
obtained results shown by scenarios #2, #3, #4, and #5
are in agreement with those presented by Lee er al. [43]],
where a skin- and muscle-implanted broadband PIFA
antenna has been proposed for communication in the
MICS band (402—405) MHz.

IV. ANTENNA OPERATION IN PRACTICAL
IMPLANTATION

The proposed antenna is intended to be implanted
in the muscles of the human body. To this end, two
implantation tests have been simulated using the real-
istic human model of VHP-Female version 2.1 (age of
60 years old, height of 162 cm, and weight of 88 kg) of
NEVA Electromagnetics, LLC [44]. This full body com-
putational model of real human anatomy is constituted
of 25 individual tissues distributed in 203 tissue parts.
All inner tissues and organs are contained by the aver-
age body shell which is assigned as muscle tissue sur-
rounded by fat and skin shells. For more accuracy, the
individual dielectric properties of tissues are used.
Figure[T2]shows two antenna implantation testing in the
underneath the scalp (e.g., intracranial pressure moni-
toring) and in the upper arm muscle (e.g., blood pres-
sure monitoring, and transcutaneous glucose monitor-
ing). The antenna is implanted in the average body tissue
at a depth of 5 and 11 mm from the close air—skin tissue
surface for the first and the second implantation testing,
respectively.

Fig. 12. Practical antenna implantation: (a) in the under-
neath the scalp; (b) in the upper arm.
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Fig. 13. Simulated reflection coefficients ( S1;) of the
antenna implantation tests in a realistic human body
model.

A. Reflection coefficients

The simulated reflection coefficients of the two tests
implantations are given in Figure [I3] along with that of
the final design already presented in Section II. Compar-
ison of impedance bandwidth results shows that: 1) in
the underneath the scalp implantation, the lower wide-
band (0.19—0.94) GHz is widened by 10 MHz toward
lower limit bound, whereas the higher frequency band
(1.38—1.54) GHz is shifted by 10 MHz toward upper
limit bound, and 2) in the upper arm implantation, the
impedance bandwidth of the lower wideband remains
the same as the final design, whereas the impedance
bandwidth of the higher band coincides with the under-
neath the scalp implantation. Thus, the exhibited total
impedances bandwidth is of 0.91 and 0.90 GHz in the
underneath the scalp and in the upper arm antenna
implantation, respectively.

B. Far-field gain radiation pattern

An implanted antenna must be able to ensure
communication requirements between the WIMDs and
the external gateway/base-station. Thus, it is essen-
tial to obtain sufficient radiation power from the
antenna implanted within the body. Figures [T4] (a)—(g)
present the simulated 3D far-field gain radiation patterns
obtained for the two previous implantations together
with the corresponding 2D far-field gain radiation pat-
terns in £ and H planes.

The corresponding values of the peak gain obtained
in the underneath the scalp antenna implantation are
—41.55, —39.58, —32.97, —30.52, —30.09, —27.69, and
—27.35 dB. For in the upper arm, the corresponding
values are —41.51, —40.00, —37.53, —41.05, —36.99,
—25.93, and —25.24 dB at frequencies 403, 433, 611,
868, and 928 MHz and 1.395 and 1.432 GHz, respec-
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Fig. 14. Continued.



—Underneath the scalp (E plane)

=== Upper arm (E plane)
--- Underneath the scalp (H plane)

—~Upper arm (H plane)

Fig. 14. Simulated 2D (E and H planes), and 3D far-
field gain radiation patterns of antenna implantation tests
in the underneath the scalp and in the upper arm at fre-
quencies: (a) 0.403, (b) 0.433, (c) 0.611, (d) 0.868, (e)
0.928, (f) 1.395, and (g) 1.432 GHz.

tively. Note that, for both antenna implantation tests,
the main radiated power is distributed toward the almost
directions of the off-body environment.

This is valid for the all considered operating fre-
quencies. Thus, the radiation characteristics of the pro-
posed antenna are able to produce an effective wireless
communication links between the interior and the exte-
rior of the body. Besides, by comparison with the peak
gain values obtained in the final design, a gain decreasing
the overall considered frequency is observed. A max-
imum decrease of peak gain of 5 dB is noticed at the
frequency 403 MHz. The decrease is probably due to the
implantation depths and losses presented by the conduc-
tivity of the heterogeneous implantation testing medi-
ums.

C. Safety considerations and electromagnetic inter-
ference

The patient safety is in priory. To this end, the gen-
eral public exposure is restricted by IEEE C95.1-1999
and IEEE C95.1-2005 standards, in which the two lim-
itations 1g averaged SAR < 1.6 W/kg [43], and 10 g
averaged SAR < 2 W/kg [46] must be respected, respec-
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Table 3: Calculate maximum SAR values and corre-
sponding permitted power

Model | Freq. [Max SAR Max net-input
[GHz] |[W/kg] power [mW]
1 10 1 10 g-avg
g-avg | g-avg | g-avg
0.403 |555.95| 87.55 | 2.87 22.84
In the 0.433 |563.44| 86.65 | 2.83 23.08
under- 0.611 |636.57| 88.29 | 2.51 22.65
neath 0.868 |624.63| 90.53 | 2.56 22.09
the 0.928 |579.50| 84.02 | 2.76 23.80
scalp 1.395 |599.58| 81.31 | 2.66 24.59
1.432 |575.72| 84.69 | 2.77 23.61
0.403 |554.54| 89.57 | 2.88 22.32
0.433 |562.64| 88.94 | 2.84 22.48
Inthe | 0.611 |635.47| 89.97 | 2.51 22.22
upper | 0.868 |616.31| 90.74 | 2.59 22.04
arm 0.928 |571.37| 84.44 | 2.80 23.68
1.395 |584.13| 81.35 | 2.73 24.58
1.432 |547.41| 83.84 | 2.92 23.85

tively. Hence, the power incident to an implantable
antenna should not exceed the corresponding value for
each limitation. Assuming that the net-input power of
the antenna is set to 1 W for the two practical implanta-
tion tests simulated previously in this section, the maxi-
mum 1-g averaged and 10-g averaged SAR and the corre-
sponding maximum allowed net-input power values are
listed in Table[3l

Moreover, to mitigate EM interference with nearby
services, the effective isotropic radiated power (EIRP)
of a transmitter antenna is limited as mentioned by the
following equation:

EIRP[dBm] = P;,[dBm] + G[dBi] < EIRPyax [dBm],

ey
where Pj, is the net-input power, and G is the radiation
gain of the antenna. The implanted antenna in transmit-
ting serve the up-link, and the EIRP,,,, is set to —16,
7.85, 10.8, 11.85, 36, 22.2, and 22.2 dBm for frequen-
cies 403, 433, 611, 868, and 928 MHz and 1.395 and
1.432 GHz, respectively [3} 22, 147]].

The implanted antennas exhibit low gain values.
Thus, the maximum net-input power remains limited by
the SAR restrictions. For the two simulated implantation
tests, the calculated value of the net-input power of 4
dBm (2.51 mW) allows to meet the patient safety restric-
tions of both the most (1-g averaged SAR < 1.6 W/kg
and less (10-g averaged SAR < 2 W/kg) limitations of
IEEE standards, and this is validated for all considered
frequencies. In addition, this value is much greater than
the limit of the input power of the implantable antennas,
which is 25 uW [24,129} 132} 134} 37].
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Table 4: Parameters description of the link margin calcu-
lation

Transmission
Freq [GHz] Operating |0.403, 0.43,
frequency [0.611, 0.868,
0.928, 1.395,
1.432
Pr. [dBW] Tx power —46
Gr, [dBi] Tx antenna|Max gain (free
gain space), mean
gain (indoor)
Lty [dB] Tx feeding|0
loss
Ly [dB] Tx 0.3
impedance
mismatch
loss
Lo [dB] Polarization |2
mismatch
loss

Propagation scenarios

LP,, (m=2) [dB] |Free space Path-loss exponent m
and distance
dependent
LP,, (im = 1.5)|Indoor LOS
[dB]
LP,, (m =3) [dB] |Indoor
NLOS
dL [m] Tx—Rx dis- To be calculated
tance
dp [m] Reference 1
distance
A [m] Wavelength (3 x 10%)/Freq
in free space
Xs [1] Shadowing 0
factor
Receiver
Gry [dBi] Rx antenna gain 2.15
Lgyy [dB] Rx feeding loss
Lgum [dB] Rx  mismatch 0
loss
T, [K] Ambient tem- 293
perature
k(1] Boltzmann 138 x 102
const.
NF [dB] Receiver noise 3.5
figure
N, [dB/Hz] Noise power —199.95
density
Signal quality
B, [bps] Bit rate 100 x 103
BER [1] Bit error rate 1.0 x 107
Eb/N, [dB] Ideal-PSK, 9.6
ideal-BPSK
G, [dB] Coding gain 0
Gy [dB] Fixing deterio- 2.5
ration
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D. Link communication performances

The link budget calculation allows evaluating the
far-field communication link quality. It allows eval-
uating the communication performances between the
WIMD antenna and the exterior gateway/base-station for
envisaged communication requirements with including
various transmission constraints. The link established
between the transmitter designed antenna Tx and an
exterior receiver antenna Rx is evaluated. The link mar-
gin (LM) is given as a function of the carrier to noise
power density ratio (C/Ny) as detailed by the following
equation [2} 20} 22]:

C C
LM = Link— — Required— = (Pry + Gry+ Gry
N() NO

- LTxf - LTxm - LPm - Lp()l - LRxf - LRxm - NO)

E
- (” + IOlogloBr—Gc+Gd> , 2
Nop
where
dL drd,
LP, = 10mlog, | = ) +20log;o [ =2 ) + x5, (3)
do A
and
No = 10log, o (kTy(NF —1)). “)

Various parameter descriptions and their values used
for LM calculation are listed in Table 4l The available
transmitter power Pry is set to 25 W and the transmitter
gain G, values considered are those obtained in the first
practical test as described in Section IV-B. The consid-
ered receiver antenna is a well matched dipole antenna
with impedance mismatch loss Lg,,, equal to 0 dB and
gain Gg, equal to 2.15 dB [22]]. Also, the impedance
mismatching loss Lry,, of the transmitter antenna is set
to 0.3 dB, which is the maximum value calculated for
all considered frequencies. The feeding losses L.y and
Lgys of the transmitter and the receiver, respectively,
are neglected. In addition, the obtained polarization is
almost linear; thus, the polarization mismatch loss L,
is taken 2 dB [[L1]].

Three different propagation scenarios are considered
to account for the propagation channel effects: (1) in the
free space, (2) in the indoor line-of-sight (LOS), and (3)
in the indoor non-line-of-sight (NLOS). To this end, the
most suitable model of log-distance for the indoor loss
estimation is used. For the first scenario communication
channel, the transmitter gain Gr, values are those simu-
lated maximum values, whereas for the indoor channels,
i.e., LOS and NLOS, the mean gains are more suitable
[22]] and their simulated values are considered for the LM
calculation.

The shadowing factor ) is neglected and the ref-
erence distance dj is set as 1 m for all three propaga-
tion scenarios. The signal quality parameter of the bit
rate B, is chosen to cover largely the requirements of the



clinical applications associated with practical tests simu-
lated in Section IV. For example, the bit rate for the sub-
cutaneous glucose sensor, and the intracranial pressure
transmission is less than 10 kbps [4]], and is of 7 kbps
[29, 132} 1371, respectively.

The other receiver Rx and signal quality parameter
values adopted are those of references [2, 20]. These
other signal quality parameter values are agreed from
several WIMDs. The data communication between a
transmitter and a receiver antennas remains possible
when the LM > 0 dB. Figure[I5]illustrates the LM values
calculated in function of transmitter—receiver distance
dL for the three propagation scenarios.

The communication distances offered by the indoor
LOS channel communication are larger than those
obtained in the free space and in the indoor NLOS envi-
ronments.

Due to the lack of LOS, the LM decrease is rapid
in the indoor NLOS environments, which leads to low
possible communication distance. Nevertheless, this
distance communication remains sufficient in all the
three channels. In the free space, the communica-
tion distance starts from 19 m at 403 MHz to reach
33.5 m at 611 MHz, and in the indoor LOS prop-
agation scenario, the communication distance begins
from 14 m at 403 MHz until and 45m at 868 MHz,
and although the indoor NLOS is a rigorous propa-
gation scenario, the communication can be established
from the distance of 3.75 m at 433 MHz to 6.5 m at
868 MHz. Thus, the telemetry communication links
between the proposed implantable antenna and an exte-
rior gateway/base-station can be established in both the
free space and in the indoor environments with practical
distances.

V. COMPARISON WITH RECENTLY
PUBLISHED IMPLANTABLE ANTENNAS

The performances of the proposed multi-track
implantable antenna are compared with data brought
from the literature. Various targeted operating frequency
bands are considered for this comparison. The results are
reported in Table 5]

Thanks to an efficient design combined with using a
low permittivity substrate, the proposed antenna exhibits
both low volume and broadband behavior. In addition,
as it does not require any superstrate, the proposed con-
figuration presents a very low thickness. Actually, the
proposed antenna covers several telemetry frequencies
with large available frequency bands, whereas volumi-
nous antennas covering less number of operating fre-
quency bands are noticed, as reported in published stud-
ies. Note that our obtained peak gain values are very
near to those available from the literature in almost all
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Fig. 15. Link margin LM calculation: (a) free space loss;
(b) indoor LOS loss; (c) indoor NLOS loss.

cases. Note also that the obtained SAR values are very
comparable to those in the literature with improvements
in some cases and small degradation in other cases.
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Table 5: Comparison of the designed antenna performances with those of previous proposed implantable antennas
from the literature

. Peak Max. SAR [W/kg]
Volume Available Freq. gain/ [input power = lgW] Substrate/ T?tal
Ref. 3, |bands . superstrate thickness
[mm-] [MHz] [MHz] ree‘lllzed . 1-1999 1-2005 (.. tand) [mm]
gain [dBi] | 1g-avg | 10g-avg ’
FR4 (4.4,
[13] 560 360 400 G.-27.38 161 — 0.02)/RO3010 1.6
(10.2, 0.0035)
Both: RO3210
27 402 G. -36.9 324 66.6 (10.2. 0.003)
[22] 203.4 28 433 G. =359 309 66.3 1.8
38 868 G. -35.1 297 66.0
40 915 G. -329 295 67.5
Both: RO3010
7] 248.92 100 402 G. —46 338 — (102, ) 1.27
300 2440 G.-19 482 —
Both: Rogers
64 405 G. —40.8 665 93.2 6010 (10.2,
[32] 52.5 0.0035) 0.5
91 915 G. -32.9 837 93.9
105 2450 G.-223 759 87.2
Both: RT/duroid
80 915 G. -264 380 40.4 6010 (10.2,
[34] 21 0.0035) 0.5
115 1900 G.-23 358 38.2
180 2450 | G.-2047 363 40.3
Both: RO3210
150 401 G.-22 o 39-1 (10.2, 0.003)
[36] 254 433 G. -23 — 39.5 2.45
52 1427 G. 17 — 58.7
102 2400 G.—16 — 76.8
402 | G.-30.50G. Both: RT/duroid
148 433 -30 588 544| 92.790.5 6010 (10.2,
1371 17.15 0.0035) 0.377
173 1600 G. -22.6 441 85.3
213 2450 G.—182 305 81.7
R.G. -34.3 Both: RO3010
403 216 o (10.2, 0.0035)
. 433 R.G. —-30.6 213 —
[40] 404.14 3193 268 | RG. —26.6 1 — 1.235
915 R.G. —-26.0 205 —
2450 | R.G. 184 203 —
Cuflon (2.05,
403 G. —41.5 555 87.5 0.00045)/No
433 G. —39.5 563 86.6
. 750 611 G. -329 636 88.2
This work| 114.70 268 G 305 624 90.5 0.456
928 G. -30.0 579 84.0
160 1395 G. 276 599 81.3
1432 G. =273 575 84.6




VI. CONCLUSION

In this work, a novel miniaturized multi-track mus-
cle implantable planar patch antenna has been pro-
posed for WIMDs biomedical telemetry communica-
tions. The patch slotting and a pair of open-end slots
in the ground plane techniques have been used to obtain
a wideband and multi-band behavior. The miniatur-
ized antenna compact volume of 114.70 mm? was imple-
mented with a low relative permittivity substrate and
does not require any superstrate. Seven telemetry allo-
cated frequency bands are covered widely starting from
the lower frequency band of MedRadio (401—406) MHz
to the WMTS (1.427—1.432) GHz. A prototype of the
proposed antenna has been fabricated, and the agreement
between simulation and measurement was fully in free
space.

Antenna’s operation was investigated in two realistic
implantations of human body, in the underneath the scalp
and in the upper part of the arm.

Considering the three performance criteria, 1) opti-
mized volume of the antenna, 2) total number of seven
largely covered allocated frequency bands, and 3) peak
gain values at considered frequencies at once, the pro-
posed implantable antenna is very satisfactory compared
to many recent proposed implantable antennas refer-
enced in this work.

A model for the link communication distance is
adopted and ascertained by performing computations
for the cases of free space and indoor propagation
environments.

With seven telemetry bands covered, the proposed
implanted antenna is a candidate for various clinical
applications of the head and arm. It can also be designed
with a full ground plane and still cover five telemetry
frequency bands. In addition, a second mode of antenna
implantation, i.e., in the skin, can also be used with five
operating frequency bands covered.
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