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ABSTRACT In this paper, we present a novel design of a compact miniaturized dual-band antenna for
industrial, scientific, and medical (ISM) implantable applications working at 915 MHz and 2.4 GHz. The
proposed antenna has a compact size of (6 x 6 x 0.25 mm?). The antenna shows a wide bandwidth of 12.6 %
at the lowest frequency and 12.8 % at the highest frequency and gain values of —21.8 dBi and —19.2 dBi
at 915 MHz and 2.4 GHz, respectively which are relatively high for implantable applications. The design has
been done for healthy and unhealthy tissues (adenocarcinoma). Furthermore, the fabricated prototype has
been tested in minced pork as a suitable real tissue to validate the simulated results. Finally, a comparison with
the recently published state-of-the-art solutions is provided showing good results in terms of size, bandwidth

and gain.

INDEX TERMS Dual band, frequency-independent antenna, implantable antenna, industrial, scientific, and

medical (ISM) bands, miniaturization.

I. INTRODUCTION

In recent years, the use of wireless implantable medical
devices (WIMD’s) has experienced a significant increase in
health monitoring, hyperthermia, and cancer detection [1],
[2], [3]. Diseases such as the incidence of esophageal
adenocarcinoma have rapidly increased over the past few
decades [4]. However, until now, implantable antenna inside
adenocarcinoma has never been considered, due to the lack
of actual dielectric properties of this kind of tissue. Recently,
in [5], the authors succeeded in the measurements of the
dielectric properties of the adenocarcinoma, which gives
us the possibility to study implantable antennas inside the
unhealthy small intestine for the first time.

The implantable antenna is a key component for the
WIMD’s, since it ensures communication with the external
devices. According to [5] the frequency dependence of the
electrical parameters of healthy and unhealthy tissues makes
reasonable that implantable antennas may have, at least,
broadband or dual-frequency performance. In addition,
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physical requirements such as space limitation, the lifetime
of the battery, ease of fabrication and, the patient safety are
key factors in WIMD’s. Then, when dealing with implantable
antennas, it’s crucial to concurrently address three primary
objectives which are miniaturization, multiband or wideband
performance to avoid detuning effects due to the change of
tissue environments.

Concerning the wideband performance, several applica-
tions can be recently found in literature. Among them,
different technologies can be mentioned such as a wideband
folded dipole antenna working from 700 to 2194 MHz [6],
a circularly polarized patch antenna working at 2.45 GHz [7],
a dual-band patch antenna working at 400 MHz and
2.45 GHz [8] and a dual-band planar inverted F-antenna
(PIFA) operating in medical device radiocommunications
(MedRadio) band at 400 MHz and ISM band at 915 MHz [9].
However, all of them had large dimensions (in the order of an
average 2 x 2 cm?) what made them difficult to be used as
implantable antennas.

Then, the second bottle-neck to be overcome is the
miniaturization degree. According to [10] the upper limit for
the device size would not be larger than 2 % of the host body
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size. The most common techniques to miniaturize antennas,
down to the required limit, are either the addition of shorting
pins or, the use of high permittivity substrates or the inclusion
of meandered lines or the inclusion of open-end slots in
ground plane. Then, a compact implantable antenna was
designed for pacemaker devices in [11]. However, the single
band behaviour and the thickness of 1.27 mm is the major
drawbacks to work as implantable antennas. In [12] a single
band fully planar antenna based on complementary split-ring
resonator was printed on a high permittivity substrate for
2.45 GHz applications. The antenna was fully planar with
a non-negligible impedance bandwidth (up to 12.2%) and
presented a small enough size (8.5 x 8.5 x 1.27 mm?)
to be considered as an implantable device. However, the
gain of the antenna is low (around -24.3 dBi) and the fact
that it only covered one frequency band made the device
difficult to be used when potential detuning could appear.
In [13] a patch antenna with multiple slots and one shorting
pin was proposed to achieve one single-band antenna for
a wireless capsule endoscope system. The thickness of
the antenna is 1.27 mm, the low gain of -28.7 dBi, and
the single-band performance making it not-suitable for this
kind of application. In [14] a dual-band implantable patch
antenna (7 x 7.2 x 0.2 mm?) sized was presented for
(ISM) bands (920 MHz and 2.45 GHz). The limited gain
of —28.7 dBi at 920 MHz, and —25.6 dBi at 2.45 GHz,
besides the presence of shorting pins and a defected ground
plane made the fabrication process more complex and
sensitive.

Recently, in [15] a first attempt to make a fully planar and
dual-band implantable antenna was done by introducing a
meandered line PIFA antenna with some kind of metamaterial
structure acting as a superstrate. Despite its great performance
in terms of size (7 x 6 x 0.5 mm?) and gain, it still needed
shorting pins and an outer cover to isolate the metasurface
from the inner what converted the antenna into some bulky
device (14 x 8 x 5 mm?>). A second meandered structure was
proposed in [16] to achieve a tri-band implantable antenna.
It still needed some shorting pins and was somewhat bulky
(19 x 15 x 0.25 mm?). Finally, a thick 2.54 mm implantable
antenna was presented in [17] but its thickness could make it
unsuitable for some applications.

A fully planar and single layer implantable antenna with no
shorting pins for ISM applications is presented in this paper.
The key factors in the design of the implanted antenna are the
inclusion on a patch antenna of an arrangement of slots that
maximizes the gain allowing larger link ranges while keeping
a miniaturized size. A loop shaped structure (to achieve
a dual frequency performance) has also been added. The
dimensions of the proposed dual-band implantable antenna
are (6 x 6 x 0.25 mm?). The key features of the antenna
are its small size, dual-band, single layer, and independency
between the highest and the lowest frequency. Finally, the
proposed antenna was initially analysed inside a 45 mm
depth of a homogeneous muscle box. Subsequently, to imitate
the simulation real scenario, minced pork is used for the
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measurements. The electrical properties of pork [18], exhibit
similarities to muscle modelled at frequencies of 915 MHz
and 2.45 GHz.

The rest of this paper is organized as follows. Section II
provides the antenna design geometry, the medium under
study, the equivalent model circuit, and the parameters of the
components. Followed by a comparison between simulated
and measured results in Section III. Finally, the paper
concludes in Section III.

Il. ANTENNA DESIGN

A. CONFIGURATION

The proposed antenna geometry is shown in Fig. 1. The
radiating element consists of a patch antenna with a slotted
meandered line designed for the 915 MHz band and a
simple ring for the 2.4 GHz band as shown in Fig. 1(a).
The antenna has been printed on Rogers RO3010 substrate
material of permittivity 10.2 and loss tangent of 0.0035.
The design remains simple and compact, it has a size of
(6 x 6 x 0.25 mm?) and a full ground plane as depicted
in Fig. 1(b). The profile of the antenna has been reduced
by a factor of 10 (compared to [19]) resulting in a fully
suitable implantable antenna structure. Table 1 summarizes
the detailed parameters of the proposed antenna.

(b)

FIGURE 1. The geometry of the antenna design (a) Front view (b) Bottom
view.

TABLE 1. Values of the antenna parameters.

Symbol Wy Is g w lg Wo w3 W4 11
Value [mm] 6 6 03 02 35 03 08 11 1.8
Symbol 17 14 W5 We Wi 13 ]5 12

Value [mm] 06 28 0.7 0.8 22 3 56 54

B. SIMULATION ENVIRONMENT

The objective of this section is to characterize the properties
of the human body medium, which is used to simulate
the proposed implantable antenna. Using the Debye model
expressions and the experiments data provided in [5] and [20],
the plot of the dielectric properties of different human tissues
versus frequency are shown in Fig. 2. The stomach has
the highest permittivity from 66 to 62 because of the high
water content and a conductivity from 1.1 to 2.6 S/m in
the frequency range between 600 MHz and 3 GHz. This is
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followed by the adenocarcinoma, which has a permittivity
between 64.5 and 59.5 and a conductivity from 1.1 to
2.6 S/m. The small intestine has a permittivity between 62 and
53.5 and a conductivity from 2 to 3.6 S/m. The kidney has
a permittivity between 62 and 52 and a conductivity from
1.25t0 2.75 S/m. The small intestine lumen has a permittivity
between 56 and 53 and a conductivity from 0.8 to 2.1 S/m.
Finally, grey brain matter exhibits the smallest permittivity
and conductivity between 55 and 48 and from 0.8 to 2.15 S/m
respectively due to the low water content. A three-layered

—©— SmallIntestine Lumen — = Kidney —©— Smal Intestine Lumen — = Kidney

66 —8— Adenocarcinoma  +++++++ Smal Itestine —8— Adenocarcino ma e Small Intestine
——— Grey Brain Matter  —d— Stomach

——— Grey Brain Matler _ —— Stomach 35

05 1 15 2 25 3 05 1 15 2 25 3

Frequency (GHz)
() (b)

Frequency (GHz)

FIGURE 2. Dielectric-properties of the human tissues versus frequency.
(a) Relative permittivity. (b) Conductivity.

body phantom of dimensions (80 x 80 x 60 mm?) was
used for the simulations as shown in Fig. 3. The properties
of the tissue conductivity and permittivity were adjusted
to be frequency-dependent for the entire band used in the
simulation. The antenna was simulated in a depth of 45 mm
inside the body phantom.

Skin: £,=41.3, 0 =0.872 S/m at 915 MHz
at 2400 MHz €,= 38.1, ¢ = 1.44 S/m Thickness = 1.5 mm

Fat: g,=11.3, 6=0.11 S/m at 915 MHz
at 2400 MHz &= 10.8, 6=10.6 S/m Thickness = 10.5 mm

FIGURE 3. The proposed antenna implantation within a three-layered
phantom at 45 mm depth.

C. WORKING PRINCIPLE AND PARAMETRIC STUDY
The design steps (1,2,3) of the proposed antenna are shown in
Fig. 4. Due to the complexity of the antenna, in parallel with
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the antenna design an equivalent circuit has been developed
to better understand any of the elements of the antenna.

Reflection Coefficient (JB)

FIGURE 4. Optimization steps for the proposed antenna and the
corresponding |Sqq .

Firstly, we designed a meandered line for the lower band;
the |S11| of step 1 was resonating at 1.9 GHz, which is
modeled by the first resonator Cq, L, and R;. Secondly,
in step 2 a simple ring was added for dual-band performances;
the ring shifted the first resonate frequency to 1 GHz, and
it is modelled by C;, L,, and R in the equivalent circuit.
Moreover, the coupling between the meander line and the ring
is represented by C4 and L4. Finally, not only the added arm
to the top of the meandered line help to achieve the desired
bands and impedance matching but also creates a new band
from 2.4 GHz to 2.57 GHz. This enhances the bandwidth in
the highest band. The arm at the top of the meandered line
is presented by C3z, L3 and Rz as presented in step 3, C5 =
1.7 pFis the loaded capacitor when the antenna is capacitively
loaded (The capacitive load is caused by adding the line
to the top of the meander line, which creates a capacitor
load between the meander line and the top arm). In addition,
a lumped equivalent circuit has been proposed to identify the
proposed antenna and estimate the resonant frequencies as
shown in Fig. 5. 1, 2, and 3 are representing the three different
design sections which are meandered line, ring, and added
arm respectively. As a result, the dual-band is achieved (| S|
< —10 dB) for both ISM bands from 890 MHz to 1 GHz and
from 2.26 GHz to 2.57 GHz.

The final equivalent circuit model is detailed in Fig. 5. C,
and L, are the capacitance and the inductance of the coaxial
cable, respectively.

The right side of the antenna is a meandered line (Fig. 6),
to calculate the inductance of the meander line we use the
method described in [21] and [22]. This method is based on
the measured data and a monomial expression which includes
all the meander line variables. The monomial expression is:

L; = 0.00266 a0'060312‘4429N0'954d0‘606w_0‘173 1)

where, (N) represents the number of segments of the
meandered line, (a = wy, b = I4, d = ws, w) and (/5) are
shown in Fig. 6.
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FIGURE 5. Proposed equivalent circuit of the antenna design.

d

FIGURE 6. The geometry of the meander line.

The capacitance C; of the meander line is calculated by the
expression referred to [23] by:

2 w—1

+eer——=21  (2)
215 ) lS

2[5
(72

Ci = lipt[€0€r
In(1+ 22 +

where: (I;,;) is the total length of the meandered line, (t) is the
thickness of the meandered line and (/5) is the length of the
segments of the meandered line. Using the optimized values
for the proposed antenna (Table 1), the estimated L and C;
are 4.73 nH and 6.16 pF respectively. On the left side of our
design, we have a simple rectangular ring, which has an LC
equivalent circuit. The values of C, and L, can be calculated
using the expressions reported in [24] and [25] respectively.

L —gC t
Cy = (wh —9) pul + €owW2 3)
2 2g
41
Ly, = 0.0002/5(2.303log10— — v) “4)
w2

where (lp) is the length total of the ring, g is the gap,
Cpui is the capacitance per unit length, (w2) is the width
of the ring segment, (t) is the thickness of the ring, (y)
is a constant depends on the geometry of the ring. C5 =
1.7 pF is the loaded capacitor when the antenna is capacitively
loaded [6]. Table 2 summarizes the circuit model parameters.
The proposed antenna exhibits dual-band performance. The
comparison between simulation and the equivalent circuit is
shown in Fig. 7. Good agreement can be seen between the
simulation and the equivalent circuit model.

Fig. 8 shows the simulation for three different lumped
elements cases. The values for each situation are detailed
in Table 3. All the values are constant except those of the
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TABLE 2. Values of the circuit model parameters (Units: 2, nH, pF).

Symbol Cy Ly Ry Co Lo Ro Cs L3
Value 362 554 143 13.82 031 54.3 386 1.47
Symbol R3 Cy L4 Cs Cp L, Zo
Value 431 397 877 1.7 98 0.237 50

0¢

Reflection Coefficient (dB)

-20

= = Simulated(HFSS) === Circuit model
25 . T T T

1 1.5 2 25 3
Frequency (GHz)

FIGURE 7. Comparison of the simulated and circuit model of the
proposed antenna.

tuning stub (C3, L3, and R3). Increasing L3 from 1.33 to
1.478 while decreasing C3 from 5.22 to 3.86, only shifts
the second frequency band to lower frequencies, without any
significant modification in the first frequency band. This
indicates that C3, L3, and R3, are the only parameters that
affects the highest frequency band, which leads to enhancing
the bandwidth.

TABLE 3. Values of the circuit model CASES(D,E,F) (Units: 2, nH, pF).

Symbol Cy L1 Ry Co Lo Ro Cs L3 R3
CASED 36 55 143 138 03 54 52 1.3 Sk
CASEE 36 55 143 138 03 51 454 144 9k
CASEF 36 55 143 138 03 54 386 147 431

Reflection Coefficient (dB)

-20 [

--------- CaseD = = CaseF
Case E

-25

1 15 2 25 3
Frequency (GHz)
FIGURE 8. |S;;] of different lumped elements CASES(D,E,F).

In the same way, we made C3, L3, and R3 values be
constant, and we study the variation of the other elements as
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shown in Table 4. Increasing L.1 from 2.88 to 5.54 while, with
decreasing C1 from 6.6 to 3.6, shifts the lowest frequency
band from 1 GHz to 915 MHz. On the other hand, increasing
C2 from 10 to 13.8, with decreasing L.2 from 0.39 to 0.3, shifts
the highest frequency to the left sidelower ones, and improves
the matching at the lowest frequency, without changing its
highest frequency (Fig. 9).

TABLE 4. Values of the circuit model CASES(A,B,C) (Units: 2, nH, pF).

Symbol Cy L1 Ry Co L2 Ro Cs L3 R3
CASEA 66 28 129 1382 031 87 386 147 5k
CASEB 39 55 135 10 039 62 35 1.48 1k
CASEC 36 55 143 1382 031 54 386 147 431

Reflection Coefficient (dB)

-20

‘ == =—CaseA ==reruen Case C
Case B

-25

1 1.5 2 25 3
Frequency (GHz)
FIGURE 9. |S;;] of different lumped elements CASES(A,B,C).

(@) (b)

FIGURE 10. Current distributions of the proposed antenna at.
(a) 915 MHz. (b) 2.4 GHz.

The working principle of this dual band antenna can be
explained by showing the current distribution at the operating
frequencies (Fig. 10). At915 MHz (Fig. 10(a)), the maximum
current density is placed along the meander line, with a
current null at the left rectangular loop. This makes the
meander line responsible for the radiation at the 915 MHz
frequency band. It is worth noting that the additional meander
line section at the right edge of the antenna increases the
antenna electrical length more, by increasing the number of
turns, without increasing its physical length. Consequently,
it helps reducing the lowest resonant frequency. On the
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other hand, the current distribution at 2.4 GHz resonant
frequency can be seen in (Fig. 10(b)). It can be appreciated
that, at 2.4 GHz, the maximum current density is mainly
placed on the rectangular loop, some on the arm placed over
the meander line and, finally, another part of the current at
the left part of the meander line. The overall effect of this
current distribution provoked a relatively broad band centred
at 2.4 GHz. The effect of the arm placed on the top of the
meander line will be discussed on the next paragraph.
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s \ / 4 \ ) A
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.E -10 y I We ! il
£ 1 i
5 &
S ! i
j =4 -
S5 h H g
: (B :
& ! i
20 - = -l,=45mmand|=4.6 mm ' 1
——1,=4.5mmand |,= 5.6 mm \
. = ¥
........ |2— 3.2 mm and |5— 5.6 mm
25 . ! L .
1 1.5 2 25 3

Frequency (GHz)

FIGURE 11. Parametric study of the proposed antenna as a function of
the length of meandered line and the ring.

Finally a parameter study is included to better understand
the antenna behaviour. The effect of the length of the
meandered line (15) and the length of the ring (I7) is shown in
Fig. 11. An increase in the length (Is) from 4.6 mm (dashed
black line) to 5.6 mm (solid blue line) decreases the lowest
frequency without hardly affecting the higher operating band.
On the other hand, increasing the length (1) from 3.2 mm
(dashed red line) to 4.5 mm (solid blue line) decreases the
higher operating band without affecting the lowest frequency
which emphasizes the frequency-independent behavior of the
proposed antenna.

o
Z
<
Q.
2
&=
@
Q
(&)
c
9 -
©
2
=
9]
14
20t f ........ lg=3mm al
—_— 3.2mm
- —|=35mm
25 L L L L
1 1.5 2 25 3

Frequency (GHz)

FIGURE 12. Parametric study of the proposed antenna as a function of
the arm length (Ig).

The effect of the length (lg) is studied with the help of
Fig. 12 and of the current distribution shown in Fig. 10. The

VOLUME 12, 2024
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arm at the top of the meandered line with length (lIg) works
as a tuning stub. 915 MHz band is mainly excited along
the meandered line without neither the tuning stub nor the
C-structure contributions. On the other hand, the tuning stub
has a significant role in exciting the second and the third
frequency band. In that way, an electromagnetic coupling
appears between the tuning stub and the meandered line,
which creates a new frequency band around 2.5 GHz. Taking
advantage of the newest frequency band created by the tuning
stub we can easily increase the tuning stub length (Ig) to
increase the current path. Increasing (Ig) up to 3.5 mm results
in a wider bandwidth at the higher frequency from 2.26 to
2.57 GHz as showed in Fig. 12. The current distribution
shown in Fig. 10 indicates a broadening of the highest
frequency band without affecting the lowest band.

-10

Reflection Coefficient (dB)

-20

—O—40mm
—&—45mm = = 60 mm
L

50 mm

25 . L L
0.5 1 1.5 2 25 3

Frequency (GHz)
FIGURE 13. Simulated |S;,| for different depths.

Fig. 13 displays the simulated |Sy;| for different depths.
|S11] is depicted for depth values of 40mm, 45mm, S0mm,
and 60mm. The findings indicate the antenna meets specifica-
tions (|S11| < —10dB) along all implantation depths (Fig. 13).
This suggests that implanting the antenna at different depths
within the tissue doesn’t impact the impedance matching or
resonance frequency. Thus, the antenna’s sensitivity remains
unaffected by the depth of implantation.

Introducing a capsule with the circuitry components
(Helix, Electrode, Holder, Antenna, PCB, batteries, Lid,
Biocompatible shield) that has been designed as illustrated
in Fig. 14.

1-Helix 5-PCB
2-FElectrode 6-Batteries
3-Holder 7-Lid

— Antenna 8-Biocompatible shield
| —

FIGURE 14. Capsule with the circuitry components.
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The simulated |S;1]| of the proposed antenna with capsule
is very similar to the simulated one without capsule as shown
in Fig. 15.

-20 -

Reflection Coefficient (dB)
o

25

=——©— Without Capsule === With Capsule

30 . ; .

0.5 1 15 2 25 3
Frequency (GHz)

FIGURE 15. Simulated |S11| of the proposed antenna with and without
capsule.

Fig. 15 illustrates the simulated |S11| with and without the
capsule and other electronic components. Results indicate
that the antenna meets the specifications (|S71| < —10dB) in
both scenarios, as depicted in Fig. 15. The capsule doesn’t
impact the impedance matching or resonance frequency,
implying that the antenna’s sensitivity remains unaffected by
its presence.

5+
~-10r
Jas}
z
St
o
]
Q -20
o
c
Kel
B 251
2
©
& 30t

—©— Small Intestine Lumen = = Kidney
35T =—8— Adenocarcinoma =~ =sreres Small Intestine
Grey Brain Matter e Stomach
40 L L L |
0.5 1 15 2 25 3

Frequency (GHz)

FIGURE 16. |Sy;| comparison in different tissue types.

Fig. 16 shows the |S11| of the proposed antenna inside
different tissue types. It can be observed that the proposed
antenna satisfies the —10 dB requirement between 890 MHz
and 1 GHz and from 2.26 to 2.57 GHz inside small intestine
Iumen. Inside adenocarcinoma the |S7;| has been shifted to
the left side and has a good impedance matching in the
lowest frequency band from 845 to 980 MHz and exhibits
a wider bandwidth from 2.17 to 2.55 in the highest frequency
band. This is due to the fact that that the permittivity of
adenocarcinoma is much larger at both frequencies than the
one of grey matter (Fig. 2). This will shift down the frequency
more in the presence of adenocarcinoma than in the presence
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of grey matter. In addition, as the losses are also greater, the
bandwidth associated to adenocarcinoma will be larger than
the one associated to grey matter. It is worth noting that the
losses are more sensitive to highest frequencies than to lowest
ones. Moreover, the antenna has been tested inside the small
intestine and it has a |Sy{| from 854 MHz to 1 GHz and
from 2.24 to 2.61 GHz. Furthermore, the |S1{| inside stomach
is between 845 and 989 MHz and from 2.14 to 2.5 GHz.
Inside kidney the |S;;| is from 854 MHz to 1.02 GHz and
from 2.24 to 2.66 GHz. Finally, the antenna was tested inside
grey brain matter and it shows a good impedance matching
between 0.9 and 1.05 GHz and from 2.27 to 2.73 GHz.

FIGURE 17. (a) Fabrication of the prototype antenna. (b) Minced pork box
dimensions. (c) Radiation patterns measurement block diagram.
(d) Radiation patterns measurement.

Fig. 17(a) shows the fabricated antenna. Fig. 17(b) shows
the proposed antenna inside the 3D minced pork box (The box
material is plastic with a permittivity of 2.7). Fig. 17(c) shows
the block diagram of the radiation patterns measurement.
Fig. 17(d) shows the radiation patterns measurement of the
proposed antenna inside minced pork box. To validate the
simulated results, the proposed antenna was measured inside
minced pork, because pork has similar electrical properties to
the human tissue [18]. Fig. 18 shows the measurement setup
of the proposed antenna inside minced pork. The |S1;| are
shown in Fig. 19.

It has been observed a good agreements between simulated
and measured |Sy(|. The |Si1| below —10 dB is observed
from 790 to 940 MHz and from 2.33 to 2.63 GHz (red solid
line in Fig. 19).

The proposed antenna shows a gain value of —21 dBi
at 915 MHz and —17 dBi at 2.4 GHz. Fig. 20 shows the
simulated and measured radiation patterns of the proposed
antenna at 915 MHz and 2.4 GHz inside the muscle box.
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FIGURE 18. Measurement of the prototype antenna inside minced pork.

Reflection Coefficient (dB)

~—he— Measured inside Minced pork

30 F = = Simulated inside Small Intestine Lumen

Simulated inside Grey Brain Matter

=—8— Simulated inside Adenocarcinoma

35 L L ! L
1 1.5 2 25 3

Frequency (GHz)

FIGURE 19. Comparison between simulated and measured |S;; | inside
minced pork.

]

240 120 '\

- [ -
150 210|—A—Measured(Phi=0°) 150 210
180 = = Measured(Phi=90°) 180
— Simulated(Phi=0°)
== Simulated(Phi=90°)

(@ (b)
FIGURE 20. Comparison between simulated and measured radiation

patterns. (a) 915 MHz. (b) 2400 MHz.

Because of the metallic holder inside the anechoic chamber
(Fig. 17(d)) we are only showing the measured radiation
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TABLE 5. Comparison of the proposed antenna with recently published literature.

Ref. year Dim[\?] Freq(MHz) | Bandwidth(%) | Gain(dBi) | Via | Depth(mm) | Adenocarcinoma |
(1412019 | | 0:02x0.02 928 20 -28.74 oo s o \
0.05%0.05 2450 8.9 -25.65
2712020 | 004x001 400 236 297 No 100 No \
0.09x0.03 915 104 -28.7
0.25%0.08 2400 55.4 208
(2812020 | 0.07x0.07 2400 215 33 Yes 3 No
(2912020 | 0.08x0.08 2450 11.7 -14.6 Yes 4 No
[30] 2018 0.03x0.03 915 8.8 29 No 4 No
(3112019 0.08x0.08 2450 32 25 No >10 No
.02 x0. 4 4 -36. 4
(212016 | | 002x0.03 00 7 36.7 Yoo No
0.17x0.18 2400 6.6 271
(3312020 | 0:02x0.02 915 117 -28.94 e 3 o |
0.05%0.05 2450 114 -23.06
(2018 | 002x001 915 9.8 285 No 4 o \
0.06x0.05 2450 8.5 228
(3512019 |  003x0.03 920 - 2933 No 2 e |
0.08x0.08 2450 - 21
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patterns between —90° and 4+-90°. Good agreement between
the simulated and the measured results can be seen.
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FIGURE 21. Link budget analysis in different resonating frequency.

The link-budget of the proposed antenna has been studied
to investigate the feasibility of its usage as an implantable
antenna and ensuring good communication with the external
device. Given an ideal phase shift keying ]ETZ = 9.6 dB, the
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Boltzmann’s constant K = 1.38 x 10723, To =273 K is the
temperature, and data rate B, of 78 Mbps. The required power
R, is given by [26]:

Ep
No
The available power is defined as [26]:
Ap=P;+G +G, - Ly ©6)
where P, = — 4 dBm is the input transmitter power, G, =

2 dBiis the receiver antenna gain, Ly is the free space loss, and
G; is the proposed implantable antenna gain at the different
operating frequency. The link margin is the subtraction of R,
from A,,. It can be clearly seen in Fig. 21 that communication
can be ensured in both operating bands at a distance of more
than 20 m with a link margin of more than 35 dB.

To ensure patient safety, the specific absorption rate (SAR)
has been simulated inside the human head model and small
intestine lumen at an incident power of 1 W [41]. Fig. 22 (a)
shows the SAR over 1 g inside the human head which
is 891 W/kg at 915 MHz and 877 W/kg at 2.4 GHz, that
gives an input power of 1.7 mW and 1.8 mW at 915 MHz
and 2.4 GHz, respectively. Fig. 22 (b) shows the SAR over
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1 g inside the small intestine lumen which is 898 W/kg
at 915 MHz and 844 W/kg at 2.4 GHz, that gives an input
power of 1.7 mW and 1.8 mW at 915 MHz and 2.4 GHz,
respectively. Fig. 22 (c) shows the SAR over 10 g inside the
human head which is 92 W/kg at 915 MHz and 95 W/kg at
2.4 GHz, that gives an input power of 17 mW and 16 mW
at 915 MHz and 2.4 GHz, respectively. Fig. 22 (d) shows
the SAR over 10 g inside the small intestine lumen which
is 93 W/kg at 915 MHz and 91 W/kg at 2.4 GHz, that gives
an input power of 17 mW at both frequencies. According
to [42], the power delivered to the implantable antenna is
around 100 W, which consequent that the proposed antenna
respects the IEEE C95.1-1999 (avg SAR<1.6W/Kg at 1 g),
and the IEEE C95.1-2005 (avg SAR<2W/Kg at 10 g).
Moreover, Table 6 summarize the SAR values inside
grey brain matter, small intestine lumen, stomach, and
adenocarcinoma, and it can be concluded that the SAR values
satisfy IEEE regulations as reported in [36], [42], and [43].

915 MHz () 24GH: 915 MHz (b) 2.4GHz

10g

915 MHz (c) 2.4 GHz 915 MHz (d) 2.4 GHz

FIGURE 22. Peak SAR analysis (Input power = 1 W) over 1 g inside
(a) Human head. (b) Small intestine lumen and over 10 g inside
(c) Human head. (d) Small intestine lumen.

TABLE 6. Simulated maximum peak SAR values inside different tissue
types.

- Max SAR (W/Kg)
Tissue model Frequency g 10g

R 915 MHz 891 92

Grey Brain Matter 24 GHz 877 95

R 915 MHz 898 93

Small Intestine Lumen 2.4 GHz 844 91
Stomach 915 MHz 935 96

2.4 GHz 800 87

Adenocarcinom: 915 MHz 239 .

a a 2.4 GHz 796 87

From Table 5, showing all recently published state-of-the-
art related works, it can be seen that the proposed antenna
presents the smallest dimension’s size, has a full ground plane
and the working from the highest and lowest operating band
is independent. The proposed antenna has higher bandwidth
than the ones in [29], [30], [31], [32], [33], [34], and [37],
[38] and higher gain than in [14], [27], [28], [30], [31], [32],
[33], [341], [35], [36], [37], [38], and [39]. In addition, it does
not use any via, contrary to what is shown in [14], [28], [29],
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[32], [33], [37], [38], making this design very suitable for
biomedical applications.

IIl. CONCLUSION

In this paper, a dual-band implantable antenna operating
at 915 MHz and 2.4 GHz ISM band applications has been
presented. The proposed antenna has a small size of (6 x 6 x
0.25 mm3), exhibits a bandwidth of 120 MHz at 915 MHz,
and 310 MHz at 2.4 GHz. The maximum gain of the antenna
is about —21.8 dBi at 915 MHz and —19.2 dBi at 2.4 GHz.
Compared with the recently published state of the art, the
proposed antenna presents the smallest dimension’s size, has
a full ground plane, and independency between the highest
and lowest operating band making this design very suitable
for the biomedical applications. The simulation results were
experimentally validated inside minced pork. The proposed
implantable antenna shows an ability to communicate at a
distance of more than 20 m at 915 MHz and 2.4 GHz.
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