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ABSTRACT In this study, an ultra—miniaturized implantable antenna based system with ultra-wideband
characteristics in the industrial, scientific, and medical band (i.e., 2.4-2.48 GHz) is proposed for biomedical
applications. A biocompatible and flexible liquid crystalline polymer material, Rogers ULTRALAM (tané =
0.0025 and ¢, = 2.9), is employed as both the substrate and superstrate. The proposed antenna with a compact
size (7 x 7 x 0.2 mm®) and a wide bandwidth (1533 MHz), was primarily designed for overcoming the
detuning challenges that may occur owing to the electronic circuitry and irregularity as well as inhomogeneity
of the human tissue environment. The miniaturization of this antenna was achieved by introducing a shorting
pin and open-ended cuts in the ground plane, as well as in the radiating patch. The proposed antenna also
yielded a higher gain and lower specific absorption rate (SAR). Through the link budget analysis, it was
observed that 1 Mbps of data could be easily transmitted over a distance of 15 m. The simulated and in
vitro measured results confirmed that compared to the recently reported antenna systems, our proposed
ultra-wideband antenna based system could work more efficiently in the complex environment of the human
body, thus establishing itself as an attractive candidate for biomedical applications.

INDEX TERMS Biocompatible, circuit, high gain, impedance, link budget, specific absorption rate, ultra-

wideband.

I. INTRODUCTION

Implantable medical devices (IMDs) have attracted the
attention of researchers because of the convenience they
bring into a patient’s life. IMDs may be intended for var-
ious medical applications such as glucose monitoring [1],
retinal prosthesis [2], capsule endoscopy [3], and intracranial
pressure monitoring [4]. These devices collect physiological
data of the patient and establish wireless communication with
an external controlling device through an implanted antenna.
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Compared to free-space antennas, implantable antennas have
different radiation characteristics [5]. For example, the real-
ized gain of implantable antennas is mostly below zero
owing to the power loss in the surrounding tissues [6]. For
IMDs, the robustness of the wireless link depends on the
characteristics of the implanted antenna installed inside the
IMDs [7]. Therefore, due consideration should be given to
biocompatibility issues, safety concerns, compactness, and
wider bandwidth in the design of an implanted antenna [8].
The MedRadio band with a frequency range of
401-406 MHz is often used for IMDs. However, owing
to the bandwidth restrictions and limitations, this band is
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not suitable for the transmission of high-resolution images
data. Additionally, IMDs operating in 433/868/915-MHz
bands suffer a bulky size due to the larger wavelength,
thus making them unsuitable for implantation in most sce-
narios. For example, the research interest in the area of
wireless endoscopy (WE) has been increasing in recent
years. Compared with the conventional (wired) endoscopy,
the WE provides direct access to the whole small intestine
and does not need any sedation [9]. However, a large-sized
capsule could complicate the swallowing process and even
threaten the patient’s life. Therefore, the 2.4 GHz ISM band is
mostly preferred for transmission of high-resolution images
data from an IMD with a small-sized antenna [10]. It is
likely that IMDs working in this band may face interfer-
ence from nearby services, such as Wi-Fi, Bluetooth, IEEE
802.15.4, and near field communication. However, owing to
the ultra-low powered transmitters of these short-range com-
munication systems with different schemes of modulations
and effective isotropic radiated power (EIRP), they have the
very low ability of influencing other wireless equipment or
IMDs [11].

Recently, various techniques such as periodic structures
[12], split ring resonator [13], and lengthening the current
path [14] were developed by various researchers for the
miniaturization of an implantable antenna. In this study,
the volume of the proposed ultra-wideband antenna was con-
fined to 9.8 mm? by introducing open-ended cuts in the patch,
and also in the ground plane. A shorting-pin, which acts sim-
ilar to a ground plane by doubling the size of the antenna [15]
was also used. Similarly, owing to the IMDs circuitry, as well
as the heterogeneity of human tissues, the antenna integrated
with an IMD may detune from its operating band [16].
Furthermore, with aging, the properties of the human body
vary, and can also cause detuning of the antenna. Therefore,
wideband antennas with stable radiation characteristics are
always recommended for IMDs. Several recent studies have
suggested different methods for designing wideband anten-
nas for biomedical applications [17]-[19]. The authors in
[17] have achieved a total bandwidth of 120 MHz in the
MedRadio band by employing meandered strips. Likewise,
in [18], a sigma-shaped radiator was coupled with a C-shaped
ground to obtain a wider bandwidth of 337 MHz in the
MedRadio band. In [20], the authors designed a circularly
polarized wideband antenna operating in the 0.915 GHz ISM
band for endoscopic applications. Circular polarization (CP)
was achieved by creating a helical structure and by placing the
proposed antenna in the wrapped form with the inner wall of
the capsule. However, despite its bulky volume (66.7 mm?)
and complex geometry, the suggested CP antenna exhibits a
lower gain of —19.6 dBi and narrow bandwidth of 185 MHz.
Moreover, this wrapped conformal antenna can pose difficul-
ties in integration with internal circuitry. In fact, the signal
propagation in a human body is better at lower frequencies;
however, the radiated power allowed in the lower bands is
smaller than the higher frequency bands [15], thus, imposing
power constraints.
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A multiple input multiple output (MIMO) implantable
antenna operating at 2.45 GHz and having a peak gain of
—15.18 dBi was proposed in [21]. Although, the achieved
gain was satisfactory, the suggested antenna was excited with
four ports, which could increase its complexity and incompat-
ibility with the modern IMDs. A wideband circular-shaped
antenna resonating at 2.4 GHz with a bandwidth of 330 MHz
was designed in a seven-layered brain phantom [22].
However, its specific absorption rate (SAR) was high
enough to threaten the patient’s safety during a relatively
long checkup. Furthermore, despite having a larger vol-
ume (39.3 mm?), the reported antenna had a low peak gain
of —20.75 dBi. A wideband dipole antenna operating at
915 MHz was examined recently for tongue-controlled sys-
tems [16]. The impedance matching was achieved primarily
by embedding a 11 pF capacitor at the rear side of the antenna.
However, the geometrical structure of the antenna was not
suitable for its integration with most of the IMDs; in addition,
the usage of the capacitor has complicated the suggested
design. Furthermore, a thin layer (0.1 mm) of PDMS was
used to coat the antenna, which could not be maintained for
a long-term usability in IMDs unlike the tongue drive system
(semi-implantable device).

In this work, we present an ultra-miniaturized implantable
antenna system with ultra-wide bandwidth characteris-
tics in the industrial, scientific, and medical (ISM) band
of 2450 MHz. The proposed miniaturized antenna has a
compact volume of 9.8 mm?, which is achieved by inserting
a shorting pin and etching open-ended cuts in the radiator,
as well as in the ground plane. Two resonance modes were
combined to attain a wide bandwidth of 1533 MHz, which
renders it immune to the detuning effects that may occur
due to environmental heterogeneity and IMD circuitry. The
combination of the two resonance modes was made pos-
sible through step wise modifications in the design. The
initial design and analysis of our suggested ultra-wideband
antenna were carried out in the center of a homogeneous
skin phantom (HSP) with the dimensions of 25 mm x
25 mm x 25 mm. Subsequently, the HSP results were vali-
dated through further simulations in different heterogeneous
parts, such as the head, arm, and leg of a human body with
a finite difference time domain (FDTD) based simulator.
For ensuring the patient safety, the SAR was investigated
in the FDTD based simulator and was found to be com-
pliant with IEEE safety guidelines for various implanted
organs. For monitoring the biological signals, the reliability
of the wireless link was validated through the link budget
calculations for three implant locations. Table 1 shows the
novelty of our ultra-miniaturized and ultra-wideband antenna
by comparing its performance parameters with those of the
other implantable antennas that have been reported recently
in literature. It is evident that in spite of its simple shape,
the proposed antenna exhibits prominent features with con-
siderably less volume and ultra-wide bandwidth character-
istics as compared to other antennas. The reflection coeffi-
cients (S11) obtained in different simulation scenarios were
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TABLE 1. Comparison of the proposed ultra-wid

d implantable antenna with previous studies.

Ref. Year Frequency Volume Bandwidth Gaip SAR (W/kg) Phantom Implantation Oper:.;lt.ing

(GHz) (mm?®) (MHz) (dBi) l-g 10-g size (mm) depth (mm) condition
[2] 2004 2.45 18 3 274 | 1.158 - - - Heterogeneous
[19] 2018 2.45 40 1395 -9 131 - 80 x 80 x 80 40 Heterogeneous
[21] 2018 2.45 434.6 440 -15.18 - - 80 x 80 x 51.2 19.5 Heterogeneous
[22] 2019 2.4 39.3 330 -20.75 | 568.2 | 84.2 |100 x 100 x 72.2 10 Heterogeneous
[23] 2015 2.45 127 190 - - -- 90 x 90 x 25 4 Homogeneous
[24] 2019 2.45 99.75 520 264 | 712.1 - 80 x 80 x 25 4 Homogeneous
[25] 2015 2.45 292.7 -- -18.4 0.29 -- -- -- Homogeneous
[26] 2019 2.60 36.96 400 -19.7 | 0.719 - - 4 Homogeneous
[27] 2019 2.45 295.7 200 -23 38.2 - 100 x 100 x 100 10 Heterogeneous
[35] 2021 2.45 2.11 152.8 -24.5 | 2332 | 27.7 | 100 x 100 x 100 50 Homogeneous
[36] 2020 2.45 10.668 877.1 -9.81 | 5243 | 502 | 100 x 100 x 100 4 Homogeneous
[37] 2019 245 17.15 219 -18.2 305 81.7 | 100 x 100 x 100 3 Homogeneous
il a0 | 245 | os | s | ass [REEH - | 2500505 |05l

validated by testing a fabricated prototype of the antenna and
its corresponding system in a saline solution. For the mea-
surements of the radiation patterns, the same prototypes were
placed in a container containing minced pork to mimic the
human body tissues. Tests on the prototyped antenna and its
system confirmed a close agreement between the simulated
and measured results.

Il. METHODOLOGY

A. THEORETICAL BACKGROUND

As a medium, a human body possesses various challenges
for wireless transmission. It is made of different tissues (skin,
fat, muscle, and bone) with variable permittivity and electri-
cal conductivity that are unpredictable and change with the
loss or gain of weight, patient age, or even with changing
postures [28]. Furthermore, the location of the IMDs is also
varying. During surgery, the IMD is kept at the most suitable
location to perform its basic functions. Owing to all these
factors, the antenna implanted in the human body may detune
from its operating frequencies. Therefore, in this research,
an ultra-wideband implantable antenna having stable radia-
tion characteristics, irrespective of the implantation scenario
is proposed for IMDs. Initially, the design of the proposed
implantable antenna for the operation at 2.45 GHz was esti-
mated by the formula given below [19].

c c
f = ~
' g /Eeff L e +1

Y2
where f;, ¢, Ag, and & Tepresent the resonance frequency,
speed of the EM waves in free-space, guided wavelength or
wavelength in a medium other than free-space, and effective
permittivity, respectively. Similarly, L, denotes the length
of the antenna and ¢, is the combined relative dielectric

ey
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constant of the superstrate and substrate. Then, miniaturiza-
tion techniques were adopted for reducing the size of the
designed antenna to make it suitable for employment in mod-
ern miniaturized IMDs. A shorting-pin doubles the size of
the antenna, and hence, aids in its miniaturization. Similarly,
the capacitance gets increased due to slots insertion in the
ground plane, thus providing a further possibility of miniatur-
ization [15]. Therefore, a shorting-pin with a 0.3 mm radius
and a slotted-ground plane were employed in the reported
design. The superstrate in our design was primarily employed
for decoupling the antenna from the lossy surroundings by
avoiding a direct contact of its radiator with the human tissue
[71, [19]; however, it also assisted in the miniaturization as
observed by the authors in [29].

TABLE 2. Dielectric properties of different parts of human body at
2.45 GHz.

Tissue type Permittivity () Conductivity [c (S/m)]
Bone 11.4 0.394
Muscle 52.7 1.74
Fat 10.8 0.268
Skin 38 1.46

The dielectric constant (&,) and conductivity (o) of differ-
ent components of a human body at 2.45 GHz are tabulated
in Table 2. The high &, of the human tissues influences
the effective dielectric constant [19]. The ¢, also affects the
wavelength (1) of an electromagnetic wave, thereby helping
in miniaturization. In the free-space, A can be calculated as

C
A= — 2
7 @

However, in a medium other than free-space, XA is reduced
due to high permittivity values as obvious from the following
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equation [28].

A
Ao = 3)
8 \/S_r
For instance, at 2.45 GHz, A in free-space is 122.44 mm;
however, it is only 19.9 mm in the skin with ¢, = 38.

This is significantly worthful in designing implantable anten-
nas where miniaturization is a crucial aspect. Consequently,
the overall volume of the designed antenna was reduced to
9.8 mm?, making it the smallest antenna that offered a stable
impedance matching with ultra-wide bandwidth characteris-
tics. Furthermore, the o of the body parts is more than the
air. Its impact is similar to immersing the IMD in seawater,
i.e., the signal will be attenuated while passing through the
body parts [30]. This leads to a shorter communication range
owing to the reduction in penetration depth [28].

B. LAYOUT OF THE PROPOSED ULTRA-WIDEBAND
ANTENNA AND CORRESPONDING SYSTEM

The front and rear configuration of our proposed ultra-
wideband antenna are portrayed in Figs. 1(a) and (b),
respectively. To attain the targeted frequency and ultra-wide
bandwidth, several cuts were etched from a square-shaped
radiating patch to give it a meander line structure, and thus
lengthen the current flow path, which assists in miniatur-
ization. To provide biocompatibility, Rogers ULTRALAM
3850HT (tané = 0.0025, ¢, = 2.9, and thickness = 0.1 mm)
of size 7 x 7 mm? was chosen for the substrate and superstrate
of the suggested antenna. The antenna was excited from the
patch center through a 50 2 feed with a 0.3 mm radius.

FIGURE 1. Geometry of the ultra-wideband antenna. (a) Patch.
(b) Ground.

Table 3 provides all the optimized design parameters
of the proposed antenna. It was observed in the simula-
tions that the side strip width (Ws) in the ground plane
and the parameters (L; and Ly4) of the resonator were cru-
cial for tuning and impedance matching of the designed
ultra-wideband implantable antenna. Therefore, these param-
eters were specifically optimized for achieving the desired
bandwidth. Similarly, we also observed that other variables,
such as L3, S1, and R have minimal effects; however, they
can be used as accessorial parameters with L, L4, and W5
in tuning and impedance matching. It is noteworthy that the
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TABLE 3. Parameters of the proposed antenna (units: mm).

Parameters  Values  Parameters  Values  Parameters  Values
Ly 7.0 L3 3.0 We 4.5
L1 2.5 Lig 2.0 W 3.0
Lo 3.0 Lis 0.5 Wg 6.0
L3 6.0 Lig 1.0 Wy 4.5
Ly 3.0 Li7 0.5 S1 0.5
Ls 1.37 Lig 1.5 Sa2 0.62
Lg 2.0 Lig 2.5 S3 4.5
L7 1.5 Wy 7.0 S4 0.5
Lg 0.5 \4%} 2.5 S5 1.0
Lo 1.5 Wa 3.5 dy 0.3
Lio 0.63 Ws 1.0 da 0.5
L1 1.8 Wy 2.0 R 0.75
Lio 2.5 Ws 1.0 D 1.0

dimensions of all the design parameters for the patch and the
ground plane were selected satisfactorily after conducting a
detailed parametric study on the basis of stable S;.

In real scenarios, the IMDs not only hold the antenna
but also other electronic components, for example, cir-
cuitry, power sources, electronics pack, and sensors. Hence,
the designed ultra-wideband antenna was installed in a skin
implantable system, as displayed in Fig. 2. The designed sys-
tem contains microelectronic components, upper and lower
lids, two batteries, and housing within a volume of 14 mm x
8 mm x 5 mm (560 mm3). A perfect electric conduc-
tor (PEC) material is considered for the batteries and elec-
tronics components, while the circuit PCB was fabricated
on Roger RT/duriod 6010. All the components (including
the ultra-wideband antenna) were encapsulated in ceramic
alumina (Al 03). AL O3 (¢, = 9.8 and thickness = 0.25 mm)
is a suitable material for biomedical applications due to its
biocompatible nature.

> Upper lid

> Antenna

> Batteries

Top view without lid

s

Side view Exploded view

FIGURE 2. The architecture of the ultra-wideband antenna based system.

C. DESIGNING STEPS

The proposed ultra-wideband antenna was optimized and
evolved in four steps as described in Fig. 3. The corre-
sponding S11 comparison for the steps involved is illustrated
in Fig. 4. As obvious from the successive steps, the proposed
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FIGURE 3. Steps in the design of the ultra-wideband antenna.
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FIGURE 4. Comparison of S;; for the four steps to achieve a wide
bandwidth.

designed was initiated from a simple patch antenna with
slots in the radiator and the ground plane. It was observed
that a weak resonance with S;; > —3.5 dB appeared at
1.65 GHz in step I due to insertion of the via and the slots
in the metallic parts of the antenna. As mentioned earlier,
the capacitance increases due to the slots in the patch or
ground, thus shifting the resonance frequency to the lower
values. Therefore, the resonance mode that appeared in step
I was moved to 1.2 GHz in step II by etching further slots in
the ground plane and the patch. Furthermore, a second reso-
nance was generated at approximately 2.4 GHz. By inserting
an open-ended slot in the ground and a rectangular cut in
the patch in step III, the second resonance that appeared in
step I at approximately 2.4 GHz was shifted to 2.36 GHz.
Finally, through modifications in step IV, the upper resonance
appearing at approximately 2.4 GHz in the S1; plot corre-
sponding to step II, was successfully combined with the lower
fundamental resonance mode. Thus an ultra-wide bandwidth
of 1533 MHz was achieved. Furthermore, it can be observed
from Fig. 4 that the step-wise modifications improved the
impedance matching of the designed antenna.

D. EQUIVALENT CIRCUIT MODEL
To comprehend the wideband characteristics of the
ultra-wideband antenna, an equivalent circuit model was
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FIGURE 5. (a) Equivalent circuit of the ultra-wideband antenna.
(b) Corresponding values of the electrical components employed in the
circuit.

developed in the advanced design system (ADS) software as
displayed in Fig. 5(a). This circuit is based on the degenerated
Foster canonical (DFC) model, which is widely applicable for
ultra-wideband antennas characterization. An antenna with
wideband characteristics can be considered as a radiating
element producing several closely associated resonances,
in which some adjacent bands overlap with each other [16].
Each resonance band can be analyzed using RLC lumped
elements connected in parallel. To obtain a wideband fea-
ture, multiple parallel-connected RLC circuits, with closely
associated bands can be joined in series. In Fig. 5(a), Cand L
represent the capacitance and inductance, respectively, when
the ultra-wideband antenna is resonating at the fundamental
lower mode. The three parallel RLC circuits connected in
series realize the remaining upper resonances. The three resis-
tors Ry, Ry, and R3 correspond to the radiation resistances
of the related resonances. The left RLC circuit, comprising
Ry, C1, and L; controls the impedance matching within the
operating band; the middle RLC tank comprising R», C3,
and L, adjusts the lower side of the ultra-wideband; and the
right RLC circuit comprising R3, C3, and L3 controls the
upper frequencies. The values of the electrical components
employed in the equivalent circuit are given in the table shown
in Fig. 5(b).

E. SIMULATION AND TESTING SETUPS

Initially, the suggested ultra-wideband antenna system was
designed and evaluated in HFSS software in a homogeneous
skin phantom (HSP) as visualized in Fig. 6(a). The antenna
was kept in the center of the HSP and the distance between
the antenna and the air, in this case, was about 12.5 mm. The
&, and o values assigned to the HSP at 2.45 GHz band were
38 and 1.46 S/m, respectively. To consider a more realistic
and practical scenario, the ultra-wideband antenna system
was implanted in the arm, head, and leg of a heterogeneous
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FIGURE 6. Simulation and test setups (units: mm): (a) Homogeneous skin
phantom. (b) Realistic hetrogeneous human models. (c) Fabricated
prototypes. (d) S;; measurement setup for the antenna. (e) S,
measurement setup for the system. (f) Radiation patterns measurement
setup for the antenna and corresponding system.

model as shown in Fig. 6(b). The performance of the reported
antenna was evaluated in terms of Sij, radiation patterns,
SAR, and communication link margins in the aforementioned
scenarios. For validating the results obtained from the simu-
lation scenarios, the prototypes of the ultra-wideband antenna
and system were fabricated and are depicted in Fig. 6(c). The
S11 of the antenna was measured in a container filled with
saline solution through the vector network analyzer as shown
in Fig. 6(d), while that of the entire 3D system was mea-
sured in the American Society for Testing Materials (ASTM)
phantom filled with saline solution, as shown in Fig. 6(e).
Furthermore, as visualized in Fig. 6(f), the radiation pattern
measurements of the antenna with and without the corre-
sponding system was conducted at 2.45 GHz in minced pork
to mimic the human tissue properties approximately.

F. SENSITIVITY ANALYSIS OF THE PROPOSED
ULTRA-WIDEBAND ANTENNA

As already discussed, an implantable antenna is surrounded
by human tissues; therefore, its performance is dependent on
their properties. As a result, the performance of the antenna
under different tissue loading conditions must be examined
for accurate evaluation. For this purpose, the ¢, and o of the
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FIGURE 7. Sensitivity analysis as a function of, (a) . (b) o.

HSP are varied from 50% to 150%, as shown in Figs. 7(a) and
(b), respectively.

The S11 curves in Fig. 7(a) show that the achieved band-
width moves to the left side as ¢, increases, while a shift
towards the higher frequencies is observed for a decrement
in &,. This phenomenon is well consistent with the inverse
relationship between ¢, and f, in Eq. (1). Meanwhile, it is
investigated that o has minimal effects on the working
frequencies, as shown in Fig. 7(b). According to Eq. (1),
the o could not directly influence the operating frequencies,
as shown in Fig. 7(b). However, the variations in o as well
as in g, of the tissues affect the impedance matching of the
antenna [31], thereby increasing/decreasing the Si; depth
(Figs. 7(a) and (b). Furthermore, o and ¢, also affect the tan§
of the tissues. The relationship between tand, o, and ¢, can
be given by [31].

tand =

“
ErEoW

where g, and o represent the free-space permittivity and

radian frequency, respectively.

G. PARAMETRIC ANALYSIS

Parametric analysis of the antenna is crucial for its optimiza-
tion, as well as for selecting the optimum dimensions of its
parameters based on the scenario. This parametric analysis
was carried out in the same HSP as visualized in Fig. 6(a).
The ultra-wideband antenna was kept at the center of the
HSP to examine the effects of the variations in its param-
eters on S1;. For the proposed ultra-miniaturized antenna,
the important design parameters for the parametric study are
the shorting-pin position, the lengths (L1 and L) of the patch
slots, and the width (W5) of the ground strip as portrayed
in Figs. 1(a) and (b). It is noteworthy that apart from these
mentioned parameters, all the other dimensional parameters
for the radiator and the ground plane were also selected
satisfactorily on the basis of a detailed parametric study in
terms of Sq;.

1) EFFECT OF VARYING THE SHORTING-PIN POSITION

The effect of the variation in the shorting-pin posi-
tion on the S1; and impedance matching are visualized
in Figs. 8(a) and (b), respectively. It can be clearly seen that
the shorting-pin position affected the impedance matching
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FIGURE 8. Influence of variations in shorting-pin position on (a) S;; and
(b) impedance matching. Influence of variations in L; on (c) S;; and
(d) impedance matching.

of the antenna in the wide operating bandwidth that was
achieved. The matching of the proposed ultra-wide antenna
disturbed as the shorting pin moved from the right cor-
ner towards the left corner. To better understand this,
the impedances of these shorting pin positions are drawn in
the smith chart (Fig. 8(b)). At position 3, the antenna has an
inductive impedance, thus it is necessary to move down the
loop of the impedance loci in order to decrease the induc-
tance. Therefore, the shorting pin was moved from the right
corner towards the left corner. The impedance loci created a
pigtail shape loop in the middle of the smith chart, which is
responsible for achieving the wide bandwidth characteristics.
This analysis suggested that the lower right corner is the
optimal choice to encompass the targeted ultra-wideband.

2) EFFECT OF VARYING THE LENGTH L, OF THE PATCH SLOT
L1 of the patch slot was varied from 2-3 mm. Fig. 8(c)
exhibits the ultra-wideband antenna behavior in terms of
the S11 as a function of L;. It is obvious that the operating
ultra-wideband of the antenna shifted to the right side of the
frequency spectrum when L; was increased from 2 to 3 mm.
We further observed that apart from tuning the frequencies, L
can also be utilized for impedance matching of the proposed
antenna, as shown by using the smith chart in Fig. 8(d).
A slight move up tendency in the loop of the impedance loci
was observed from capacitive to inductive impedance when
L was increased from 2 to 3 mm. However, the size of the
impedance loop increased at L; = 2.5 mm, which implies
a wide and stable impedance matching in the considerable
frequency range.

3) EFFECT OF VARYING THE LENGTH L, OF THE PATCH SLOT

L4 had a prominent influence on S;; because it stabilized
the impedance matching and current flow of the antenna.
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FIGURE 9. Influence of variations in L, on (a) S;; and (b) impedance
matching. Influence of variations in W5 on (c) S;; and (d) impedance
matching.

L4 was varied from 2—4 mm to achieve the desired wideband
characteristics. Fig. 9(a) depicts the influence of Ls on Sy;.
It can be observed that a lower value of L4 (i.e., 2 mm)
strongly degraded Sp; of the antenna. This effect was more
prominent at lower frequencies than at higher frequencies.
However, by increasing L4, the frequency bands were shifted
to the desired frequencies and provided a stable impedance
matching in the entire frequency range of interest. Further-
more, it was observed that for L4 > 3 mm, the depth of the
lower resonance decreased significantly. The influence of Ly
on impedance matching is shown in Fig. 9(b) using the smith
chart. As can be seen that the impedance loop is not much
sensitive to Ly > 3 mm values. However, the impedance loop
shrank at L4 = 2 mm due to stronger coupling between strips.
Hence, we kept the value of L4 as 3 mm.

4) EFFECT OF VARYING THE WIDTH Ws OF THE

GROUND SIDE STRIP

Although the antenna performance was very sensitive to
the patch slots, the ground slots can also play a significant
role in achieving wideband characteristics in the desired fre-
quency band. Therefore, the parameter W5 was varied from
0.5-1.5 mm and observed that it had a greater influence on
S11 and impedance matching compared to the other ground
slot parameters. Fig. 9(c) shows the effects of changing the
side strip width W5 on S1;. It can be observed that when
Ws was increased to 1.5 mm, the gap between the nearby
strips would decrease which in turn, would enhance the cou-
pling. As a result, the antenna performance would degrade
as a consequence of lowering the impedance depth. This
effect can be seen in Fig. 9(d) from the smith chart. The
small gap between nearby strips increased the capacitance
as the impedance loop shifted away from the center of the
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smith chart towards the capacitive region and the frequency
shifted to the higher spectrum. However, by keeping W5 at
0.5 mm, provided enough gap to decouple the nearby strip
lines. Therefore, it resulted in stable and broad bandwidth
characteristics for the proposed antenna at the corresponding
ISM band of 2.45 GHz.

IIl. RESULTS AND DISCUSSION

The focus of this work was to design a miniaturized antenna
system with ultra-wide bandwidth having impedance stabil-
ity and operating at 2.45 GHz, which would mitigate the
detuning challenges by perfectly working inside the human
body. The antenna system was simulated and measured using
the setups displayed in Fig. 6 in FEM- and FDTD-based
simulators. The parameter Sy of the ultra-wideband antenna,
which was simulated and measured in different scenarios is
depicted in Fig. 10. It is obvious that the reported antenna
maintained the impedance matching stability over a wideband
for all the simulated and measured scenarios. The achieved
bandwidths in the simulation were 1567, 1591, 1557, and
1533 MHz for the head, arm, leg, and HSP, respectively.
S11 was measured in a container filled with saline solu-
tion and the bandwidth obtained in the measurement was in
good agreement with those obtained from various simulated
scenarios. The bandwidth attained in the measurement was
1770 MHz. Similarly, Fig. 11 shows the S1; comparison of
the ultra-wideband antenna based system in various environ-
ments. From these investigations, it can be concluded that
the proposed ultra-wideband antenna can indeed, be a good
candidate for utilization in IMDs.

+Homogeneous skin phantom -6-Measured in saline solution
©-Realistic human Head Realistic human arm
-¢Realistic human leg
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FIGURE 10. Comparison of S;; of the antenna in different scenarios.

The radiation patterns of the ultra-wideband antenna
obtained through simulations in different scenarios and mea-
surement in minced pork are visualized in Fig. 12. It can be
seen that regardless of the simulation and measured environ-
ment, the gain polar patterns were almost same; however,
the maximum values are depended on the implantation sites.
The radiation patterns achieved at 2.45 GHz were approxi-
mately omni-directional in both the H- and E-planes for all
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FIGURE 12. Comparison of polar patterns of the antenna in different
scenarios at 2.45 GHz. (a) E-plane. (b) H-plane.
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FIGURE 13. Comparison of the peak and realized gains.

the scenarios. In minced pork, the peak gain was observed
to be —20.3, whereas in the simulations, it was —15.8, —25,
—26.3, and —27.8 dBi in the HSP, head, arm, and leg, respec-
tively. Fig. 13 shows the comparison of the peak and realized
gains. From Fig. 13, it can be clearly seen that the gain of
the proposed ultra-wideband antenna maintains a broadband
performance. However, a slight difference between peak and
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TABLE 4. Performance summary of the proposed antenna and its corresponding system in ISM band (2.45 GHz).

Parameter HSP Head Arm Leg Measured
Antenna | System | Antenna | System | Antenna | System | Antenna | System | Antenna | System

BW (MHz) 1533 1680 1567 1600 1591 1560 1557 1610 1770 1525

Gain (dBi) -15.8 -16 -25 -26.6 -26.3 -28.4 -27.8 -25.4 -20.3 -22

realized gain was observed, which is due to the material and
feeding losses [32]. Furthermore, the radiation patterns of the
entire system were also simulated and measured in the same
scenarios used for the antenna without the system. For the
conciseness of this manuscript, the radiation patterns with
system are not displayed. However, the performance of the
antenna and its corresponding entire system is summarized
in Table 4, in terms of its bandwidth and gain in different
scenarios. The difference between the achieved gain values
may be attributed to the different implantation depths and
phantom sizes in the given scenarios. It is noteworthy that the
consequences of different environments on the results of the
ultra-wideband antenna and the corresponding system were
minimal. This further emphasizes its use in IMDs.

To ensure the safety of patients wearing IMDs, the ICNRP
and IEEE C95.1-1999 limit the peak average SAR for 1 and
10 g of tissues to 2 and 1.6 W/kg, respectively [33]. To comply
with IEEE safety guidelines, we carried out SAR analyses
at three different locations (i.e., head, arm, and leg) in the
human body model. For these analyses, the input power to the
proposed implantable antenna was set at 1 W. The calculated
SAR and maximum allowable input power values at the ISM
band of 2.45 GHz in the aforementioned implant locations
are listed in Table 5. Additionally, the SAR distributions at
the prescribed locations are plotted in Fig. 14(a)—(c). A max-
imum SAR of 350.81 W/kg with a maximum allowable power
of 4.56 mW was observed in the leg tissues. The increase in
SAR in the leg tissue was expected owing to its highly con-
ductive nature. Nevertheless, the calculated SAR values of the
proposed antenna meet the safety guidelines, and hence, it is
not an issue to be focused on in this study.

TABLE 5. 1-g peak SAR and maximum allowable power in ISM (2.45 GHz)
band.

Body tissue | Peak SAR(W/kg) | Max. allowable input power (mW)
Head 289.76 5.52
Leg 350.81 4.56
Arm 282.63 5.66

A. COUPLING ANALYSIS

Owing to the presence of the device circuitry in the close-
ness of the antenna, it is mandatory to investigate the cou-
pling issues between the device components and the recom-
mended ultra-wideband antenna. To analyze the effects and
to determine the minimum gap between the device compo-
nents and antenna, the distance (D) between the electronics
circuitry and ultra-wideband antenna is varied, as demon-
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FIGURE 15. Coupling effects due to metallic components of the system
on the ultra-wideband antenna performance.

strated by Fig. 15. When D decreases, the performance of the
ultra-wideband antenna degrades. Therefore, the proposed
ultra-wideband antenna should be placed at least 0.6 mm
away from the metallic components of the system for avoid-
ing performance deterioration.

IV. LINK BUDGET CALCULATION

The determination of the telemetry range between the
implantable device and exterior base station is vital to transfer
the biological information reliably. However, various types
of losses are associated with the link budget calculations,
namely free space losses, cable losses, and antenna material
and mismatch losses [34]. We determined the link margins
from the difference between the antenna power (Ap) and the
required antenna power (Rp) based on the Friis equation, and
the link margin should be greater than 20 dB for consistent
communication. The key parameters used in these calcula-
tions are given in Table 6. Rp can be computed as follows.

Ep
Rp =7 +KT +B, 5)

o
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TABLE 6. Link budget parameters of the proposed antenna.

Symbol  Quantity Value
P, Transmitter power (dBm) -16
N, Noise power density:(dB/Hz) -20.93
T Temperature (Kelvin) 273
f Resonating frequency 2.45 GHz
Ga Transmitter antenna gain (dBi) Tissue dependent
Gy Receiver antenna gain (dBi) 2
L Free space loss (dB) Distance dependent
Ap Available power (dB) Distance dependent
Rp Required power (dB) -155.9
Ap -Rp,  Margin (dB) Fig. 16

where Ep/N,, K, T,, and B, represent the phase shift keying,
Boltzmann’s constant, temperature, and bit rate, respectively.
On the other hand, A, can be calculated as

Ap(dB) = Py + Gy + Gy + Ly ©)

where P,, G,, and Gj represent the transmitted power,
implantable antenna gain, and receiver monopole antenna
gain, respectively. Ly represents the free space losses and can
be computed from the following formula.

L(dB) = 20l0g($) 7

where d is the distance between the implantable antenna and
the outside controlling device, which can vary from 2 to
5 meters. It is noteworthy that the European research council
restricts the input power to 25 uW and the EIRP,,, for
the ISM (2.45 GHz) band to 20 dBm [15] for the safety of
patients. The in-body communication range was computed
for the ISM (2.45 GHz) band. The primary concerns of the
IMDs are battery power availability and circuitry. Depending
on the application of the proposed antenna based on the
input power, the skin implantation is taken into consideration.
Based on the skin implantable devices, the assumed transmit-
ted power P; is —16 dBm and the bit rate B, of the proposed
antenna is 1 Mbps. The distance versus margin graph for the
proposed implantation scenarios is shown in Fig. 16. It can be
shown from Fig. 16, that with the input power (—16 dBm),

\"Q P(=-16 dBm |
50 1A B, =1 Mbps
=2 N g )
) \& -G Head|
£ 40 AR Arm |
%ﬂ B e H-Leg !
E Cao . 0 kB2 =
©~
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FIGURE 16. Link budget for different implant locations in ISM (2.45 GHz)
band.
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1 Mbps of data could be transmitted over more than 15 m
distance. It is observed that the range of data transmission
could be changed by increasing or decreasing the data rate
and gain.

V. CONCLUSION

An ultra-miniaturized and ultra-wideband implantable
antenna based device operating at 2.45 GHz was designed in
this study. The proposed antenna was primarily developed for
overcoming the detuning phenomenon that may occur owing
to human tissue heterogeneity, tissue property variations with
age, and circuitry of the IMDs. The open-ended slots in the
patch and ground of the antenna, were noticed to be crucial for
frequency tuning, impedance matching, and miniaturization.
The results obtained in the HSP were verified by implanting
the antenna and its corresponding system in different organs
of a heterogeneous human model. The investigation of the
SAR assured the patient safety by achieving compliance with
the IEEE C95.1-1999 guidelines in the implanted locations.
To determine the telemetry range between the ultra-wideband
antenna system and the outside base station, the link margins
were calculated for the prescribed implant locations. The
simulated and measured results confirmed that the suggested
ultra-wideband antenna system is suitable, and indeed, bene-
ficial for practical implementation.
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