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Abstract

In this paper, a novel multiband implantable planar inverted-F antenna (PIFA) antenna based
on Gosper curve fractal geometry is designed for biomedical telemetry applications. The
antenna has covered four dedicated frequency bands; medical implant communication system
band (MICS 402-405 MHz), industrial, scientific, and medical bands (ISM 902-928 MHz and
2.4-2.5 GHz), and wireless medical telemetry services (WMTS 1395-1400 and 1429-1432 MHz).
The proposed antenna is designed on Rogers RO 3010 substrate of thickness 25 mil and volume
equal to 153.67 mm’. The reflection coefficient and the radiation pattern are measured inside
muscle-mimicking liquid tissue phantom. The antenna has achieved the impedance bandwidth
of 126, 406, 168, and 175 MHz at MICS (403 MHz), ISM (915 MHz), WMTS (1400 MHz), and
ISM (2.45 GHz) with maximum gain value —33.6, —21.04, —15.48, and —10.25 dBi, respectively.
The data link range between the implantable antenna and off body antenna has been performed
with —16 dBm input power. Additionally, the obtained specific absorption rate with the input of
25 uW power has also been obtained within the safety limit and hence ensures the reliability of
the proposed antenna.

Introduction

Wireless body area network (WBAN) devices for biomedical telemetry applications are developing
rapidly, making it possible to monitor human beings’ health without admitting them to the hospital.
An implantable medical device serves as WBAN nodes and communicates with an external device
by sensing vital physiological changes and symptoms inside the human body. A robust but flexible
and miniature size antenna can establish a reliable wireless link between various WBAN nodes. The
designing of an implantable antenna, which must perform inside the human body, is more challen-
ging than an antenna in free space. The first challenge is to make the antenna miniature in size.
Secondly, a wide impedance bandwidth is required as the antenna is surrounded by frequency-
dependent tissues (high permittivity medium) and can experience wide permittivity diversity for
different body tissue environments or even permittivity of tissue can vary from person to person.
However, antennas with small bandwidth have also been proposed in [1, 2], which can be reliable
for only a single tissue environment. Thirdly, as the human tissue has a high absorption capability
(0 # 0) of electromagnetic waves, an antenna must communicate well inside the human tissue envir-
onment in prescribed safety specific absorption rate (SAR) limit. To avoid internal tissue damage or
infection, proper isolation of an antenna using biocompatible material should also be taken into
design consideration. Finally, the antenna should be designed for the allotted frequency band for
medical implants in consideration of body tissues.

The frequency allocations for WBAN devices for biomedical telemetry applications are con-
trolled by various organizations worldwide [3]. Federal communication commission (FCC)
recommends medical implant communication system (MICS) band (402-405 MHz), Med
radio band (401-406 MHz) with an extension of 1 MHz on both sides of the MICS band, and
24 MHz of extended-spectrum in between 413 and 457 MHz on a secondary basis. Both implan-
table medical devices and body-worn devices use Med radio spectrum band for diagnostic and
therapeutic purposes. Another medical telemetry service run by FCC is wireless medical telemetry
service (WMTS). The spectrum used for the WMTS band contains 14 MHz of the spectrum from
608-614, 1395-1400, and 1429-1432 MHz [4]. These bands are used for TV channels for indoor
communication and remote monitoring of patients far from the hospital. International telecom-
munication union radiocommunication (ITU-R) has provided a spectrum for industrial, scien-
tific, and medical (ISM) applications [5]. ISM band from 433.1-434.8, 868-868.6, 902-928,
and 2.4-2.5 GHz is also recommended for the biomedical telemetry of medical implants.

The reported implantable antennas are focused on size reduction for only single or
dual-band operation in the last decade, although there is still hope in further size reduction
[6-12]. A dual-band antenna using serpentine line planar inverted-F antenna (PIFA) design
for glucose level testing is reported in [6] with achieved resonance bandwidth of 35 and
7.1% at MICS and ISM bands, respectively, with 1265.6 mm® volumetric size. They have
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achieved adequate bandwidth by the use of a thick substrate and a
superstrate layer. A spiral-shaped PIFA for the MICS band has
been proposed within the volume 2681 mm® [8] and 650 mm’®
[9], respectively. Here, the size reduction is achieved by using
high permittivity Macor (€,=6.1) and Roger RT/duroid 6010
(e,=10.2, 6 =0.0023) substrate, respectively. The miniaturization
can also be achieved by multilayering of patches combined with
PIFA, as reported in [10-12]. The multilayer patch configuration
consists of two layers of radiating patch stacked with the ground
layer. Both patches are fed with a single feed pin; on the other
hand, PIFA configuration is formed by inserting a shorting pin
between the lower patch and the ground layer. Further, the
lengthening in the current path is achieved by inserting the
hooked slot [10], meander path [11] on a circular patch, while
[12] uses an Archimedean spiral patch with the volumetric size
of 179, 215, and 60 mm>, respectively. In [13], the antenna is
designed on lower dielectric Taconic RF-35 (€,=3.5) substrate
for improved radiation efficiency, claimed with a volume size of
39.3 mm’ but for the single band only. The size reduction may
lead to a reduction in maximum antenna gain, as reported in
[14], having a volumetric size of 31.5 mm’ for the MICS band
and ISM (2.4-2.5 GHz) band with peak gain —39.1 and —21.2
dBi, respectively. However, in the last few years, researchers’ atten-
tion has been in designing dual/triple-band antennas in parallel,
emphasizing size reduction and moderate gain [15-21].
Multiband antennas can support to switch into sleep and wake
mode and hence, can reduce the power consumption. On the
other side, data transmission and demand can also be controlled
by switching between the low data rate at the MICS band and
the high data rate at the ISM band. WMTS band is used for remote
monitoring of patients far from the hospital. Antenna with the
smallest volumetric size is expected so far for implantable applica-
tion as reported in [16], with 9.8 mm?> of volume. This dual-band
antenna only supports the ISM band 915 MHz and 2.45 GHz but
lacks the MICS band. Zada and Yoo [20] support three resonance
bands with a volumetric size of 21, but the lowest frequency is 915
MHz. Ref [15] has also presented the tri band antenna for skin
implant with a volume of 52.5mm’, but suffers from lower gain
and bandwidth. It is observed that the area of reported antennas is
comparable, but the overall volume can be reduced by considering
a thin substrate; on the contrary, a thicker substrate improves the
bandwidth.

In this work, we propose a multiband implantable antenna with
wideband resonance for biomedical telemetry application. The pro-
posed PIFA antenna is inspired by Gosper curve fractal geometry
along with defects in the ground plane. Also, human tissue modeling
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for numerical investigation and optimization of the proposed antenna
model has been carried out. The organization of the paper is as fol-
lows. Section “Model and technique” represents the design model
and techniques. Final design and analysis is described in section
“Final design and analysis”. Section “Results and discussion” follows
the results and discussion and concluded in section “Conclusion”.

Model and technique
Antenna geometry

The proposed quad-band PIFA antenna is shown in Fig. 1. The
radiating element of an antenna consists of Gosper curve fractal
geometry of width (W;), which has been mounted on Roger
RO 3010 (€,=10.2 and tand =0.0035) substrate of dimension
Lo X Wy, and thickness h =25 mil. The overall volume of the
final prototype design is approximately equal to 154 mm’. An
inverted L-shaped stub is combined with the Gosper curve that
helps in impedance matching and to acquire the essential
WMTS band. The additional length L; and defected ground
plane have also improved the radiation performance of the
antenna design with wideband impedance matching performance.
The ground plane with defect, form a splitted square ring which is
combined with one semi-circle of radius R; which is located at
(=L,/2+ W,, 0) and two quarter circles of radius R, and R,
whose centers are located at (L,/2 — (W, + Ls), —Lg/2+ W5))
and (0, L¢/2 — W,)), respectively. The split gap is a square with
a value with a dimension of each side equal to W,. The PIFA
antenna is formed by connecting the radiating patch with the
ground plane at (S,, S,). The antenna is fed with 50 Q coaxial
probe located at (f,, f,). To avoid physical contact between
human tissues with the radiating element, a superstrate layer of
the same dimension as a substrate layer is used. The dimension
detail of all the parameters of the proposed antenna design is
tabulated in Table 2.

Antenna design methodology

The conventional size of the radiating element must be equal to
half of the resonance wavelength. For the MICS (403 MHz)
band, the lowest frequency among all the desired frequency
band, the length of antenna radiating element is calculated to
be approximately 373 mm in free space and 50-55mm in
human muscle (€,=57.1) or skin tissue (e,=46.7) [22, 23].
Further, the antenna length is inversely proportional to the square
root of the permittivity of the antenna substrate. Hence, the use
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Fig. 2. Gosper curve fractal design geometry, (a) 1st Gosper iteration, (b) 2nd Gosper iteration, (c) model geometry of proposed antenna element.

of a high value of substrate permittivity further promotes the size
reduction. We introduce Gosper curve fractal geometry for
lengthening of the effective current path on high permittivity sub-
strate. A fractal structure exhibits self-similarity characteristics as
well as manifests remarkable space-filling properties. A Gosper
curve fractal consists of a flow snake path, constructed by
replacing the line segment with self-similar geometry based on
a defined algorithm which never intersects even at an infinite
limit [24]. The design flow of the antenna element using
Gosper curve fractal geometry is illustrated in Fig. 2. Every unit
cell, called as node, contains seven hexagons. The unit element
of Gosper fractal is obtained by intersecting each hexagon cell’s
center point in a specific path, as shown in Fig. 2(a). Let’s say
path A: if proceeds from left to right (a to b) and path B: if we
move from right to left (b to a) crossing through each hexagonal
cell. The size of every Gosper fractal geometry is scaled down by
\/ 7 compared to the previous size, as G; =G,/ \/ 7 and G4=G,/
\/ 7. Gy and G,’s value for the proposed antenna design is taken to
be 5.16 and 3.44 mm, respectively. The hexagon of Fig. 2(a) has an
edge dimension of 1.72 mm. Here, L-system (Lindenmayer system)
tool has been utilized to obtain the Gosper fractal geometry [25].

The L-system assists in representing the self-similar fractal geom-
etries replacing each line segment by a seven-segment generator curve
among the seven hexagons group in a recursive manner. However, the
dimension and position of each node can be determined based upon
previous path A or B. The rule to generate the proposed Gosper fractal
design geometry can be described as follows:

For Aif—r—f—r—f—rr—f—I1—f—Il—fand

For Bif —rr—f—r—f—-ll—f—I—-f—1—f,

where f inspires to move the unit step in a forward direction, r
and [ stand for right and left rotation with 60 degrees. The A and
B paths blended to form the proposed Gosper fractal and can be
represented as shown below.

B<B—r—f—A—r—f—A—f—I1—-B—f—1—B—
f—B—f—A

Here each segment is scaled down by \/ 7 of the previous
dimension. However, the initial coordinate must have to define
before the curve generation. The proposed design contains a
meandering path that fills the two-dimensional space without
touching any infinite limit that helps to lengthen the radiating ele-
ment’s electrical length. Finally, the proposed path is swiped with
appropriate thickness, as illustrated in Fig. 2(c).
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Table 1. Parametric constant values of proposed human tissue model for
determination of permittivity and conductivity in the frequency range 200
MHz to 3 GHz

Permittivity Conductivity
Human tissue P q p q
Muscle 2.61x107* 8.67x107* 11.27 —0.495
Skin —3.47%x1072 2.83x107° 11.34 —0.493
Fat 7.64x107° 3.93x107° 99.5 —4.42
Bone —6.37x1072 5.44x107° 31.07 -1.38

Numerical tissue model

To investigate the implantable antenna’s performance, a numer-
ical tissue model that mimics to real human tissue in an electro-
magnetic (EM) medium is required. The EM properties, such as
permittivity, conductivity, attenuation constant, loss tangent,
etc., of human tissues are frequency-dependent, so proper model-
ing is desirable for antenna characterization. The simplest way to
define the numerical tissue model is a homogeneous anatomical
model assigned with electrical parameters at its center frequency of
band of interest. As in [26], the permittivity and conductivity of
human skin tissue at 402 MHz and 2.44 GHz are taken as (€,=
46.7, 0=0.69 S/m) and (€, = 38.04, o = 1.44 S/m), respectively. The
muscle tissue properties at 402 MHz (e, =57.11, 6=0.79 S/m) and
433 MHz (e,=56.84, 0=0.804S/m) are considered in [12], for
numerical investigation of spiral antenna. These values are com-
monly adopted from the inclusive and most preferred database
source of human body properties presented by Gabriel et al. [27, 28].

Specially, single-point parameters may lead to incorrect results
and interfere with a multiband antenna design. Therefore, for
proper characterization, the tissue model must express the correct
dielectric values at its respective frequency. As in [29], three-pole
cole-cole model equation has been proposed to manifest the
human skin tissue modeling, but it requires strenuous effort
due to complicated function. Therefore, a simple frequency-
dependent model for human tissue permittivity and conductivity
to characterize the proposed quad-band antenna is proposed.
Here, human muscle, skin, fat, and bone tissues are expressed
as a function of frequency by taking the database of Gabriel
et al. [27, 28] as a reference. The permittivity and the conductivity
of human tissue can be represented by a very simplified reciprocal
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Fig. 3. Comparison of relative permittivity and conductivity of proposed human tissue model with the reference value taken from [27, 28], (a) muscle tissue, (b) skin

tissue, (c) fat tissue, and (d) Bone tissue.

logarithmic equation, which can be expressed as:
_ 1
~ptaln(h)’

where Y( f,) is the permittivity or conductivity of human tissue at
a frequency (f,). p and q are the constants representing the
respective tissue property in the frequency range 200 MHz to 3
GHz. The values of these constants are expressed in Table 1
and the proposed models fitted with Gabriel et al. are illustrated
in Fig. 3. The antenna is initially placed inside a single-layer mus-
cle tissue model and is finally optimized inside the multilayer
cylindrical human arm model [21].

Y(f) (1

Final design and analysis
Antenna design optimization

We proceed with the initial antenna design modeled inside a
homogeneous muscle tissue model with a fixed value of permit-
tivity and conductivity at the MICS band, then optimized inside
the multilayer frequency-dependent arm tissue model. The
antenna design consists of 20 variables, out of which 14 have
been utilized for optimization. Sequential nonlinear optimization
model is utilized with 101 numbers of iterations. The cost func-
tion interprets the reflection coefficient (S;;) of antenna design
to achieve the goal of —20 dB with weight (1) for all four desired
frequency bands centered at 403, 915, 1400, and 2450 MHz. The
range of all variables under the optimization constraints and the
final optimized dimension are outlined in Table 2. For the ease of
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simplicity, the aspect ratio of length and the width of both
substrate and the ground are kept constant.

Parametric analysis

To express the behavior of dimensions on antenna performance, a
parametric investigation has been utilized. Figures 4 and 5 show
the effect of width W; and W, respectively. While increasing
Wy, an increment in the resonance frequency of the 3rd and
4th bands has been observed. On the other side, W, can only
tune the third frequency band but helps in the impedance
matching.

The circle embedded with the ground plan also plays a signifi-
cant role in impedance matching. The effect of radius R;, R, and
R; between 0 and 4 mm on the resonance frequency of four
desired medical bands is illustrated in Fig. 6. The vertical axis’s
left section shows the minimum value of S;;, which is considered
below —10 dB; while the right side shows the resonance frequency
at Sy, (min) point. The result shows minimal shifting in resonat-
ing frequency in every band until R, reaches 2.5 mm. When the
radius increases after 2.5 mm, it gets connected with either circle
2 or 3, resulting in frequency decrement. The quarter circle shape
of circles 2 and 3 is taken to increase the electrical length of
the ground plane. An increment in R; helps to decrease the reson-
ance frequency for the first and second bands without affecting the
other higher band. On the other side, R; helps to increase the reson-
ance frequency at the second band, but at the same time, other
bands somewhat decrease slightly. R; improves the matching, espe-
cially for third and fourth bands without affecting the bandwidth
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Table 2. Parametric detail of proposed Gosper antenna design with initial and optimized value in (mm)

Symbol Initial Optimization Optimized value for Symbol Initial Optimization Optimized value for
value range fabrication value range fabrication

Lty 12 10-12 11 A 1 0.6-1 0.85

Waup 12 10-12 11 W, 1 0.5-1.5 0.83

H 25 mil - 25 mil W3 1 - 1

s, 0 0-5 3.64 R: 25 1-4 1.33

Ly 7.4 - 7.4 R, 2.5 1-4 3.69

g 5 5-7 6.73 Rs 25 1-4 2.94

Ly 8 = 8.5 f, 45 45-5 —-438

g 3 = 3.75 f, 0 = 0

Lg 10 10-11 10.16 Sx -2 = -2

Ls 10 10-11 10.16 S, —4.5 —4.5to -3.5 —4.04

Reflection Coefficient (S,,)

LS L L T L L T L

TR [N N [T W N S| | I [N TN T SN N SR SN T

=
b

Fig. 4. Effect of Gosper curve width (W;) on resonance fre-
quency of proposed Gosper antenna design.

L 1 L
1.4 1.6 1.8
Frequency (GHz)

(S,)

v

Reflection coefficient

| I T ISR N ST T T T T R R |

Fig. 5. Effect of ground width (W,) on resonance frequency of 0.4

proposed Gosper antenna design.

and the resonance frequency. The final optimized dimension of Ry,
Ry, and R; is taken to be 1.33, 3.69, and 2.94 mm, respectively.
Figure 7 shows the reflection coefficient response of six differ-
ent parametric conditions of the antenna design model. The
graph response also depicts the stepwise design modification
model of the proposed antenna design. Implementation of a
defect in the ground plan significantly helps to achieve the entire
desired frequency band. Additional arm length L; improves the
radiation characteristics while L, and L; support to achieve the
WMTS band centered at 1400 MHz. However, without any
other arms, Gosper gives the first resonance bandwidth of
approximately 600 MHz along with ISM (2.45 GHz) band.

https://doi.org/10.1017/51759078721001203 Published online by Cambridge University Press

0.6 08 1.0 1.2 1.4 1.6 1.8

Frequency (GHz)

20

Effect of permittivity of tissue

The permittivity of human tissue is different for different organs
and it depends upon the quantity of water contains. The human
body contains verity of complex constituents of tissues, having
large variation in permittivity range. Therefore, in this section,
the proposed antenna model’s resonance characteristic has been
analyzed inside lossy tissue medium mimic to human tissues
with a permittivity (€,) range from 20 to 70. Figure 8 shows the
effect of resonance frequency on all proposed resonant frequency
bands and on its bandwidth. As anticipated, the resonant fre-
quency of all bands decreased with the permittivity, but larger
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frequency shifting has been found in the third resonant band than
the other three. The fluctuation has been found at the second
band due to the establishment of dual resonance characteristics
and hence the obtained bandwidth is also large compared to
others. It is also essential to see that the frequency shifting is lesser
than the achieved bandwidth even if the frequency is shifting.
Finally, the result shows that the proposed antenna can be used
successfully inside the tissue having permittivity (e,) from 20 to
70 with some limitation on the third resonance band.

Results and discussion

Figures 9(a)-9(d) show the fabricated prototype of the proposed
Gosper antenna design. The antenna is fabricated on Rogers
RO 3010 substrate using a chemical etching process and fed via
50Q RG 86 semi-rigid coaxial cable with SMA F connector.
The superstrate layer is fixed on top of the radiating element
with Araldite adhesive. Further, the antenna is implanted inside
a muscle tissue-mimicking liquid phantom to analyze the antenna
performance. The phantom comprises deionized water, sugar,
and salt (1g per 200 ml solution) [6]. Figures 9(e) and 9(f)
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1.8 2.0 2.2 24 2

Fig. 7. Comparison of reflection coefficient response of various
configurations of Gosper antenna during antenna design
modeling.

show the experimental setup to measure the reflection coefficient
and radiation pattern. PNA L N5232B Network analyzer is used
for antenna testing and measurement.

Reflection coefficient

Figure 10 shows the reflection coefficient response of the proposed
multiband Gosper antenna. As a result, the antenna performance
inside both reference tissue and the proposed tissue model is very
analogous. Furthermore, the measured reflection coefficient inside
muscle-mimicking liquid phantom also expresses a competent result.
The proposed antenna design is compared with the previously
reported kinds of literature in terms of size, frequency band, band-
width, gain, etc., tabulated in Table 4. Comparative to the entire, the
proposed antenna is able to achieve four dedicated frequency bands
with the bandwidth of 126, 406, 168, and 175 MHz which provides
sufficient bandwidth to serve in variant dielectric environments.

Radiation characteristics

The radiation performance of the proposed antenna is analyzed
inside the proposed tissue model. Figure 11 shows the 2D (a-d)
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Symbol Parameters Unit Values
f Operating frequency MHz 403/915/1400/2450
P Transmitter power dBm -16
G, Transmitter antenna gain dBi —33.6/—21.04/—15.48/—10.25
Lex Transmission loss dB 4
Lpath Free space path loss dB Distance dependent
d Distance M 1-15
G, Receiver antenna gain dBi 2.15
k Boltzmann’s constant Joules/K 1.38x 1072
T Temperature Kelvin 293
B Bandwidth KHz 300
No Noise power density dBm/Hz -173.9
Ep/No Signal to noise per bit (ideal BPSK) dB 9.6
B, Bit rate kbps 7/1000
Bit error rate 1/s 1x107°
LM Link margin dB Pi=Preq
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Fig. 11. Radiation characteristics of proposed antenna design at 403, 915, 1400, and 2450 MHz; 2D radiation pattern (a-d), 3D radiation pattern (e-h), specific

absorption rate (SAR) (i-l).

and 3D (e-h) far-field gain radiation plot of the proposed Gosper
antenna design at 403, 915, 1400, and 2450 MHz, respectively.
The radiation pattern of the antenna depends on the tissue’s elec-
trical characteristics and its shape and size. Even the position and
orientation of implantation also alter the radiation pattern per-
formance. Due to the lossy medium (o # 0) of the human body
and miniature-sized antenna, meager antenna gain has been
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observed. Maximum gain at 403, 915, 1400, and 2450 MHz
are —33.64, —21.04, —15.48, and —10.25 dBi, respectively. Further,
regarding the safety of humans due to radio exposure, a power
limit has been set for each body centric and implantable wireless
device. There are two safety standards for SAR that help to calculate
the power absorbed by any lossy medium (o #0) in terms of the
mass of tissue [30]. In total, 1.6 W/kg is a maximum allowed SAR
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Fig. 12. Link margin of proposed Gosper antenna at different frequencies.

value as per IEEE C95.1-2005 standard, and it is calculated over 1 g
of cubic-shaped human tissue [31]. Another SAR standard
is adopted by the International Commission on Non-lonizing
Radiation Protection (ICNIRP) over 10g of human tissue
to <2 W/kg. For the proposed antenna when fed with 1 Watt
power, the SAR values computed at 403, 915, 1400, and
2450 MHz are 681, 383, 603, and 568 W/kg, respectively, as
shown in Figs 11(i)-11(1). To satisfy 1.6 W/kg limit, the allowed
power to the antenna must be limited to 2.35 mW. However, the
RF power of implantable devices is limited to 25 uW, which is too

Table 4. Comparison of proposed antenna design with earlier reported antennas.

Rajeev Kumar et al.

smaller than the allowed transmitted power. This shows that the
proposed antenna design satisfies the SAR regulation limit.

Link budget analysis

The RF signal attribute varies during the transmission of a signal
from transmitter to receiver, depending upon factors such as
environment, noise, distance, etc. Therefore, a link budget analysis
has been carried out between the proposed antenna and the external
off-body telemetry system to estimate reliable wireless communica-
tion links. Dipole antenna with a realized gain of 2.15 dBi has been
taken as base station antenna. The calculated link margin is shown
in Fig. 12. Link margin is a benchmark that defines reliable commu-
nication’s conformation and can be determined by the following
expressions [32].
Pr:Pt+Gt_th_Lpath+Gra (2)
where P, (dBm) is the power available at the receiving antenna, P,
(dBm) and G, (dBi) are transmitted power and gain of the transmit-
ter antenna. The computed radiated power of the proposed antenna
at 403 MHz is 1.61 mW when 1 W power is applied, but for safety
consideration, the maximum permitted power for an implantable
antenna is limited to 25 uW. Therefore, P,=25uW (—16 dBm) is
taken for further analysis [18]. G, (dBi) is the gain of receiving
antenna, L, (dB) is the transmitter loss due to connector or cable.

Ref No. Frequency Bandwidth (MHz) Volume (mm?3) SAR 1g avg Max (W/kg) Max gain (dBi)
[33] ISM 915 MHz N/A 14.13 N/A -25
[15] MICS 402 MHz 64 52.5 665.3 —40.85
ISM 915 MHz 91 837.7 —32.98
ISM 2.45 GHz 105 759.7 —22.37
[17] MedRadio 402 MHz 165 114.14 666 —41
ISM 2.45 GHz 680 676 -21.3
[19] ISM 915 MHz 90 24 971.5 —28.5
ISM 2.45 GHz 210 807.3 —22.8
[20] ISM 915 MHz 80 21 380 —26.4
Midfield 1900 MHz 155.8 358 -23
ISM 2.45 GHz 178.85 363 —20.47
[21] MICS 402 MHz 80 115 936.8 -31.6
ISM 915 MHz 60 881.2 -33.1
[26] MICS 402 MHz 105.8 248.92 338 —46
ISM 2.44 GHz 280.8 482 -19
[34] MICS 402 MHz 99.98 432 129.9 —12.25
ISM 2.45 GHz 360.15 990.7 —12.4
[35] MICS 402 MHz 120 447 140.8 —18.5
ISM 2.45 GHz 40 21.6 —19.5
Proposed Gosper antenna MICS 403 MHz 126 153.67 681.0 —33.6
ISM 915 MHz 406 383.1 —21.04
WMTS 1400 MHz 168 603.7 —15.48
ISM 2.45 GHz 175 568.5 —10.25
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and Ly, (dB) is the path loss between the transmitting antenna and
receiving antenna which increases with increasing the distance (d)
between the transmitter and receiver at wavelength ().

4mrd\’
Lpath = 1010g10 (T) . (3)

If the received signal strength at the receiving antenna is
greater than the receiver’s sensitivity, only a reliable link can be
possible. Receiver sensitivity is defined as a minimum power
required by an antenna for proper demodulation of the signal.
However, there is no standard definition of sensitivity level, as
the receivers may have a particular sensitivity level depending
on the application and requirement. Table 3 contains the link
budget parameters for design consideration.

P,y = 10log,, (kTB) + NF + CNR, (4)

where kTB is defined as thermal noise power; k (Joules/K)
Boltzmann’s constant, T is the temperature in Kelvin, and B is
the bandwidth. NF (dB) is a noise Fig. of the receiver generated
by electronic circuitries and peripherals. The CNR (dB) is a chan-
nel to noise ratio similar to signal to noise ratio but calculated
before the filter section of the receiver and can be expressed as

E B,
CNR = 10log,, <ﬁb> + 10log,, (E)’ %)
0

where E, is energy per bit, Ny (dB/Hz) is noise power density,
taken from standard bit error probability curve for binary phase
shift keying (BPSK) with additive white Gaussian noise
(AWGN) channel, and B, is bit rate (kbps). Finally, the link mar-
gin has been obtained by taking the difference between the recei-
ver’s available power and the minimum power required. The zone
above zero is considered to be acceptable for reliable link estab-
lishment. However, some miscellaneous losses, such as mismatch
loss, antenna misalignment, human error, cable loss, etc., may
lead to mitigate the received signal, so for the faithful link, it is
advised to consider link margin above 10 dB point.

Conclusion

A miniature size multiband antenna for implantable biomedical
devices is proposed. Miniaturization is achieved by Gosper
curve fractal geometry along with the shorting pin.
Additionally, the Gosper curve also supports to achieve multi-
band resonance with the help of defected ground structure. The
auxiliary arm attached to the Gosper curve helps to gain an add-
itional frequency band. Further, a sequential nonlinear optimiza-
tion technique is used to finalize the antenna design model with
frequency-dependent human tissue models (skin, fat, muscle, and
bone). The optimized design is investigated compared to the ref-
erence tissue model with the proposed tissue model, which shows
a good agreement in the measured results. The proposed antenna
has four dedicated medical bands centered at 403, 915, 1400, and
2450 MHz with quite good bandwidth values of 126, 406, 168,
and 175 MHz, respectively. After that, link budget analysis has
been carried out with off body antenna system. The result ensures
that a good communication link can be established at a lower 1
kbps data rate as compared to 1 Mbps speed with 15 and 2 m dis-
tance, respectively, by taking 10 dB of additional margin. The
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maximum gain of the final design at 403, 915, 1400, and 2450
MHz are —33.6, —21.04, —15.48, and —10.25 dBi, respectively.
Finally, the proposed antenna is compared with the previously
reported design. The proposed Gosper antenna is novel, multi-
band, compact, and preserves SAR value’s safety limit with
input power upto 25 uW for implantable application.
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