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Abstract: Biomedical implantable antennas play a vital role in medical telemetry applications. These
types of biomedical implantable devices are very helpful in improving and monitoring patients’ living
situations on a daily basis. In the present paper, a miniaturized footprint, thin-profile bear-shaped
in-body antenna operational at 915 MHz in the industrial, scientific, and medical (ISM) band is
proposed. The design is a straightforward bear-shaped truncated patch excited by a 50-Ω coaxial
probe. The radiator is made up of two circular slots and one rectangular slot at the feet of the patch,
and the ground plane is sotted to achieve a broadsided directional radiation pattern, imprinted on
a Duroid RT5880 roger substrate with a typical 0.254-mm thickness ( εr = 2.2, tan δ = 0.0009). The
stated antenna has a complete size of 7 mm × 7 mm × 0.254 mm and, in terms of guided wavelength,
of 0.027λg × 0.027λg × 0.0011λg. When operating inside skin tissues, the antenna covers a measured
bandwidth from 0.86 GHz to 1.08 GHz (220 MHz). The simulations and experimental outcomes
of the stated design are in proper contract. The obtained results show that the calculated specific
absorption rate (SAR) values inside skin of over 1 g of mass tissue is 8.22 W/kg. The stated SAR
values are lower than the limitations of the federal communications commission (FCC). Thus, the
proposed miniaturized antenna is an ultimate applicant for in-body communications.

Keywords: implantable antenna; bear-shaped patch; wideband performance; compact size; biomedical
applications

1. Introduction

Biomedical gadgets are very helpful in different therapies and medical diagnoses. Due
to this reason, they have attracted the focus of researchers in the past few years. They are
helpful in improving and monitoring patients’ living situations daily. Implantable devices
need to be connected to an external unit for data transmission. This is commonly done using

Appl. Sci. 2022, 12, 2859. https://doi.org/10.3390/app12062859 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12062859
https://doi.org/10.3390/app12062859
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3099-1752
https://orcid.org/0000-0002-2958-7023
https://orcid.org/0000-0002-2140-2469
https://orcid.org/0000-0002-7989-3707
https://orcid.org/0000-0002-5305-3937
https://orcid.org/0000-0002-4548-9765
https://orcid.org/0000-0002-8263-1572
https://orcid.org/0000-0003-0369-7520
https://doi.org/10.3390/app12062859
https://www.mdpi.com/journal/applsci


Appl. Sci. 2022, 12, 2859 2 of 13

a telemetry system, which has numerous benefits, including high data rate transmission
over long-distance communication [1,2]. The antenna model proposed in the reference
paper [3] is perfectly in line with the design criteria of implantable medical devices (IMDs).
Figure 1 shows a schematic representation of the IMDs. The implantable antenna should
be miniaturized, flexible, and have very low SAR values to be used for human care [4].
Throughout the model phase, the design ought to be companionable with and adaptive to
the individual body. Human phantoms can be smashed by the antenna operation at the
working frequency. Furthermore, the antenna should have a wide bandwidth to cover the
required frequency range despite the impact of surrounding human tissue [5]. The many-
layers structure of the human body causes the antenna’s radiation characteristics to shift
frequency. The human body is made up of skin, fat, blood, and bones. All these different
tissues have distinct dielectric characteristics. Thus, creating a biocompatible antenna that
may be used in human body applications is difficult [6]. In Ref. [7], the authors presented
the compact X-shaped slotted patch antenna of a size of 7 × 7 mm2, but the bandwidth
achieved from the antennas was 21.85%, which was less than our proposed design in this
paper, and the shape of the design was not as novel compared to our proposed design.
Since it is not easy to achieve high bandwidth with compact size, our proposed design
therefore has attained the wide bandwidth of 25.13%.

Figure 1. Graphical representation of the in-body medical devices [7].

In the mid-radio range (402–405 MHz) [7–10] and the ISM band (2.4–2.48 GHz) [11–16],
several implanted antennas have been stated for this wireless application. Ref. [8] presented
another tiny wideband antenna that works in the MICS band for application in biomedical
implants (403 MHz). In Ref. [8], the substrate used was Roger 6010, a flexible material
with a thickness of 1.27 mm. The SAR values were found to be 284.5 W/kg over 1 g,
which was higher than our suggested design. Ref. [10] presented another implantable
ISM band biomedical antenna built on a Polyamide substrate. The antenna had a peak
gain of −16.8 dBi and a working latency of 1.22%. The antenna’s overall surface area
was 25 × 20 mm2. The achieved gain and operating bandwidth for the chosen frequency
were reported as −34.9 dBi and 14.9%, respectively. Ref. [17] presented a tiny circularly
polarized implanted antenna for medical applications with excellent impedance matching.
The radiating patch had a shape like a circle, and the ground plane included an X-shaped
slit. Rogers 3010 was used as the substrate, with a 0.634-mm thickness. The antenna profile
was thick due to the dual layers of the substrate. However, the antenna was less suitable
for human body applications, due to a high value of SAR of almost 649 W/kg, which was
much higher than the IEEE/IEC 6270-1 set limit over 1 g of bulk tissue. Ref. [18] described
an alternative in-body antenna to transfer the power wirelessly, operating at 915 MHz.
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The antenna was 11 × 11 × 1.27 mm3 in size, printed on a Roger 3010 substrate
with a 3.8% impedance bandwidth and a realized gain of roughly −29 dBi. However, no
SAR values were determined, and the antenna’s size remained enormous with a restricted
bandwidth. Ref. [19] described an ISM band antenna for biomedical purposes. The antenna
measured 15 × 15 × 1.27 mm3, was fabricated on a substrate called Roger 3010, and
operated at 915 MHz, with a 10.6% operating bandwidth.

The antenna was analyzed within the skin, and the values of the SAR were deter-
mined to be 517 W/kg, which was far higher than the figure proposed in this research.
Other research [20] investigated a new broadband in-body antenna for biomedical uses at
915 MHz. The antenna’s total dimensions were 3.14 × 22.09 × 1.27 mm3, and the substrate
material was Roger 3010, which had a thickness of 1.27 mm. At 915 MHz, the impedance
bandwidth was 12.2%, and the realized gain was −32.8 dBi, and 778 W/kg was the SAR
value. However, as compared to the suggested antenna in this study, this antenna had a
larger dimension and a higher SAR value.

An annular ring-shaped CP antenna with an axial ratio bandwidth of 19.1% was
published in [21] for biomedical applications. This circular antenna also had two layered
flexible substrates dubbed Roger 3010, each with a height of 0.635 mm. The antenna
functioned in the ISM band at 2.45 GHz, with an operational bandwidth of 8%. The SAR
values for this antenna were estimated at 508 W/kg, which was greater than the standard
limit. The antenna had a max gain of −17.5 dB. The antenna was bigger than our suggested
flexible implantable antenna, hence the bending analysis was not explored.

A CPW-fed split-ring-resonator (SRR) = based implantable antenna for medical teleme-
try applications was shown in another work [22,23]. The antenna’s overall area was claimed
to be 2422 mm2, and the flexible substrate was Polyimide with a thickness of 0.07 mm. The
antenna was designed to be low-profile and suitable for in-vitro testing. In comparison
to our projected antenna, the antenna was still somewhat enormous. At 2.45 GHz, the
antenna’s realized gain and total operating bandwidth were stated to be −19.7 dB and
24.4%, respectively.

This paper presents a high bandwidth with a small implantable antenna with a size
of 7 × 7 × 0.254 mm3 (0.027λg × 0.027λg × 0.0011λg) for medical applications, operating
at the 915 MHz ISM band. The Rogers RT5880 substrate ( εr = 2.2, tan δ = 0.0009) is used
in the design. At 915 MHz the 2D pattern of the design is broadsided directional both
in E- and H-planes. Since the suggested design has a slotted ground plane, it has the
potential to generate a broader bandwidth and lower antenna back-radiation into human
skin tissues of a 25-mm2 surface area. Due to the wideband designed structure, the stated
antenna covers a wide spectrum at 915 MHz, with a very good peak gain value. Under the
influence of the physical body, the created antenna’s radiation efficiency and performance
improves, while SAR values fall dramatically. This paper is divided into four sections.
The first section introduces the applications and the literature of the previous work. It
includes information on the planned research’s history, the problem statement, aims, and
importance. The suggested antenna’s design analysis is covered in Section 2. The results
and discussion are highlighted in Section 3, and the conclusion is described in Section 4.

2. Stated Antenna Design Analysis

This section presents a small-size wideband bear-shaped design with circular and
rectangular slots inside the radiator and the slots inside the ground plane, fed through a
coaxial probe of 50 Ω. As demonstrated in Figure 2, the provided antenna has discrete
layers, including a resonator, a ground plane, and a substrate Roger RT5880 ( εr = 2.2
and tan δ = 0.0009), with a 0.254-mm thickness. The antenna has an overall volume of
7 × 7 × 0.254 mm3 (0.027λg × 0.027λg × 0.0011λg). The ANSYS high frequency selective
simulator (HFSS) software was used to simulate the proposed antenna. The antenna’s
return loss at the operational frequency of 915 MHz was determined to be −20 dB. The
working bandwidth is 230 MHz. Table 1 summarizes the antenna’s optimized parameters.
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Figure 2. Stated design structure; (a) front view, (b) back view, and (c) 3D view.

Table 1. List of the parameters of the stated design.

Parameters Dimensions (mm) Parameters Dimensions (mm)

Lg = L 7 W1 0.5
L1 0.50 W2 1.8
L2 0.56 W3 1.3
L3 0.73 W4 1
L4 1 W5 2.1
L5 1.5 W6 1.7
L6 1.35 W7 2.5
L7 1 W8 0.5
L8 2.5 W9 1.5
L9 3.25 W10 2

Wg = W 7 W11 4.5
W22 3 W16 3
W13 0.5 D1 0.8
W14 5.5 D2 0.3
W15 3 R1 0.55

h 0.25 R2 1.7

2.1. Stated Antenna Design Procedure

The suggested antenna was designed in four steps, as illustrated in Figure 3. Different
square parasitic patches in the patch and inside the ground plane of the antenna were
designed to enhance the performance of the stated antenna. The performance of the stated
implantable antenna is enhanced stepwise, as shown in the figure below. At a low frequency
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band, the relative permittivity value of the substrate does not change, while it increases with
increased frequency. Hence, at intermediate frequencies, the rate of the relative permittivity
raises. Equation (1) gives a dielectric constant at the initial stage [6]:

εr e f f =
εr + 1

2
+

εr − 1
2

×
[

1 + 12 × h
W

]− 1
2

(1)

Figure 3. Designing steps of the stated implantable antenna.

The height-to-width ratio equation helps in determining the dimensions of the antenna
system. To account for fringing effects, the change in length, width, and height of the
antennas’ substrate is selected using Equation (2) [9]:

∆L
h

= 0.412 ×
( εr + 0.3)×

(
W
h + 0.264

)
( εr − 0.258)×

(
W
h + 0.8

) (2)

where ‘εr’ stands for relative permittivity of the substrate, ‘h’ stands for the substrate height,
‘∆L’ stands for the change in patch length, and ‘W’ stands for patch width. The square-
shaped patch antenna’s radiating and ground sections are separated into four segments,
each with their own set of results. The patch was made of parasitic elements of various sizes.

In the first step, two circular slots inside the patch and a horizontal ‘4’-shaped slot
is introduced inside the ground-plane. The return loss value was found to be more than
−20 dB at the frequency of 420 MHz (see Figure 4). In the second step, the frequency is
shifted from 420 MHz to 780 MHz (360 MHz shift) by creating two square-shaped slots
inside the ground plane. In the third step, the frequency of the antenna is again shifted from
780 MHz to 1.15 GHz (370 MHz shift) after again creating a horizontal ‘4’ shaped slot inside
the ground plane and creating circular rings in the patch of the second step. As 1.15 GHz
is not our required band, to shift the band from 1.15 GHz to 915 MHz (a 235-MHz shift),
the feet of the bear-shaped radiator is slotted with rectangular boxes, and rectangular and
L-slots are introduced in the ground. Due to this, the antenna’s performance is improved,
and the desired ISM (915 MHz) band is attained in the fourth step. The rectangular cuts
on the patch and the ground are made using various rectangular cuts; the main goal of
these cuts is to make the antenna smaller and lighter. The feed is located on the patch’s
bottom right side. A shorting pin (via) is utilized to keep the stated antenna’s dimensions
small. As a result, a shorting pin (via) of a radius of 0.5 mm is inserted, starting from the
ground and ending in the patch. Figure 4 shows a comparison of the S11 of the suggested
design steps. The design system of the bear-shaped patch implantable antenna is shown in
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Figure 5, and Figure 6 depicts the surface current distribution of the stated antenna. From
the figures, it can clearly be seen that most of the current flows through the outer surface of
the patch, while some amount of current flows around the ground near the shorting pin.
The surface current indicates that a portion of the antenna is more resonant.

Figure 4. S11 comparison of the corresponding antenna designing steps.

Figure 5. Basic design process of the Beas-shaped patch implantable antenna.
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Figure 6. Current distribution at 915 MHz throughout the (a) patch and (b) ground.

2.2. Parametric Optimization of the Stated Design

The parametric optimization and analysis of the proposed antenna and selection of the
best parameters are important steps that will be discussed in this sub-section. Parametric
optimization has proven the suitability of the selected parameters for the stated implantable
antenna design. At 915 MHz, the reflection coefficient can be changed by adjusting the
values of critical parameters, such as the length of the L-slot in the ground ‘L9’, the width
of the upper horizontal ‘4’-shaped slot ‘W11’, the length of the slot in the ground near the
probe ‘L5’, the width of the horizontal slot in the patch ‘W5’, and the position of the via.

Figure 7a shows how the frequency band is moved from 1.6 to 0.915 GHz by changing
the value of ‘L9’ from 3.5 to 3 mm (685 MHz).

When the ‘W11’ value is modified from 3 mm to 4.5 mm, the frequency spectrum shifts
from 0.6 to 0.915 GHz (500 MHz), as illustrated in Figure 7b.

Figure 7c shows that by increasing the value of the ‘L5’ from 1.5 mm to 1.9 mm the
band range changes from 1.5 to 0.915 GHz (585 MHz).

When the value of ‘L6’ is altered from 2.1 mm to 2.7 mm, the frequency moves from
1.38 to 0.9 GHz (480 MHz), as illustrated in Figure 7d.

The frequency band is pushed higher than the targeted frequency band by adjusting
the location of the via. The frequency band is 1.3 GHz when the through is positioned
at position 1, 0.75 GHz at position 2, and 0.88 GHz at position 3. Finally, by moving the
via from position 3 to position 4, as illustrated in Figure 7, the desired frequency band of
0.915 GHz is attained (e).

As illustrated in Figure 7, the position of the via not only influences the antenna’s
impedance matching, but it also plays a key role in tuning the target frequency. Hence, it
is seen that parametric optimization plays an imperative role in the impedance matching,
tuning, and accomplishment of the desired frequency.
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Figure 7. Parametric optimization of the design; (a) change in ‘L9’, (b) change in ‘W11’, (c) change in
‘L5’, (d) deviation in ‘W5’, and (e) shifting the location of the via.

3. Results and Discussion

The proposed design is modelled inside skin tissue and measured inside skin-mimicking-
gel tissue to confirm the simulated results. While calculating the SAR, the existence of
human body phantoms must be considered in designing an antenna for biotelemetry appli-



Appl. Sci. 2022, 12, 2859 9 of 13

cations with high precision. Therefore, the antenna performance near a human phantom, as
well as the SAR values at 915 MHz, were assessed for this purpose. As shown in Figure 8a,
the phantom box has an area of 25 × 25 mm2. The simulation was performed using the
HFSS software. In an ideal situation, implantable antennas should reduce the otherwise
significant coupling effects caused by human body tissues. The antenna was implanted
5 mm deep within the skin tissue of the human body during testing, as depicted in Figure 8.
To evaluate these effects, the proposed antenna was placed within 25 mm × 25 mm of the
skin layer. The antenna is in the phantom’s center. A uniform skin phantom with sizes of
25 × 25 × 25 mm3 was used to simulate and analyze the planned antenna. At 915 MHz,
the properties used of the skin phantom were tan δ = 0.872, σ = 1.6 S/m, and εr = 41.33.

Figure 8. Antenna inside skin-mimicking-gel; (a) perception view and (b) the experimental setup to
measure the radiation pattern and S11 inside the skin.

Figure 9 depicts the difference between the simulations and experimental results for
the reflection coefficients of the antenna inside the skin. The suggested biomedical antenna
operated from 870 MHz to 1.1 GHz (230 MHz) at 915 MHz, according to the calculated
S11 under the skin, whereas the constructed antenna inside the skin-mimicking-gel had a
bandwidth spanning from 860 MHz to 1.08 GHz (220 MHz). This shows that the simulated
and measured values were quite similar.

Figure 9. Contrast between the simulation and measurement results of S11 inside skin-gel.
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The E and H planes of the simulated and measured values of the radiation pattern
inside the skin-gel are shown in Figure 10. The operation of the antenna within the skin
was defined by the 2D radiation pattern. At 915 MHz, the antenna inside the skin showed
a broadsided directional pattern in both planes. The simulated realized gain within skin at
915 MHz was −22 dBi. However, the measured results revealeed a realized gain value of
−28 dB. Figure 11 depicts the simulated and observed radiation efficiency and gain graph.
The antenna had a simulated radiation efficiency of 2.2%, whereas the measured radiation
efficiency within the skin was 2.1%.

Figure 10. Simulation and measurement far field results at 915 MHz inside the skin-gel.

Figure 11. Simulated and measured gain and radiation efficiency inside skin.

Specific Absorption Rate (SAR)

The electromagnetic waves may pose a health risk to humans, and these hazards are
determined by means of Sthe AR. The following is the relation between the input power
and SAR [7–10]:

SAR =
σ
∣∣E2

∣∣
ρ

(3)

The electric power intensity is proportional to the signal power, as given in the
Equation (4) [10], where ‘σ’ and ‘ρ’ are electric conductivity (S/m) and mass density
(kg/m3), respectively, and E is the electric field intensity (V/m).

P =
(E(V/m))2

377
(4)
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The SAR is calculated according to the IEEE/IEC 6270-1 standard, averaged across 1 g
of mass tissue, with the input power ‘Pin’ held stable at 0.5 W. As shown in Figure 12, the
SAR values inside the skin were 8.22 W/kg at 915 MHz.

Figure 12. At 915 MHz, SAR distribution of the specified antenna inside the skin tissue over 1 g.

The proposed design is compared to the state-of the art in the literature in Table 2. From
the table, the proposed design is smaller in size and achieved a much wider bandwidth
and much lower value of the specific absorption rate (SAR) than the other reported designs
in the literature.

Table 2. A comparison of the proposed antenna’s performance to that of recent work.

Ref. No. Dimensions(
mm3)/

(
λg

3)

Operating
Frequency

(GHz)

Realized
Gain
(dB)

Operating
Bandwidth

(%)

SAR
(W/kg)
@ 1 g

[10] (23 × 16.4 × 1.27)
(0.098 × 0.070 × 0.005) 0.402 −34.9 12.9 284.5

[11] (25 × 20 × 0.07)
(0.34 × 0.27 × 0.00095) 2.45 −16.8 1.22 1.0

[12] (15 × 21.5 × 1.5748)
(0.39 × 0.56 × 0.039) 2.45 <−15 3.2 Not

Calculated

[13] (3.14 × 100 × 2.54)
(0.082 × 2.6 × 0.066)

0.4/
2.45

−33.1/
−14.55 38.1/17.6 241.5/

149.7

[15] (14 × 14 × 0.5)
(0.365 × 0.365 × 0.013) 2.45 −15.96 18.36 0.494

[17] (3.14 × 28.6 × 1.34)
(0.082 × 0.748 × 0.035)

0.402/
2.45

−41/
−21.3 41/27.8 666/

676

[18] (3.14 × 23 × 0.634)
(0.082 × 0.60 × 0.016) 2.45 −20.3 18.3 649

[19] 11 × 11 × 1.27
(0.107 × 0.107 × 0.0123) 0.915 −29 3.8 Not

Calculated

[20] 15 × 15 × 1.27
(0.14 × 0.14 × 0.0123) 0.915 −27 10.6 517

[21] 3.14 × 22.09 × 1.27
(0.030 × 0.22 × 0.0123) 0.915 −32.8 12.2 778

[This
work]

7 × 7 × 0.254
(0.027 × 0.027 × 0.0011) 0.915 −28 25.13 8.22
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4. Conclusions

This work presented a low-profile slotted patch antenna, with a compact size, for use
in biomedical implants. The proposed antenna resonates at 915 MHz in the ISM band. The
antenna is made of Rogers RT/Duroid 5880 material ( εr = 2.2, tan δ = 0.0009) and has the
overall dimensions 7 mm × 7 mm × 0.254 mm. At 915 MHz, the antenna’s observed gain is
−28 dB, while the measured bandwidth is 220 MHz inside the skin-mimicking-gel material.
The SAR values inside skin tissue were 8.22 W/kg. The biocompatibility and safety
considerations in medical application design were also investigated. The stated antenna
is compact enough to be implanted in biomedical applications. Considering the overall
performance, the stated design is an ideal candidate for the targeted medical application.
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