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Abstract: A simple dual-band patch antenna with paired L-shap slots for on- and off-body communi-
cations has been presented in this article. The proposed antenna resonates in the industrial, scientific,
and medical (ISM) band at two different frequencies, at 2.45 GHz and 5.8 GHz. At the lower frequency
band, the antenna’s radiation pattern is broadsided directional, whereas it is omni-directional at the
higher frequency band. The efficiency and performance of the proposed antenna under the influence
of the physical body are improved, and the specific absorption rate (SAR) value is significantly
reduced by creating a full ground plane behind the substrate. The substrate’s material is FR-4, the
thickness of which is 1.6 mm and it has a loss tangent of tanδ = 0.02. The overall size of the proposed
design is 40 mm × 30 mm × 1.6 mm. Physical phantoms, such as skin, fat and muscle, are used
to evaluate the impact of physical layers at 2.45 GHz and 5.8 GHz. The SAR values are assessed
and found to be 0.19 W/kg and 1.18 W/kg at 2.45 GHz and 5.8 GHz, respectively, over 1 gram of
mass tissue. The acquired results indicate that this antenna can be used for future on- and off-body
communications and wireless services.

Keywords: ISM band; dual-band; on/off-body; dual-mode; wireless networks

1. Introduction

Body-centric communication (BCC) may be separated into three different areas ac-
cording to the means of communication, specifically, in-, off- and on-body communication,
as studied in [1–3]. Antennas and sensors are vital components of BCC systems. At first,
sensors were embedded into physical body phantoms, and the related proposed antenna
was an implantable gadget with a recidivist on the human skin. The other form is an
on-body correspondence that refers to a circumstance where various sensors are kept on
the body, and it requires self-communication within the body area network (BAN) [4–6].
The third method is the most useful, transmitting information from sensors (antennas)
into the atompshere about the physical frame, for example, the monitoring center or re-
pair appliance, and communicating to introduce a personal area network among various
people and adjacent devices [7–10]. Fundamentally, the efficiency and performance of the
designed antenna under the influence of the physical body are minimized, and the SAR’s
value is significantly reduced. Nowadays, off-body antenna for medical applications play
a very critical role in improving the living abilities of patients. For radiocommunication
between biomedical implementations and exterior display gadgets, a telecommunication
scheme using a far-field antenna offers various benefits over its conservative near-field
counterpart, such as long-distance communication and high data rates [11–16]. A dual-
layer substrate-based dual resonating antenna for on- and off-body communications was
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presented in [17]. The operating frequencies of the antenna were 2.45 and 5.8 GHz, with
operating bandwidths of 4.2% and 10.2%, respectively. The material used for the substrate
was FR-4 with a 0.6 mm-thickness. The overall size of the antennas was 50 × 50 × 3.2
mm3. In [18], a dual-band circular patch antenna for on- and off-body wireless networks
was explained. The substrate material used was felt, with a thickness of 2 mm, and the
overall volume was 100 × 100 × 2 mm3. The radiating patch was a simple slotted circular
patch that operated at 2.45 and 5.8 GHz. However, the volume of the proposed antenna
was very large. In [19], a body-worn belt for on-body utilization was reported. This belt
antenna functioned at 2.45 GHz. However, the antenna produced back radiation that
was harmful to the human body, so an electromagnetic bandgap (EBG) technique was
utilized to decrease the back radiation of the antenna. The addition of the EBG increased
the overall size of the antenna. In [20], a D-shaped slotted patch antenna for on- and
off-body communications was proposed. The antenna resonated at the 2.45 and 5.8 GHz
frequency bands. The antenna had an omni-directional pattern in the lower band and a
directional radiation pattern n the higher band. A dual resonating antenna for application
in a wireless body area network (WBAN) was stated in [21]. The antenna consisted of
dual layer FR-4 substrate connected via shorting pins. There was a circular patch on the
first layer of the substrate, while a quadrilateral patch was placed on the second layer
of the substrate. Three shorting pins were used to connect both layers of the substrates.
The antenna worked at 2.45 GHz and 5.8 GHz, with an overall size of 30 × 45 × 3.2 mm3.
Another felt substrate-based dual-band antenna operational at 2 and 5.8 GHz for wearable
utilization was presented in [22]. The antenna achieved good gain and bandwidth, but
the antenna was two times bigger than our proposed design. The overall volume of the
antenna was 80 × 92 × 2 mm3, but the SAR values were not evaluated in this study. An
F4B substrate-based antenna of 100 × 100 × 3.2 mm3 was depicted in [23]. This dual-band
antenna operated at 2.45 and 5.8 GHz, with impedance bandwidths of 2.57% and 5.22%,
respectively, and the SAR values were not analyzed. The antenna consisted of a slotted cir-
cular patch with split-ring resonators (SRR), and there was a circular slot inside the ground
plane. In [24], a textile-based dual-band antenna based on SRR for WBAN applications
was presented. There was a G-shaped slot inside the radiating patch, and it was printed
on a felt substrate with a height of 3 mm. The antenna operated at 2.45 and 3.5 GHz, with
bandwidths of 5.3% and 3.14%.

In this article, an on- and off-body communication dual-mode, dual-band antenna is
proposed. The basic principle of the antenna is to utilize two specific modes (on, and off)
for the operation of the rectangular patch antenna at two different frequency bands. The
radiating patch and the ground plane are on opposite sides of the substrate. The stripline
feed technique is used, which is enabled by the SMA connector. L-shaped slots are used
inside the patch to resonate the proposed antenna at 2.45 GHz and 5.8 GHz, respectively.
The designed antenna is made up of three distinct layers, namely, a ground-plane, a patch,
and substrates. At a lower frequency band, the antenna’s radiation pattern is broadsided
directional, whereas it is omni-directional at the higher frequency band. The results indicate
that this antenna can be utilized for applications in WBAN. This antenna is miniaturized
and assembled for use with on- and off-body links. The analysis of the design of the
dual-band antenna is outlined in Section 2. Antenna testing under human proximity is
illustrated in Section 3, while the conclusion is presented in Section 4.

2. Antenna Design Analysis

A schematic diagram of the designed patch antenna is given in Figure 1. The simula-
tions and optimizations have been supported by computer simulation technology (CST)
software. At first, a simple square patch was designed, then L-shaped slots were introduced
inside the top and bottom sides of the patch to resonate the proposed antenna at 2.45 GHz
and 5.8 GHz. The antenna was fabricated on a lower-priced substrate called FR-4 (relative
permittivity of 4.3, loss tangent of 0.025) of 1.6 mm thickness. The size of the designed
antenna was 40 × 30 × 1.6 mm3. The proposed antenna’s parameters are listed in Table 1.
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it resonates at 2.45 GHz and 5.8 GHz. The reflection coefficients are −33.2 dB at 2.45 GHz 
and −24.8 dB at 5.8 GHz. The operational bandwidth of the designed antenna is from 2.4 
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GHz. The S11 for ideal antennas should be negative infinity [2]. The design process of the 
patch antenna is explained as follows:  

Figure 1. Antenna’s structure, (a) top layer, (b) back layer, (c) side view.

Table 1. Optimized parameters of the proposed antenna.

Parameters Values (mm) Parameters Values (mm)

LS 40 Ws 30

Lf 15 Wf 3

L1 23 W1 12

L2 10 W2 5

L3 9 W3 4.4

L4 9 W4 5

g1 0.5 g2 1

Lhs 2 Uhs 3.2

The antenna’s reflection coefficient is given in Figure 2, and it can be observed that it
resonates at 2.45 GHz and 5.8 GHz. The reflection coefficients are−33.2 dB at 2.45 GHz and
−24.8 dB at 5.8 GHz. The operational bandwidth of the designed antenna is from 2.4 GHz
to 2.48 GHz (3.265%) at 2.45 GHz, and from 5.72 GHz to 5.9 GHz (3.12%) at 5.8 GHz. The
S11 for ideal antennas should be negative infinity [2]. The design process of the patch
antenna is explained as follows:
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The primary antenna design (ANT I) shown in Figure 3a contains a 50-Ω simple
feedline, a rectangular patch, and the ground plane.
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The patch’s width and length are calculated using Equations (1) and (2) [23], as follows:

W p =
λo

2(
√

0.5(εr + 1))
(1)

where εr and λo are the relative permittivity and the wavelength of the substrate in free
space at the operating frequency. The best choice of Wp enables perfect impedance matching.
The length of the patch can be evaluated using Equation (2).

Lp =
co

2 fo
√

εe f f
− 2∆Lp (2)

where co, ∆Lp, and εe f f are the velocity of light, the change in the length of the patch due
to its fringing effect, and the effective dielectric constant, respectively. The effective relative
permittivity can be calculated using Equation (3).

εe f f =
εr + 1

2
+

εr − 1
2

(
1√

1 + 12 hs
Wp

) (3)

where hs is the height of the substrate. In the end, the fringing effect can be calculated
using Equation (4)

∆Lp = 0.421hs
(εe f f + 0.300)(Wp

hs + 0.264)

(εe f f − 0.258)(Wp
hs + 0.813)

(4)

with the assignment of εr = 4.3 and hs = 1.6 mm in (1)–(4), the initial parameters of the
rectangular patch are Lp = 23 mm mm and Wp = 24 mm. With a simple rectangular patch,
the antenna works only at 6 GHz with minimum return loss, as illustrated in Figure 4. As
such, to generate two bands, it is necessary to create slots inside the radiating element of
the antenna. Now, in the second step (ANT II), L-shaped slots are introduced in the upper
side of the radiating patch to shift the lower frequency range from 3 GHz to 2.55 GHz
(450 MHz). Then, in the third step (ANT III), L-shaped slots are introduced in the lower
side of the radiating patch to operate the antenna at two operating bands, i.e., 2.45 GHz
and 5.8 GHz.
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2.1. Parametric Study of the Proposed Antenna

The parametric optimization of the antenna is presented step by step. The antenna
is simulated by changing the values of the lower horizontal slot “Lhs”, upper horizontal
slot “Uhs”, length of the patch “L1”, and the width of the patch “W1”, as can be seen in
Figure 5. The width of the upper horizontal slot “Uhs” is changed from 2.2 to 4.2 mm, then
the upper frequency band is kept the same while the lower frequency band is shifted from
2.3 GHz to 2.6 GHz (300 MHz). As can be observed in Figure 5a, the optimum value is
3.2 mm. Similarly, when the width of the lower horizontal slot “Lhs” is changed from 1 to
3 mm, the upper frequency band remains the same while the lower frequency band shifts
from 2.35 GHz to 2.65 GHz (300 MHz); as can be seen in Figure 5b, the optimum value is
2 mm. The length of the patch “L1” is changed from 22 to 24 mm, and we noticed that by
increasing the value of the patch length, the upper frequency band shifts from 5.7 GHz to
5.9 GHz, but the lower frequency band remains the same, as can be seen in Figure 5c. In the
other case, when the patch’s width “W1” is varied from 11 to 13 mm, the lower frequency
band shifts from 2.34 GHz to 2.5 GHz (160 MHz), as depicted in Figure 5d. In the last case,
when the vertical slot “L2” is varied from 8 to 10 mm, both frequency bands slightly shift
by about 100 MHz, as depicted in Figure 5e.

The surface current density of an antenna indicates which section of the antenna is
playing the most significant role in making it resonate at the desired frequency. The red
coloration shows that that portion of the antenna is making a large contribution. Therefore,
if you make changes in that portion, then your frequency will vary. For example, the
surface current density at 2.45 GHz is illustrated in Figure 6a. The upper portion of the
patch and the feedline play a significant role in making the antenna resonate at 2.45 GHz.
Similarly, at 5.8 GHz, the lower portion of the slotted patch plays a major part in making
this antenna resonate at the desired frequency (see Figure 6b).
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2.2. Equivalent Circuit Model

A circuit model for the proposed dual-band antenna for on- and off-body communi-
cations is presented in Figure 7. The circuit model is designed using an advanced design
system (ADS) software. The circuit model consists of four inductors, three capacitors, three
resistors, and two resistor–inductor–capacitor (RLC) circuits connected in parallel with
each other, as given in Figure 7a. By varying the values of the resistors, the S11 of the circuit
model can be varied, while by changing the values of the capacitors and inductors, the S11
of the antenna can be tuned. The left-sided circuit is designed for the lower frequency band,
and consists of an RLC circuit connected with one inductor and a capacitor, operating at
2.45 GHz. Similarly, the right-sided circuit is responsible for the higher frequency band
(5.8 GHz), which is also an RLC circuit connected with an inductor and a resistor. The
reflection coefficient of the circuit model and the antenna’s S11 are in close agreement with
each other, as can be seen in Figure 7b. It covers the bandwidth from 2.41 GHz to 2.47 GHz
(60 MHz) at 2.45 GHz, and 5.73 GHz to 5.88 GHz (150 MHz) at 5.8 GHz. The values of the
lumped elements are listed in Table 2.
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Table 2. Values of the components used in the circuit model.

Capacitors Values (pF) Inductors Values (nH) Resistors Values (Ω)

Cin 3 Lin 6 Zs 50

C1 2 L1 4.4 R1 2200

C2 1.115 L2 2 R2 760

Lout 2 Rout 15
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Parametric Analysis of the Circuit Model

The optimization of the circuit components and their impacts on the resonance of the
antenna are explained in this section. Firstly, in order to vary the lower frequency band
(2.45 GHz), we optimized the values of the components “L2”, “C2”, “R2”, “Lin”, and “Cin”.
When the value of “L2” is reduced from 2 nH to 1 nH, the lower frequency band shifts from
2.45 GHz to 2.15 GHz, while the higher frequency band remains the same. When the values
of “C2”, “R2”, “Lin”, and “Cin” are reduced, the lower frequency band moves towers the
upper frequency band, as can be seen in Figure 8a. A similar phenomenon can be observed
in the parametric study of the physical parameters of the antenna (Figure 5a,b,d). There is
a shift in the lower band alone when the values of the upper horizontal slot “UHS”, lower
horizontal slot “LHS”, and width “W1” are changed. That means that these parameters
(“UHS, LHS, and W1”) correspond to “C2”, “R2”, “Lin”, and “Cin” in the equivalent circuit.
In the case of the higher frequency band (5.8 GHz), when the value of “Lout2 is decreased
from 3 nH to 2 nH, there is a shift in the higher frequency band from 5.8 GHz to 5.98 GHz
(180 MHz), as seen in Figure 8b. By varying the values of “L1, C1, R1, and Rout”, the
higher frequency band can be tuned. The same thing happens when the values of the
lower horizontal slot “LHS”, length of the patch “L1”, and length of the slot “L2” are varied
Figure 5b,c,e. This implies that the values of “L1, C1, R1, and Rout” depend on the physical
dimensions of “L1, C1, R1, and Rout”.
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3. Fabrication and Measurements
3.1. Antenna Testing in Free Space

A photograph of the fabricated prototype based on the FR-4 substrate is presented
in Figure 9, and the experimental S11 is shown in Figure 10. From the figures, it can be
infered that the measured |S11| (dB) is close to the simulated |S11| (dB). In the case of the
simulation results in free space, the presented antenna covers the bandwidths from 2.4 GHz
to 2.48 GHz (3.265%) at 2.45 GHz, and from 5.72 GHz to 5.9 GHz (3.12%) at 5.8 GHz, while
in the case of measurement results, the antenna covers the bandwidths 2.42–2.483 GHz
(2.57%) at 2.45 GHz and 5.75–5.9 GHz (2.58%) at 5.8 GHz, as illustrated in Figure 10.
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Figure 10. Comparison of the simulated and measured S11 in free space.

The E- and H-planes of the antenna in free space are simulated and measured in
Figure 11. The patterns show an omni-directional arrangement (along the E-plane) and a
directional arrangement (along H-plane) at the lower frequency band (2.45 GHz). On the
other hand, a broadsided directional pattern emerges along the E-plane and an isotropic
pattern along the H-plane at 5.8 GHz. The red-colored (dotted) line indicates the measured
radiation pattern, and the blue colored (solid) line shows the simulated radiation pattern
in the E- and H-planes. The simulated peak gains of the antenna are found to be 5.08 dBi
at 2.45 GHz and 6.32 dBi at 5.8 GHz, while the measured peak gains are calculated to be
4.99 dBi and 6.25 dBi at 2.45 GHz and 5.8 GHz, respectively.
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3.2. Antenna Testing under Human Proximity

In this section, on- and off-body antenna testing are studied. The area of the skin, fat,
and muscle are kept the same, at 100 × 100 mm2. The height of the tissues, i.e., skin, fat,
and muscle, are kept to 2 mm, 3 mm and 8 mm, correspondingly. The antenna is simulated
and tested on the skin, and the dielectric constant of the skin is kept at 41.4 with thermal
conductivity of 0.88 S/m, as shown in Figure 12a. After testing the antenna on the skin, we
noticed that the gain of the antenna shifts from 5.08 dBi to 3.15dBi and from 6.33 dBi to
7.52 dBi at 2.45 GHz and 5.8GHz, respectively. In the simulations on the human body, the
presented antenna covers the bandwidths of 2.42 GHz to 2.47 GHz (2.04%) at 2.45 GHz
and from 5.76 GHz to 5.96 GHz (3.44%) at 5.8 GHz, while in the case of the measurement
results, the antenna covers the bandwidths 2.44 GHz to 2.473 GHz (1.35%) at 2.45 GHz and
from 5.76 GHz to 5.85 GHz (1.55%) at 5.8 GHz, as illustrated in Figure 12b.

The E- and H-planes of the antenna on human tissue are simulated and measured in
Figure 13. The patterns show a broadsided directional arrangement at the lower frequency
band (2.45 GHz) and an omni-directional radiation arrangement at the higher frequency
band (5.8 GHz). The red-colored (dotted) line indicates the measured radiation pattern,
and the blue-colored (solid) line shows the simulated radiation pattern, for both the E- and
H-planes. The simulated peak gains of the antenna are found to be 3.15 dBi at 2.45 GHz
and 7.52 dBi at 5.8 GHz, while the measured peak gains are calculated to be 3.08 dBi and
7.34 dBi at 2.45 GHz and 5.8 GHz, correspondingly.
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3.3. SAR Analysis

The specific absorption rate is a quantification of how much radiofrequency energy is
absorbed by human tissue when it is delivered. It is determined by taking an average over
a given volume of 1 gram or 10 grams. The SAR limit in the United States is 1.6 W/kg for
1 gram of tissue, while in Europe, it is 2 W/kg for 10 grams of tissue. The SAR values can
be evaluated using Equation (5) [24]:

SAR =
σ
∣∣E2
∣∣

ρ
(5)

where σ and ρ denote the electrical conductivity (S/m) and the mass density (kg/m3),
respectively, while E is the electric field intensity (V/m). The SAR value is very important,
as it depicts the effect of back radiation on human tissue. If it is more than the prescribed
limit set by the FCC and ICINPR, then it will damage the tissue of the human body. At
2.45 GHz, when the antenna SAR value is simulated, it comes out as 0.19 W/kg, and at
5.8 GHz, it comes out as 1.18 W/kg for 1g of tissue, which is still within the permissible
limits for 1g of tissue (see Figure 14). Thus, with the input power of 0.5 W, the SAR values
of our antenna are within the acceptable range for both bands.
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Figure 13. 2D pattern of the antenna in human tissue, (a) at 2.45 GHz and (b) at 5.8 GHz. 
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4. Results and Discussion

The antenna was simulated for use with human tissues and tested on a human hand
experimentally. We noticed in both of the cases that the antenna shows good performance.
This indicates that the antenna is stable on the human hand, and achieves a low SAR
because of the full ground plane behind the substrate. The properties of the human tissues
are listed in Table 3. The measured peak gain and the total radiation efficiency graph are
given in Figure 15. From the graph, it can be observed that the gain of the antenna is more
than 3 dBi at 2.45 GHz, while it is more than 6 dBi at 5.8 GHz, and the total radiation
efficiency is more than 80% in both of the cases. A comparison of our proposed work with
the previous related research is given in Table 4. If we compare the results of our proposed
design with the previous works, it can be concluded that our design is more compact in
size than other designs, and it also has a high gain. Additionally, the specific absorption
rate (SAR) values are low, with 0.19 W/kg at 2.45 GHz and 1.18 W/kg at 5.8 GHz.

Table 3. Different human tissues’ properties [25].

Layers Permittivity Electrical
Conductivity (S/m) Density (kg/m3) Thickness (mm)

Skin 41.3 0.895 1121 2

Fat 5.3 0.049 780 3

Muscle 54.8 0.955 1121 8

Table 4. Comparison of different on- and off-body antennas’ performances.

Ref.
No.

Dimensions
(mm3)

Frequency
(GHz)

Substrate
Material

Bandwidth
(%)

Peaks Gain
(dBi)

SAR
(W/kg)

Proposed
Technique

[17] 50 × 50 × 0.6 2.45/5.8 FR-4 4.2/ 10.5 1.2/7.9 0.81/0.24 Patch with
Two Arms

[18] 100 × 100 × 2 2.45/5.8 Felt 11.9/2.18 6.33/6.98 0.042/0.09 Circular Patch

[19] 100 × 30 × 3.6 2.45/5.8 Leather 10.2/ 23.1 5.10/3.3 0.87/0.13 Belt-Shaped

[20] 30.5 × 62 × 3.15 2.45/5.8 Taconic TLY 3.47/2.58 1.51/6.44 ——– D-Shaped
Patch

[21] 30 × 45 × 3.2 2.45/5.8 FR-4 4.9/2.8 3.09/0.64 ——– Parasitic
Patches

[22] 80 × 92 × 2 2/5.8 Felt 9.48 8.26/9.86 ——–
Triple

Transmission
Lines

[23] 100 × 100 × 3.2 2.45/5.8 F4B 2.57/5.22 1.9/5.9 0.254/0.074 Circular Patch

[24] 70 × 70 × 3 2.45/3.5 Felt 5.3/3.14 6 ——– Truncated
Patch

[This work] 40 × 30 × 1.6 2.45/5.8 FR-4 2.04/3.44 5.08/6.33 0.19 /1.18 L-Slotted
Patch
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5. Conclusions

A compact dual-mode, dual-band patch antenna with L-shaped slots for on- and
off-body communications in a wireless body area network is introduced in this paper. The
radiation features of the proposed antenna have been introduced, and a simulation has
been performed using computer simulation technology (CST). The proposed antenna is
designed for on- and off-body communication links, and the material used for the substrate
is FR-4, with a standard 1.6 mm thickness and a tangent loss of 0.02. The proposed antenna
has been utilized to accomplish two diverse radiation modes at both frequencies. It has
been noticed that at 2.45 GHz, the antenna’s radiation pattern is broadsided directional,
whereas it is omni-directional at 5.8 GHz. The operational bandwidth of the presented
antenna can reach up to 2.04% and 3.44% at 2.45 GHz and 5.8 GHz, correspondingly.
The efficiency and performance of the designed antenna under the influence of a human
body model were improved, and its SAR values were significantly reduced. Problems of
compliance with safety related to on- and off-body communications are also discussed in
brief detail. Hence, the proposed dual-band patch antenna is a good candidate for on- and
off-body communication links.

Author Contributions: Conceptualization, S.A.; methodology, A.G.; software, A.G.and S.A.; val-
idation, N.H., N.K. and A.G.; formal analysis, S.A. and A.G.; investigation, A.G., N.H. and N.K.;
resources, A.G. and N.H.; data curation, S.A. and A.G.; writing—original draft preparation, S.A. and
A.G.; writing—review and editing, N.K. and N.H.; supervision, N.H.; funding acquisition, N.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the ICTR&D program of MSIT/IITP (2019-0-00102, A Study
on Public Health and Safety in a Complex EMF Environment). This work was also supported by
an Institute for Information and Communications Technology Promotion (IITP) grant funded by
the Korea government (MSIP) (No. 2021-0-00490, Development of precision analysis and imaging
technology for biological radio waves).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2021, 21, 7953 16 of 16

References
1. Shahzad, M.A.; Paracha, K.N.; Naseer, S.; Ahmad, S.; Malik, M.; Farhan, M.; Ghaffar, A.; Hussien, M.; Sharif, A.B. An Artificial

Magnetic Conductor–Backed Compact Wearable Antenna for Smart Watch IoT Applications. Electronics 2021, 10, 2908.
2. Zu, H.; Wu, B.; Yang, P.; Li, W.; Liu, J. Wideband and High-Gain Wearable Antenna Array with Specific Absorption Rate

Suppression. Electronics 2021, 10, 2056. [CrossRef]
3. Bright, Y.A.; Tchao, E.T.; Rehman, M.; Khan, M.M.; Ahmad, S. Study of a Printed Split-Ring Monopole for Dual-Spectrum

Communications. Heliyon 2021, 7, 7928.
4. Li, W.; Zu, H.; Liu, J.; Wu, B. A Low-Profile Ultrawideband Antenna Based on Flexible Graphite Films for On-Body Wearable

Applications. Materials 2021, 14, 4526. [CrossRef]
5. Zhang, J.; Meng, J.; Li, W.; Yan, S.; Vandenbosch, G.A.E. A Wearable Button Antenna Sensor for Dual-Mode Wireless Information

and Power Transfer. Sensors 2021, 21, 5678. [CrossRef] [PubMed]
6. Sun, H.; Hu, Y.; Ren, R.; Zhao, L.; Li, F. Design of Pattern-Reconfigurable Wearable Antennas for Body-Centric Communications.

IEEE Antennas Wirel. Propag. Lett. 2020, 19, 1385–1389. [CrossRef]
7. Le, T.T.; Yun, T.Y. Wearable Dual-Band High-Gain Low-SAR Antenna for Off-Body Communication. IEEE Antennas Wirel. Propag.

Lett. 2021, 20, 1175–1179. [CrossRef]
8. Yao, L.; Li, E.; Yan, J.; Shan, Z.; Ruan, X.; Shen, Z.; Ren, Y.; Yang, J. Miniaturization and Electromagnetic Reliability of Wearable

Textile Antennas. Electronics 2021, 10, 994. [CrossRef]
9. Rashid, T.; Hasan, M.N.; Mazumdar, P.S. An L-slot Compact Antenna for Medical Wearable Device and IoT Applications.

In Proceedings of the 2021 International Conference on Information and Communication Technology for Sustainable Development
(ICICT4SD), Mirpur, Bangladesh, 27–28 February 2021; pp. 100–104.

10. Atanasova, G.; Atanasov, N. Small Antennas for Wearable Sensor Networks: Impact of the Electromagnetic Properties of the
Textiles on Antenna Performance. Sensors 2020, 20, 5157. [CrossRef]

11. Sambandam, P.; Kanagasabai, M.; Natarajan, R.; Alsath, M.G.N.; Palaniswamy, S. Miniaturized Button-Like WBAN Antenna for
Off-Body Communication. IEEE Trans. Antennas Propag. 2020, 68, 5228–5235. [CrossRef]

12. Joshi, R.; Hussin, E.F.N.M.; Soh, P.J.; Jamlos, M.F.; Lago, H.; AI-Hadi, A.A.; Podilchak, S.K. Dual-band, Dual-Sense Textile Antenna
with AMC Backing for Localization Using GPS and WBAN/WLAN. IEEE Access 2020, 8, 89468–89478. [CrossRef]

13. Mahmood, S.N.; Ishak, A.J.; Ismail, A.; Soh, A.C.; Zakaria, Z.; Alani, S. ON-Off-Body Ultra-Wideband (UWB) Antenna for
Wireless Body Area Networks (WBAN): A Review. IEEE Access 2020, 8, 150844–150863. [CrossRef]

14. Turbic, K.; Särestöniemi, M.; Hämäläinen, M.; Correia, L.N. User Influence on Polarization Characteristics in Off-Body Channels.
IEEE Access 2020, 8, 167570–167584. [CrossRef]

15. Araghi, A.; Khalily, M.; Ghannad, A.A.; Xiao, P.; Tafazolli, R. Compact Dual-band Antenna for Off-Body-Centric Communications.
In Proceedings of the 2019 13th European Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 20 June 2019;
pp. 1–5.

16. Dhulfiqar, A.; Elwi, T.A.; Ozbay, S. Metamaterial-based Printed Circuit Antenna for Biomedical Applications. Eur. J. Sci. Technol.
2021, 26, 12–15.

17. Zhao, C.; Geyi, W. Design of a dual-band dual mode antenna for on/off-body communications. Microw. Opt. Technol. Lett. 2019,
62, 514–520. [CrossRef]

18. Zhou, T.T.; Fang, S.J.; Jia, X. Dual-band and dual-polarised circular patch textile antenna for on/off-body WBAN applications.
IET Microw. Antennas Propag. 2020, 14, 1751–8725. [CrossRef]

19. Pei, R.; Leach, M.P.; Lim, E.G.; Wang, Z.; Song, C.Y.; Wang, J.C.; Zhang, W.Z.; Jiang, Z.Z.; Huang, Y. Wearable EBG-Backed Belt
Antenna for Smart On-Body Applications. IEEE Trans. Ind. Inform. 2020, 16, 7177–7189. [CrossRef]

20. Hong, Y.; Tak, J.; Choi, J. Dual-band dual-mode patch antenna for on–on–off WBAN applications. Electron. Lett. 2014, 50,
1895–1896. [CrossRef]

21. Tak, J.; Woo, S.; Kwon, J.; Choi, J. Dual-band dual-mode patch antenna for on-/off-body WBAN communications. IEEE Antennas
Wirel. Propag. Lett. 2016, 15, 348–351. [CrossRef]

22. Khajeh-Khalili, F.; Shahriari, A.; Haghshenas, F. A simple method to simultaneously increase the gain and bandwidth of wearable
antennas for application in medical/communications systems. Int. J. Microw. Wirel. Technol. 2021, 13, 374–380. [CrossRef]

23. Zhou, L.T.; Fang, S.J.; Jia, X. A Compact Dual-Band and Dual-Polarized Antenna Integrated into Textile for WBAN Dual-Mode
Applications. Prog. Electromagn. Res. Lett. 2020, 91, 153–161. [CrossRef]

24. Mashaghba, H.A.; Rahim, H.A.; Soh, P.J.; Abdulmalek, M.; Adam, I.; Jusoh, M.; Sabapathy, T.; Yasin, M.N.; Rani, K.N.A.
Bending Assessment of Dual-Band Split Ring-Shaped and Bar Slotted All-Textile Antenna for Off-Body WBAN/WLAN and 5G
Applications. In Proceedings of the 2020 2nd International Conference on Broadband Communications, Wireless Sensors and
Powering (BCWSP), Yogyakarta, Indonesia, 28–30 September 2020; pp. 1–5.

25. Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: II. Measurements in the frequency range 10 Hz to
20 GHz. Phys. Med. Biol. 1996, 41, 2251. [CrossRef] [PubMed]

http://doi.org/10.3390/electronics10172056
http://doi.org/10.3390/ma14164526
http://doi.org/10.3390/s21175678
http://www.ncbi.nlm.nih.gov/pubmed/34502570
http://doi.org/10.1109/LAWP.2020.3002016
http://doi.org/10.1109/LAWP.2021.3074641
http://doi.org/10.3390/electronics10090994
http://doi.org/10.3390/s20185157
http://doi.org/10.1109/TAP.2020.2980367
http://doi.org/10.1109/ACCESS.2020.2993371
http://doi.org/10.1109/ACCESS.2020.3015423
http://doi.org/10.1109/ACCESS.2020.3023248
http://doi.org/10.1002/mop.32085
http://doi.org/10.1049/iet-map.2019.1073
http://doi.org/10.1109/TII.2020.2983064
http://doi.org/10.1049/el.2014.2551
http://doi.org/10.1109/LAWP.2015.2444881
http://doi.org/10.1017/S1759078720001075
http://doi.org/10.2528/PIERL20032901
http://doi.org/10.1088/0031-9155/41/11/002
http://www.ncbi.nlm.nih.gov/pubmed/8938025

	Introduction 
	Antenna Design Analysis 
	Parametric Study of the Proposed Antenna 
	Equivalent Circuit Model 

	Fabrication and Measurements 
	Antenna Testing in Free Space 
	Antenna Testing under Human Proximity 
	SAR Analysis 

	Results and Discussion 
	Conclusions 
	References

