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ABSTRACT
The ever-growing miniaturization of electronic devices is foremost due to a wide range of
changes in shrinking thewearable devices. This article focuses on a small, wearable antennawith
dual bands for 5G and Wi-Fi communications. The Frequency Selective Surface (FSS) is made of
denim Jean and has a top- loaded stubs-inspired radiator and a modified ground plane struc-
ture to induce the resonance frequencies at 3.5 and 5.8 GHz within a compact 31.5 mm × 26
mm size. With the FSS integrated antenna, you can cover the N-78 5G band-width of 620 MHz
(S11× −10dB) in the 3.28–3.9 GHz range, as well as theWi-Fi bandwidth of 600MHz (S11× −10
dB) in the range of 5.65–6.25 GHz. The antenna presented has a peak gain of 7.07 dB at 3.5 GHz
and 6.02 dB at 5.8 GHz. This antenna is mounted near a human armmodel lowering the Specific
Absorption Rate (SAR) to 0.370W/kg at 3.5 GHz and 0.870W/kg at 5.8 GHz. The simulated values
are validatedwithmeasured results and are suitable for body area communication. The designed
FSS antenna provides stable impedance bandwidth for conformal applications with enhancing
radiation performance.
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1. Introduction

The recent advancement of current wireless commu-
nication technologies highlights the requirement for
wearable antennas in a wide range of areas such as
military applications [1], medical applications, enter-
tainment [2], Internet of Things, personal assistance,
security [3] and biomedical telemetric device [4] appli-
cations. Keeping the demand for multi-functional
devices in mind there are many wearable antennas
reviewed in the literature. Nester characters are utilized
to provide dual-band operation for Wi-Fi applications
[5]. The dual-band operation of 5G and Wi-Fi applica-
tion is achieved with the help of vertical metal vias in
circular patch antenna [6] and double-layer microstrip
[7] structure, which has a larger profile. Self-Grounding
slit antenna [8] with dual-band operation comes with a
larger profile.

A dual-band antenna for off-body communication
is achieved by an inverted U-shaped slot at the patch
antenna [9] but has a lower gain value. A folded ring
antenna [10] and shorting pin at microstrip patch
antenna [11] are presented for dual-band operation at
body area communication bit it provides a complex
structure. Alhough many antennas are presented for
wearable applications with acceptable SAR levels, they
have lower gain and larger sizes. Metamaterials and

frequency selective surfaces are used to reduce SAR
levels while increasing antenna gain. A hybrid comple-
mentary pair of FSS [12], ring slot FSS [13], square slot
FSS [14], and double square slotted FSS [15] is pre-
sented for filter applications. Although the resonance
is achieved in the desired frequency, the attainment of
transmission response bandwidth is low as we take the
−20 dB bandwidth.

FSS-integrated antennas aid in minimizing SAR lev-
els while increasing antenna gain. Square loop slot
backed U-slot patch antenna along with AMC struc-
ture [16] delivers dual-band operation with high gain
for ISM band and 5G applications. The triple-layer
structure is not a suitable candidate for wearable
applications. A square loop-inspired FSS is presented
with dual-band operation, which is backed by patch
with rectangular spiral and two stubs [17], loading a
square loop with a meander stub [18], upper band
and lower band element antennas [19], and C-shaped
CPW antenna [20]. It improves antenna gain, but the
profile of the construction is high and the transmission
bandwidth is small. In addition, the bending analysis
of antenna with FSS structure is not evident. Further-
more, a wideband antenna FSS [21] is presented to
enhance the bandwidth. A micro-strip antenna along
with square loop inspired FSS [22–24] is presented for
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high gain application but the polarization insensitive
at different angles of incidence is not carried. So, it
is the demand of the research society that compact
polarization-insensitive FSS-based wearable antenna
with high gain, enhanced bandwidth, low profile, and
stable performance under bending conditions is essen-
tial.

In this article, top-loaded dual-band wearable
antenna with the dimension of 31.5mm× 26mm
is developed for the applications of 5G and Wi-
Fi bands. A unique small wideband square loop-
inspired FSS antenna with a unit cell dimension of
38.5mm× 38.5mm is developed to reduce SAR and
increase gain. This article is structured as follows:
Section 2 describes the antenna design and the stages
of advancement. Section 3 presents the Frequency-
selective surface design with its transmission charac-
teristics. The measured and simulated FSS integrated
antenna results are shown in Section 4. Section 5 con-
cludes the article.

2. Antenna design

The top-loaded antenna and frequency selective sur-
face is laser engraved onto a denim Jean substrate.
The relative permittivity of the denim Jean substrate is
1.7, and the loss tangent is 0.025. The radiator portion
monopole antenna is updated with top loaded struc-
ture to produce compact resonance at 3.5GHz, whereas
modification in the ground plane aids in achieving
a second resonance at 5.8GHz. The frequency selec-
tive surface inspired by the square loop, [25,26] which
works as a band stop filter, is put behind the antenna to
limit back radiation and boost gain. Figure 1 depicts the

structure of the antenna. Table 1 shows the dimensions
of the antenna.

Figure 2(a) shows the design stages of the antenna.
The rectangular-shapedmonopole antenna ismodelled
over a jean substrate, which produces resonance at
5.3GHz. The portion of the radiator is removed and
a U-shaped stub is added, as shown in Figure 2(b),
which produces resonance at 4.5GHz. The resonance
frequency is further reduced to 3.3GHz along with
4.5GHz with the short loop stub, which is added on the
top of the monopole structure, as shown in Figure 2(c).
A short stub is also inserted on both sides of the
ground plane, as shown in Figure 2(d) which covers
the dual resonance at 3.5 and 5.8GHz. To improve
impedance matching at 3.5 and 5.8GHz, a small rect-
angular section of the ground plane is deleted from the
ground portion, as shown in Figure 2(e).

Figure 3 depicts the simulated reflection coefficient
for all phases of the proposed antenna. The addition
of a U-shaped stub and the addition of a short stub
loop structure reduced the resonance frequency from
5.3 to 3.5GHz. Further addition of a short stub at
the ground plane induced dual resonance at the 5G
band of 3.5GHz and Wi-Fi band of 5.8GHz [27,28].
Furthermore, the defective ground plane structure at
the ground plane parallel to feedline enhances the
impedance matching at desired dual-band frequencies.

Table 1. Unit cell dimensions of the antenna.

Parameter L1 L2 L3 L4 L5 L6 L7 L8 L9

Length (mm) 31.5 11.7 7 2 4.8 1.3 11.05 5.2 8.52

Parameter W1 W2 W3 W4 W5 W6 W7 W8 W9

Length (mm) 26 3.2 7.85 7.03 6 1.4 6.8 1.2 3.38

Figure 1. Top loaded Dual-band antenna (a) Radiator, (b) Ground Plane.
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Figure 2. Evolution Design stages of the antenna.

Figure 3. Reflection coefficient of the Antenna with evolution
stages.

The simulated antenna has a bandwidth of 710MHz
between 3.21GHz and 3.92GHz in the n78 5G spec-
trum. It also spans the 5.54–6GHz Wi-Fi spectrum,
with 460MHz bandwidth.

3. Frequency-selective surface design

A frequency-selective surface is a passive device that
acts as a band-stop filter to reject unwanted frequencies.
It also functions as a reflector, reducing back radiation
and increasing antenna gain in the chosen direction.
The square loop-inspired loop is fabricated on the same
denim Jean substrate that was used to fabricate antenna
[29]. Figure 4 depicts the Frequency Selective Surface
unit cell design. Table 2 shows the unit cell size of FSS.

The resonance frequency formula for the square

Figure 4. Frequency Selective Surface Unit cell design.

Table 2. Unit Cell dimensions of Frequency selective surface.

Parameter F1 F2 F3 F4 F5 F6 F7

Value (mm) 38.5 38.5 7 12 4 4.47 0.25

loop is mentioned in Equation 1. The perfect electric
conductor, such as the copper portion present in FSS,
produces inductance (L), whereas the separation of FSS
unit cell distance and thickness results in capacitance
(C).

f = 1
2π

√
LC

(1)

The resonance frequency of frequency selective surface
majorly depends on reactance and susceptance compo-
nents present in the FSS structure [23]. The resonance
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Figure 5. Equivalent circuit of FSS.

frequency equation of the presented FSS is mentioned
in Equation 1

fr = 2π√
LrCs

(2)

The reactance portion of inductance (Lr) is caused
by the wavelength of resonance frequency, the width
of the conductor strip, and the periodicity of FSS.
The Capacitance (Cs) portion of susceptance mainly
depends on the gap (2F7) between FSS array cells, peri-
odicity, and wavelength.

The equivalent circuit of the FSS is depicted in
Figure 5 [23]. The variation in gap between FSS cells,
loop portion in FSS, and conductor portion in FSS con-
tributes to the required resonance and bandwidth of
transmission response. Figure 6 depicts the stages of
FSS evolution. The transmission coefficient parameter
of FSS is depicted in Figure 7. The square loop FSS
is simulated on a denim Jean substrate with twice the
wavelength of the resonance frequency, as shown in
Figure 6(a), and yields resonance at 5.5GHz.

As illustrated in Figure 6(b), a little rectangular
patch part is deleted from four sides of the unit cell,
which enhances the transmission coefficient value at
the resonance frequency of 5.5GHz. A square-shaped

Figure 7. Transmission coefficient of Evolution stages of FSS.

portion is etched out from the centre of the unit cell
and followed by the removal of the triangle portion
at the four sides of the centre slot, as illustrated in
Figure 6(c) and 6(d), respectively. The modification
adopted in FSS increases the resonance length, which
increases the inductance (L), as mentioned in eq. 1. In
addition, the capacitance (C) is enhanced due to the
square loop and triangular slot, which is employed in
the FSS structure [25]. The increment in inductance
and Capacitance leads to a reduction in resonance fre-
quency. Stage 4 FSS produces a bandwidth of 2.54GHz
from 2.8 to 5.4GHz. Furthermore, the patch of the
top portion is replicated in the bottom portion of the
FSS. This arrangement helps to enhance the bandwidth
of FSS from 2.54–4.11GHz with a frequency range of
2.35–6.46GHz.

Figure 6. Evolution stages of Frequency Selective Surface (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4, (e) Stage 5.
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Figure 8. Transmission Coefficient of TE mode of polarization
at different angles of incidence.

The stable transmission response at a different angle
of incidence of the wave is required for the reflec-
tion nature of electromagnetic signals. The frequency
response of frequency selective surface is expected to
be insensitive to polarizationmodes at various angles of
incidence. The frequency response of FSS at TE mode
for various angles of incidence is shown in Figure 8.

At varying angles of incidence, the frequency
response of a frequency-selective surface is predicted to
be insensitive to polarization modes. Figure 9 depicts
the frequency response of FSS in TE mode for various

Figure 9. Transmission Coefficient of TMmode of polarization
at different angles of incidence.

angles of incidence. Similarly, Figure 10 depicts the
frequency response of FSS at TM mode with various
angles of incidence [30]. It has been observed that
a change in the angle of incidence up to 45° has a
negligible impact on the transmission coefficient of
square loop-inspired FSS. The stable transmission per-
formance is observed up to 45° angle of incidence.
Similarly, angular stability analysis for the FSS in TM
mode was depicted in Figure 9. Due to the symmetric
nature of FSS, it achieves stable transmission response
up to 45°.

Figure 10. Prototype antenna andMeasurement set-up (a) Radiator, (b) Ground Plane, (c) Frequency Selective surface, (d) reflection
coefficient measurement of FSS-integrated antenna, (e) Anechoic chamber Antenna measurement set-up, (f ) Anechoic chamber
FSS-integrated Antenna measurement set-up.
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4. Results and discussion

The top-loaded dual-band antenna radiator and the
ground plane portion are etched out from a copper
sheet with the aid of laser engraving technology. The
radiator and ground plane portion of the antenna are
embedded on denim Jean substrate by using conductive
glue. The square loop-inspired FSS structure was cre-
ated with laser engraving technology. The performance
enhancement of the antenna is effective when the FSS
array size is greater than that of the antenna size. The
FSS with an array of 2× 2 is chosen which has the size
of 80mm× 80mm compared to the size of the antenna
of 31.5mm× 26mm.

Figure 10 depicts the prototype antenna and mea-
surement set-up. Figure 10 and 10(b) show the radiator
and ground plane portion of the antenna, respectively.
Figure 10(c) depicts the prototype structure of a 2× 2
FSS array. Figure 10(d) depicts the reflection coeffi-
cient performance setup of an FSS-integrated antenna.
The antenna anechoic chamber set-up and the FSS-
integrated antenna are depicted in Figure 10(e) and
10(f), respectively.

FSS array size is increased from 2× 2 to –4× 4 and
8× 8 and its gain performance is listed in Table 3. 2× 2
array FSS which is placed behind the antenna gives the
simulated peak gain of 8.37 dBi whereas 4× 4 array FSS
achieves the gain of 7.89dBi at 3.5GHz [31]. A fur-
ther increase in the array size of 8× 8 gives a gain of
7.95dBi. The 2× 2 FSS array (80× 80mm2) itself larger
than the actual antenna (31.5× 26mm2) which is com-
pelling enough to effectively reflect the back radiation.
A further increase in FSS array size provides incremen-
tal gain which is achieved at the cost of an increased
profile of the antenna [32]. In this work 2× 2 array FSS
gives 8.37 dBi gain which is higher than 4× 4 and 8× 8
array configurations.

4.1. Impedance characteristics

Figure 11 depicts the performance of the antenna’s
reflection coefficient. From Figure 11, it is observed
that simulated values are validated with a measured
response. The measured antenna has resonances at 3.5
and 5.8GHz, with impedance bandwidths of 870MHz
and 350MHz, respectively. The dual-band top-loaded
antenna is bent along a 3.5 cm radius cylindrical foam
and has a minor divergence in its reflection coefficient
but covers the complete operational bandwidth. The

Table 3. Performance of the antenna with various FSS array
configurations.

S.No
Number of
arrays FSS size

Gain (dBi)
at 3.5GHz

Gain (dBi)
at 5.8GHz

1 2× 2 80× 80mm2 8.37 6.55
2 4× 4 160× 160mm2 7.89 6.86
3 8× 8 320× 320mm2 7.95 6.97

Figure 11. Reflection coefficient of the antenna.

bandwidth of the FSS integrated antenna is 620MHz
and 600MHz at the resonance frequency of 3.5 and
5.8GHz, respectively. The FSS-integrated antenna is
likewise bent along the same cylindrical foam, which
has no effect on the resonance frequency or impedance
bandwidth.

4.2. Radiation characteristics

Figure 12 depicts the radiation parameters of an
antenna and an FSS integrated antenna, as measured
in an anechoic chamber model. Figure 12(a) and (b)
show the E-plane pattern of an antenna and an FSS-
integrated antenna at 3.5 and 5.8GHz, respectively. It
implies antenna has a bidirectional radiation pattern.
Figures 12(c) and 11(d) show the H-Plane pattern of
an antenna and the FSS-integrated antenna at 3.5 and
5.8GHz, respectively.

It is observed that the antenna has the omni-
directional pattern at 3.5 and 5.8GHz. The FSS array
acts as a reflector, as shown in Figure 12(c) and
Figure 12(d). The back radiation of the antenna is sup-
pressed by the FSS array structure effectively. Table 4
shows the measured peak gain of the antenna and the
FSS combined antenna. The antenna is enhanced by the
amount of 5.18 dB at 3.5GHz and 2.2 dB at 5.8GHz.

The distance (d) between the antenna and FSS varied
from1 to 20mmand its reflection coefficient is depicted
in Figure 13. For the 1mm separation distance, the
antenna produces resonance at 2.4GHz and 3.7GHz
whereas with the separation distance of 5mm, the
antenna exhibits a dual band of resonance at 2.5GHz &
3.7GHz. The antenna exhibits resonances of 2.8, 3.65
and 5.8GHz when FSS is separated with a distance
of 10mm. Antenna with the FSS separation distance
of 15mm delivers resonance at 3.6 and 5.8GHz with
minimal peak reflection coefficient requirement.When
the FSS is placed behind, the antenna with a separa-
tion distance of 20mm produces the desired dual-band
resonance at 3.5 and 5.8GHz.



460 C. RENIT AND T. A. B. RAJ

Figure 12. The radiation pattern of the antenna and FSS-integrated antenna (a) E-Plane at 3.5 GHz, (b) E-Plane at 5.8 GHz, (c) H-Plane
at 3.5 GHz (d) H-Plane at 5.8 GHz.

Table 4. Measured gain of the antenna and FSS-integrated
antenna.

Particular
Gain (dB) at
3.5 GHz

Gain (dB) at
5.8 GHz

Antenna 2.6 3.8
FSS integrated antenna 7.78 6.02

An FSS integrated antenna is placed on a cylindri-
cal foam layer which has a radius of 2.5 cm, 3.0 cm and
3.5 cm. The antenna is bent along the x direction and
the y-direction and its reflection coefficient is depicted
in Figure 13. From the graph, it is observed that a
slight variation in resonance frequency is observedwith
modification in the peak reflection coefficient. The FSS
integrated antenna achieves the desired resonance at
both the 3.5GHz band and 5.8GHz due to its perfect
impedance-matching design.

The front-to-back ratio (FBR) of the FSS integrated
antenna at 3.5GHz is 14 dB whereas the FBR of 12.9 dB
is observed at the resonance frequency of 5.8GHz.
The higher FBR validated better band rejection at the

Figure 13. Reflection coefficient of the FSS-integrated antenna
with d = 1, 5, 10, 15 and 20mm.

desired frequency with reduced back radiation due to
the placement of FSS array structures (Figure 14).
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Figure 14. Reflection coefficient analysis of bending of the
antenna at x and y directions.

4.3. SAR analysis

The antenna is aimed to validate body area commu-
nication where the specific absorption rate is a crit-
ical parameter to evaluate. The Specific Absorption
Rate provides information on the amount of radiation
absorbed by human body tissues [23]. The antenna
and FSS combined antenna are placed on a human
arm model, which has the electrical properties of skin,
fat, muscle and bone modelled and placed beneath the
antenna and FSS integrated antenna. The SAR values
are depicted in Table 5.

The acceptable value of SAR by the FCC is 1.6W/Kg.
The antenna without FSS produces higher FSS, which
may create an impact on the human body tissues for
continuous exposure to the radiation [24]. By posi-
tioning the FSS 10mm below the antenna at 3.5GHz,
the SAR value is lowered from 2.51 to 0.370W/Kg.
At 5.8GHz, the SAR value is reduced from 2.51 to
0.834W/Kg, which is an acceptable SAR value.

The distance between the 2× 2 FSS configuration
and antenna is varied between 1and 20mm and its SAR
and Gain performance is analysed, as listed in Table 6.

It is observed that the SAR value is above 1.6W/Kg
for the FSS separation distance up to 15mm.When FSS
is placed 20mm below the antenna it provides accept-
able SAR levels of 0.37W/Kg and 0.834W/Kg at 3.5 and
5.8GHz, respectively. The gain of the FSS integrated
antenna is increased as the separation distance between
FSS and the antenna is increased. The simulated Peak
gain of 8.37 dBi and 6.55 dBi is achieved at the reso-
nance frequency of 3.5 and 5.8GHz, respectively.

Table 5. Simulated SAR Values.

Particular
SAR (W/Kg)
at 3.5 GHz

SAR (W/Kg)
at 5.8 GHz

Antenna 2.51 2.51
FSS-integrated antenna 0.370 0.834

Table 6. SAR and Gain of FSS-Integrated antenna.

S.No

FSS and
Antenna
separation
distance
(mm)

SAR at
3.5 GHz
(W/Kg)

SAR at
5.8 GHz
(W/Kg)

Gain at
3.5 GHz
(dBi)

Gain at
5.8 GHz
(dBi)

1 1 4.2 5.2 4.79 3.19
2 5 3.4 3.2 5.29 4.93
3 10 2.2 2.6 6.36 5.74
4 15 1.7 1.62 7.02 6.12
5 20 0.37 0.834 8.37 6.55

5. Conclusion

An innovative compact dual-band wearable antenna
for 5G and Wi-Fi applications is presented in this arti-
cle. The antenna is 31.5mm× 26mm and is made
of a flexible denim Jean substrate. Frequency selec-
tive surface improved the performance of the antenna
that has 38.5mm× 38.5mm unit cell dimensions. The
FSS-integrated antenna has a bandwidth of 620MHz
and 600MHz at resonance frequencies of 3.5 and
5.8GHz, respectively. The FSS-integrated antenna fur-
ther improved the gain of the antenna by 7.78 dB
and 6.02 dB at 3.5 and 5.8GHz, respectively. The FSS-
integrated antenna also provides an acceptable SAR
level and optimal performance in the bending condi-
tion. Because of the FSS array’s reflective nature, the
antenna performs better and has a significant reduction
in SAR level. This antenna system stands out among
all existing antenna systems due to its compact profile,
stable impedance characteristics, improved gain perfor-
mance and reduced SAR. The proposed antenna is a
good candidate for wireless body area communication
applications that require a short range. A wearable FSS
antenna that ismultiband, including ISM,UWBand 5G
standards, will be designed in future.
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