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ABSTRACT A compact grounded asymmetric coplanar strip (GACS)-fed flexible multiband frequency
reconfigurable antenna with two PIN diodes is proposed. The investigated antenna is backed by a flexible
polyamide substrate with compact dimensions of 24 mm × 19 mm and a thickness of 1.53 mm. The
investigated antenna structure contains a monopole patch that facilitates operation for wireless LAN
applications, whereas inverted L-shaped and F-shaped monopoles facilitate operation for Bluetooth and
5G NR applications. The investigated antenna operates at 2.4, 3.8, and 5.6 GHz with measured impedance
bandwidths of 5.8%, 6.3%, and 6.6%, respectively, over the three frequency bands, thus facilitating coverage
for Bluetooth, 5G NR, and WLAN standards. The two PIN diodes are employed to tune the investigated
antenna among four modes, including a single band mode (WLAN 5.5 GHz), two dual-band modes (5G
NR 3.8/5.6 GHz, and Bluetooth 2.48/5.6 GHz), and one multiband mode with Bluetooth (2.4 GHz), 5G
New Radio (NR) N77 band (3.8 GHz), and WLAN (5.6 GHz) modes. The investigated antenna radiates
unidirectionally with a peak gain of 3.73 dBi at 5.6 GHz. Measurements are carried out on the human body
to investigate the behaviour of the wearable antenna. The simulated SAR values are in a safe limit of 1.6W/kg
for 1 g of tissue, according to the FCC.Moreover, the investigated antenna shows extremely low vulnerability
to degradation in performance as a result of bending effects concerning impedance matching with acceptable
acquiescence between measurements and simulations.

INDEX TERMS Flexible, GACS, reconfigurable, multiband, WLAN.

I. INTRODUCTION
Flexible antenna technology has receivedmuch attentionwith
several progressing research efforts since these antennas can
allow communications along curved surfaces not appropriate
for traditional rigid antennas [1], [2]. With the consecutive
progress of multifunction andmultistandard wireless devices,
reconfigurable flexible antennas have garnered much con-
sideration due to their characteristics of reconfigurability
and flexibility. Reconfigurable antennas [3], [4] and flexible
materials are integrated to fabricate a reconfigurable flexible
antenna that not only possesses the benefits of flexibility, sig-
nificant space savings, a good carrier fit, a light weight, and a
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low cost but can be used to fulfil the role of numerous individ-
ual antennas. Consequently, studies of reconfigurable flexible
antennas are important in complex circumstances. Presently,
some methods for multiband antenna design include a com-
pact triple-band antenna fed by a coplanar waveguide (CPW)
[5], a monopole with two F-shaped slot radiators and a
microstrip-fed antenna [6], a tri-band double-element folded
dipole monopole-fed antenna [7], a monopole antenna for
tri-band applications [8], and a compact triple-band double-
planar inverted-F antenna [9]. However, these models are
not flexible, and they transmit all resonances regardless
of user needs. Alternatively, it is not possible to tune a
multiband antenna at the required frequency. To address
these constraints, researchers have designed a feasible solu-
tion: reconfigurable antennas. Reconfigurable antennas can
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exhibit reconfiguration properties within the appropriate radi-
ation, frequency of operation, polarization, and combined
factor ranges. Various reconfigurable antennas with distinct
switching have been tested; they include a novel switchable
multiband frequency reconfigurable microstrip square slot
antenna [10], and a novel bowtie frequency reconfigurable
antenna [11]. A reconfigurable multiband bowtie slot antenna
employs switchable pairs of slots [12]. A simple multiband
reconfigurable antenna with dual pairs of PIN diodes [13]
and a compact quad-band reconfigurable monopole antenna
[14] have also been proposed. However, not all reconfigurable
antennas use active elements to achieve reconfigurable prop-
erties; there are some passive reconfigurable antennas that
were reported in [15]–[17]. In [15], [16], reconfigurable pat-
tern antennas that employ graded dielectric plates and meta-
surfaces to reconfigure beams in a particular direction were
reported. The pattern reconfigurable monopole antenna with
polarization-insensitive FSS for beam reconfigurability was
reported in [17]. Currently, based on artificial intelligence
techniques, antenna resonating frequencies and radiation pat-
terns are being reconfigured, and particle swarm optimization
was used in [18] to change the operating frequency. However,
although these antennas are reconfigurable, the correspond-
ing models are generally developed on rigid substrates.

For conformal applications, antennas based on rigid sub-
strates are not appropriate. Currently, due to their robustness
and light weight, flexible antennas have become popular.
Several flexible antennas were reported in [19]–[35], includ-
ing a low-cost inkjet-printed flexible multiband antenna
[19], a flexible antenna modelled on aluminium-metalized
polypropylene [20], two flexible and compact flower-shaped
CPW-fed antennas [21], a compact, flexible antenna system
designed for telemedicine applications [22], two ultraflexi-
ble/thin printed monopole antennas [23], a miniature fishtail-
shaped antenna [24], a compact, low- volume flexible antenna
with a novel structure model for wireless applications [25],
a flexible broadband comb-shaped monopole antenna [26],
a low-profile UWBflexible antenna [27], and a novel flexible
and low-cost inkjet printed dual-band antenna, based on a
customized analytic curve [28]. Although these antennas are
flexible, they are either large or provide a limited number of
resonances, and they are not reconfigurable.

Different reconfigurable stretchable substrate antennas
were reported in [29]–[35], including a novel flexible, recon-
figurable antenna built on the theory of folded slot anten-
nas [29], [30]; however these antennas have large areas
of 1829 mm2 to 7387 mm2 and are limited to dual-band
antennas. A CPW-fed dual-polarised dual-band with discrete-
frequency reconfigurability flexible monopole antenna was
proposed in [31], but the presented antenna had a large area
of 1650 mm2 and is limited to dual-band cases. A flex-
ible, reconfigurable antenna modelled on a denim sub-
strate was proposed in [32], but the antenna had a large
area of 1175 mm2 and was limited to dual-band cases.
A reconfigurable-frequency antenna modelled on flexible
materials for wireless applications was proposed in [33], but

the antenna had a large area of 1848 mm2, many switches
are used and it was limited to dual-band cases. A spiral-
shaped CPW-fed flexible frequency reconfigurable antenna
was proposed in [34], and an inkjet printed reconfigurable
antenna on a paper substrate was demonstrated in [35]; how-
ever, flexibility tests were not carried out for these antennas.

A grounded asymmetric coplanar strip (GACS) is a modi-
fication of an ACS. On the back of the substrate, an additional
ground plane is used. The bottom ground plane is spaced
1.53 mm beneath the top ground to decrease backward radi-
ation. In this article, a compact, flexible multiband reconfig-
urable GACS-fed antenna that utilizes dual-PIN diodes (SMP
1320-079) to realize frequency reconfiguration functionality
that covers the Bluetooth/IMT-E, 5G NR N77 band, and
WLAN frequencies is presented. The main motivation for
investigating this flexible, reconfigurable multiband antenna
is the high demand for flexible electronics. Flexible substrate
antennas (FSAs) are quickly becoming a preferred option
for flexible displays, smart clothing, wearable computer sys-
tems, and applications in wireless sensing, such as health
care monitoring, surveillance in civil construction, or inclu-
sion in search and rescue satellite networks. Furthermore,
the frequency reconfigurable antenna provides excellent out-
of-band noise rejection which immensely reduces filtering
demands of the front-end circuitry. Section II introduces the
investigated design, a parametric study, and the principle
of operation. The antenna radiation characteristics and per-
formance are examined in Section III. Section IV discusses
the functioning of the investigated antenna and the bend-
ing effect. Section V presents an SAR analysis. Section VI
investigates antenna behaviour in close vicinity to the human
body. A comparison of the investigated antenna and other
existing models is reported in Table 7. Finally, conclusions
are provided in Section VII.

II. ANTENNA DESIGN AND PARAMETRIC STUDY
A. STRUCTURE AND DIMENSIONS
The proposed tri-band flexible frequency reconfigurable
antenna covering Bluetooth, 5G NR, and WLAN frequency
bands is shown in Fig. 1. The compact dimensions of the sub-
strate of the investigated antenna are 24 mm × 19 mm. The
investigated antenna is formed on a 1.53-mm-thick flexible
polyamide substrate, with εr = 4.3 and tan δ = 0.004. The
investigated antenna includes a monopole patch connected to
a 50�GACS feedline for better impedance matching corners
of the patch are truncated on the left-hand side, and U-shaped
slot is cut on the patch at the right-hand side. An inverted
L-shaped monopole, an F-shaped monopole connected to the
monopole patch and two RF PIN diode switches are used.
Multiband frequency reconfigurable performance is achieved
for 5G NR and Bluetooth applications by turning ON/OFF
the PIN diodes SW1 and SW2, respectively. Fig. 2 shows
the evolution process of the investigated multiband frequency
reconfigurable flexible antenna in three steps, which are
examined during the simulation studies.
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FIGURE 1. Geometrical configuration: (a) Top view and (b) Side view.

Antenna-1 is developed to function at the primary funda-
mental frequency of fWLAN = 5.63 GHz. The Antenna-1
configuration includes a monopole patch joined to the
1.1-mm-wide 50 � GACS feedline (as illustrated in
Fig. 2(a)). The optimized monopole patch length and width
are estimated by (1) and (2).

L =
c

4fWLAN
√
∈reff

(1)

W =
c

2fWLAN
√
∈reff

(2)

∈reff =
∈r +1

2
where C is the speed of light, ∈reff is the effective relative per-
mittivity of the substrate and fWLAN is the WLAN operating
frequency. The monopole patch has a theoretical length value
at fWLAN = 5.63GHz of L= 8.2mm, and the optimized value
is L = 7.4 mm. Additionally, theoretical width value is W =
16.3 mm at fWLAN = 5.63 GHz, and the optimized value W
= 13 mm.

Antenna-2 is optimized to operate at a second resonance
frequency of fBluetooth = 2.45 GHz to provide Bluetooth fre-
quency band services. The Antenna-2 configuration includes
an inverted L-shaped monopole connected to a monopole
patch (as illustrated in Fig. 2(b)). The inverted L-shaped
monopole length is estimated by (3):

L1 =
c

4fBluetooth
√
∈reff

(3)

where C is the speed of light, ∈reff is the effective relative
permittivity of the substrate, and f Bluetooth is the Bluetooth
operating frequency. The monopole has a theoretical length
of L1 = 18.8 mm, and the optimized value is L1 = 14 mm.
Moreover, a PIN diode (SW2) is embedded between the

monopole patch and inverted L-shaped radiating monopole
to provide flexible frequency reconfigurable performance at
2.45 GHz. In the forward bias condition (ON state), the RF
PIN diode is represented as a series of resistance (RS = 1�)
and inductance (L = 0.6 nH) components, and in the reverse
bias condition (OFF state), it is represented as a parallel blend
of a resistor (Rs = 0.1 k�) and capacitor (CR = 0.1 pF)

FIGURE 2. Evolution of the investigated antenna.

FIGURE 3. RF PIN diode: (a) Electrical model and (b) Biasing circuit.

with an inductor (L= 0.6 nH) in series. In the OFF state, PIN
diode SW2 facilitates functioning at the WLAN frequency,
and it facilitates functioning at both the WLAN and Blue-
tooth frequency bands for the ON condition. Furthermore,
an RF PIN diode (SW1) and F-shaped radiatingmonopole are
used to achieve second frequency reconfigurable operation
at f5G = 3.65 GHz and contribute services within the 5G
NR N77 frequency band, as illustrated in Fig. 2(c) (Antenna-
3). The radiating F-shaped monopole length is calculated
using (4):

W2 =
c

4f5G
√
∈reff

(4)

where C is the speed of light, ∈reff is the effective relative
permittivity of the substrate and f5G is the 5G NR operating
frequency. The monopole has a theoretical length value of
W2 = 12.6 mm, and the optimized value is W2 = 15.7 mm.
Figure 3(a) illustrates a PIN diode and the corresponding

circuitry. The biasing circuit consists of a 10-µH inductor
(from Murata Technology) used as a radio-frequency choke
to keep the radio-frequency signal from influencing the DC
bias lines, and a resistor of 1 � is mounted on the fabricated
antenna to regulate the DC biasing current through the PIN
diode, as illustrated in Fig. 3(b). Table 1 provides optimized
dimensions for the investigated antenna. The simulated S11
characteristics of the presented antenna at different steps in
the development process are illustrated in Fig. 4. Table 2 pro-
vides simulation results for the investigated flexible tri-band
antenna at different steps in the development process.

B. PARAMETRIC STUDY
The inverted L-shaped monopole length (L1) has an impor-
tant effect on the operating frequency. The optimum inverted
L-shaped monopole length is determined by performing a
parametric study. The results are illustrated in Fig. 5. Fur-
thermore, as the inverted L-shaped stub length L1 increases,
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TABLE 1. Investigated antenna dimensions in millimeters.

FIGURE 4. Simulated S11 characteristics at different steps in antenna
evolution.

TABLE 2. Simulated performance studies for the investigated antenna.

there is an enhancement in S11 for the investigated antenna.
Additionally, the operating frequency decreases as the dimen-
sion of L1 is increased from 13 mm to 15 mm because
the length L1 is inversely related to the centre frequency
of the frequency band. The variation in the L1 does not
change bandwidth. Furthermore, the length L1 has an emi-
nent effect on the operating frequency; changing the length
from 13 to 15 mm moves the resonant frequency approxi-
mately from 2.55 to 2.35 GHz. Furthermore, to achieve an
operating frequency centred at 2.45 GHz (devoted to the
Bluetooth operations), the length L1 should be optimized
(L1 = 14 mm).

III. RESULTS AND ANALYSIS
Flexible and reconfigurable antenna simulations were per-
formed with Ansys HFSS software. Furthermore, the sim-
ulated and measured S11 values were obtained for various
switch conditions (SW1 and SW2), and the surface current
distribution was studied at the three operating frequencies
to obtain a good understanding of tri-band operation for the
presented antenna, as illustrated in Fig. 6. After optimizing

FIGURE 5. Variation in S11 with changes to L1.

FIGURE 6. The normalized magnitude current distribution of the
investigated antenna at resonant frequencies: a) 5.5GHz (Mode 1),
b) 3.8 GHz (Mode 2), c) 2.4 GHz (Mode 3), and d) Mode 4.

the antenna parameters, an experimental model of the investi-
gated antenna was developed to justify the simulated results.
A photograph of the manufactured antenna integrated with
the biasing circuit and the experimental setup is illustrated in
Fig. 7.

A. SW1 AND SW2 OFF (MODE 1)
Fig. 6(a) demonstrates the current distribution of the flexible,
reconfigurable antenna in this mode. As observed in Fig. 6(a),
the maximum current is extremely concentrated throughout
the monopole patch, ground and feedline. Fig. 8 demonstrates
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FIGURE 7. Fabricated model of the investigated antenna with a biasing circuit and the experimental setup.

FIGURE 8. Simulated and measured S11 values for the different modes of
operation for PIN diodes in Mode 1 and Mode 2.

the measured and simulated S11 characteristics of the inves-
tigated antenna with PIN diodes SW1 and SW2 in the OFF
state. A single frequency band is observed at 5.5 GHz with a
maximum S11 of−16.25 dB. The bandwidth of the first band
is 10.1%, which is used for WLAN tasks.

B. SW1 ON AND SW2 OFF (MODE 2)
Fig. 6(b) demonstrates the current distribution for the flexible,
reconfigurable antenna in this mode. As shown in Fig. 6(b),
the maximum current is extremely concentrated throughout
the monopole patch, and an F-shaped monopole is observed.
Fig. 8 demonstrates the measured and simulated S11 charac-
teristics of the investigated antenna for the ON state of PIN
diode SW1 and the OFF state of SW2. Dual-frequency bands
are noted at 3.8 GHz and 5.6 GHz, with maximum S11 values
of −16.14 dB and −17.9 dB, respectively. The bandwidth of
the first band is 6%, and this band is used for 5G NR; the
bandwidth of the second band is 5.4%, and this band is used
for WLAN tasks.

FIGURE 9. Simulated and measured S11 values for the different modes of
operation for PIN diodes in Mode 3 and Mode 4.

C. SW1 OFF AND SW2 ON (MODE 3)
Fig. 6(c) demonstrates the current distribution for the flexible,
reconfigurable antenna in this mode. As shown in Fig. 6(c),
the maximum current is extremely concentrated throughout
the monopole patch, and an inverted L-shaped monopole can
be observed. Fig. 9 illustrates the measured and simulated
S11 characteristics of the investigated antenna with SW1OFF
and SW2 ON. Dual-frequency bands are noted at 2.48 GHz
and 5.6 GHz, with maximum S11 values of −16.09 dB and
−29.99 dB, respectively. The bandwidth of the first band is
6.1%, and this band is used for Bluetooth; the bandwidth of
the second band is 8.2%, and this band is used for WLAN
tasks.

D. SW1 ON AND SW2 ON (MODE 4)
Fig. 6(d) demonstrates the current distribution for the flex-
ible, reconfigurable antenna in this mode. Fig. 9 demon-
strates the measured and simulated S11 characteristics for
the investigated flexible, reconfigurable antenna with diodes
SW1 and SW2 ON. Three frequency bands are noted at
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TABLE 3. Impedance bandwidths and gains of the presented antenna during different operational modes for pin diodes SW1 and SW2.

TABLE 4. Investigated antenna reflection coefficient and impedance bandwidth comparison in different bent configurations for modes 1 and 4 with pin
diodes.

2.4 GHz, 3.8 GHz, and 5.6 GHz, with maximum S11 values
of −14.8 dB, −20.5 dB, and −28.4 dB, respectively. The
fractional bandwidth of the initial band is 5.8%, and this band
is utilized for Bluetooth; second and third bands display 6.3%
and 6.6% fractional bandwidths, respectively, thus supporting
fixed 5G NR and WLAN applications. The measured and
simulated bandwidths and gains of the investigated antenna
under different conditions in the operation of dual PIN diodes
are listed in Table 3.

Fig. 10(a) presents a snapshot of the Agilent VNAN9923A
with the S11 characteristics of the investigated flexible and
reconfigurable antenna measured with both diodes OFF
(Mode 1), and Fig. 10(b) presents measured S11 character-
istics with both diodes ON (Mode 4). Negligible dissimilar-
ity is observed between measured and simulated S11 values
that might be produced due to defects while soldering the
PIN diodes and SMA connectors, during antenna fabrication
or while connecting measurement devices and the antenna.
The required bandwidths are achieved by all the operational
frequency bands allocated to them per the regulatory bodies;
thus, antennas relevant for different wireless applications

are obtained. Fig. 11 illustrates the measured and simulated
2D normalized radiation characteristics of the investigated
antenna. The investigated antenna has a unidirectional radi-
ation pattern in the E- and H-planes. In Fig. 11, the H-plane
radiation pattern tilts across nearly 30◦ in the direction normal
to the patch geometry, and in the E-plane pattern, the major
lobe tilts at −40◦; additionally, a small minor lobe is present
opposite this location at 5.6 GHz.

The investigated antenna has radiation efficiencies of 74%,
78%, and 90% at 2.45, 3.87, and 5.6 GHz, respectively. The
investigated antenna has simulated gains of 2.3, 3.32, and
3.92 dBi at 2.45, 3.87, and 5.6 GHz and measured gains of
2.26, 3.14, and 3.73 dBi at 2.4, 3.8, and 5.6 GHz, respectively,
as demonstrated in Fig. 12.

IV. BENDING ANALYSIS
The feasible utilization of the investigated antenna in flex-
ible and bendable devices requires sufficient functionality
for bent shapes. Therefore, the investigated antenna was
curved in the convex directions for different radii of R1 =
15 mm and R2 = 30 mm, as illustrated in Fig. 13(a)-(b).
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FIGURE 10. Snapshot of the Agilent Fieldfox VNA (Model No: N9923A)
with the measured S11 values for the investigated flexible multiband
antenna: a) with both diodes SW1 and SW2 OFF and (b) with both diodes
SW1 and SW2 ON.

To justify the S11 and radiation patterns, a foam cylinder
with radii of R1 = 15 mm and R2 = 30 mm was employed,
as illustrated in Fig. 14. The foam cylinder had a negligi-
ble impact on the investigated antenna performance because
the material had relative permittivity close to that of the
air (εr = 1).

For convex configurations with bending radii of R1 =
15 mm and R2 = 30 mm, the measured and simulated S11
values for the various modes of the two PIN diodes are
illustrated in Fig. 15 and Fig. 16. From the bending analysis,
no considerable differences among S11 valueswere found, but
there was a slight drift in the operating frequencies in some
cases. Table 4 lists the bending performance results for the
presented flexible,reconfigurable antenna for two modes of
operation with PIN diodes.

V. EVALUATION OF SAR
To study the behaviour of the investigated flexible, reconfig-
urable multiband antenna when placed on the human body,
a specific absorption rate was numerically explored. SAR is
a measure of EM wave penetration in the human body. The
typical SAR level value is approximately 1.6W/kg for 1 gram

FIGURE 11. Simulated and measured 2D radiation patterns for
Mode 4 operation with PIN diodes at a) 2.4 GHz, b) 3.8 GHz, and
c) 5.6 GHz.

of tissue following the Federal Communication Commission
(FCC) standard [36]; this value was used to calculate the SAR
level in this study.

Fig. 17 illustrates a four-layered body model (100 mm
x 100 mm x 40 mm) designed in HFSS, and the antenna
is placed on this model with a gap of 1 mm to study the
SAR level for the presented flexible antenna. The material
properties of these layers are given in Table 5.

The simulated peak SAR values under different incident
powers at various frequencies for mode 4 are listed in Table 6.
The SAR level was increased by amplifying the incident
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FIGURE 12. Measured and simulated gains for Mode 4 operation with
PIN diodes.

FIGURE 13. (a) The simulation design related to different bending radii.
(b) Fabricated antenna with width wise bending.

FIGURE 14. The measurement model related to different bending radii.

TABLE 5. Specifications of human body layers.

power from 25 mW to 100 mW. Fig. 18 shows that at
frequencies of 2.4 GHz, 3.8 GHz, and 5.6 GHz, the maximum
SAR values averaged over 1 g of tissue for mode 4 are

FIGURE 15. Simulated and measured S11 values for the presented
antenna under flat and bending conditions in Mode 1.

FIGURE 16. Simulated and measured S11 values for the presented
antenna under flat and bending conditions in Mode 4.

FIGURE 17. Structure of the investigated antenna placed on a four-layer
human body biological model with a spacing of 1 mm.

0.25 W/kg, 0.30 W/kg, and 0.85 W/kg, respectively (at an
input power of 100 mW), per the SAR IEEE C 95.1-2005
standard; the peak levels of SAR levels were still below
1.6 W/kg.
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FIGURE 18. Simulated 1-gram averaged SAR patterns at a) 2.4 GHz,
b) 3.8 GHz, and c) 5.6 GHz (at an input power of 100 mW) for Mode 4.

TABLE 6. Simulated peak 1-gram SAR value in w/kg.

VI. ANTENNA PERFORMANCE IN THE VICINITY OF THE
HUMAN BODY
The four-layered model illustrated in Fig. 17 is employed to
investigate the behaviour of the presented antenna when it is
placed in close vicinity to the human body. Fig. 19 illustrates
the simulated S11 results for various gaps between the inves-
tigated antenna and four-layer body model for mode 4.

The fabricated prototype of the investigated antenna was
arranged on a real human body to study the impact of
the human body, as illustrated in Fig. 20. Fig. 21 illus-
trates the measured S11 values in ON and OFF body states.
Due to the high relative permittivity, loss promotion, and

FIGURE 19. Simulated S11 values for various gaps between the
investigated antenna and the four-layered human body model for Mode 4.

FIGURE 20. Fabricated antenna on the human body.

FIGURE 21. Measured S11 values for body V’s free space for Mode 4.

frequency- dispersive nature of the human body, there is
negligible dissimilarity between the S11 values measured
under ON-body and OFF-body conditions. The investigated
antenna in ON-body state has radiation efficiencies of 69%,
74%, and 83% at 2.45, 3.87, and 5.6 GHz, respectively.
The investigated antenna in ON-body state has measured
gains of 1.9, 2.82, and 3.52 dBi at 2.4, 3.8, and 5.6 GHz,
respectively.

The proposed reconfigurable multiband antenna was com-
pared with the previous designs to assess the novelty of
the proposed device. Table 7 outlines the comparison. The
presented antenna provides tri-band resonance with features
of flexibility, reconfigurability, a small antenna size, and good
gain.

VOLUME 8, 2020 194505



K. Sreelakshmi et al.: Compact GACS-Fed Flexible Multiband Reconfigurable Antenna for Wireless Applications

TABLE 7. Performance evaluation of the presented work and other existing work.

VII. CONCLUSION
A compact but flexible reconfigurable multiband antenna
has been investigated in this paper. The proposed antenna
is appropriate for 2.4-GHz Bluetooth, 3.8-GHz 5G NR, and
5.6-GHz WLAN applications. The antenna incorporates a
monopole patch, an inverted L-shaped monopole, and an
F-shaped monopole that covers the WLAN frequency band,
Bluetooth frequency band, and 5G NR frequency band. Two
PIN diodes are employed to reconfigure the antenna. The
presented antenna shows nearly unidirectional radiation char-
acteristics along the E-plane and the H-plane. The peak SAR
levels were 0.25 W/kg, 0.30 W/kg, and 0.85 W/kg at fre-
quencies of 2.45 GHz, 3.87 GHz, and 5.65 GHz, respectively,
and these values are within safe limits according to the FCC.
Furthermore, the fabricated model of the investigated antenna
was investigated for the flat and convex bent shapes and on
the human body, and the results verified that the functionality
of the investigated antenna remains unchanged; thus, the
investigated antenna is flexible, reconfigurable and relevant
for wireless applications.
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