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In this paper, we present an extremely compact ultrawideband (UWB) monopole microstrip patch antenna for a wireless body
area network (WBAN). The proposed antenna is fabricated on a flexible Rogers RT-5880 dielectric substrate of thickness
0.5mm and has an overall size of 20 x 15 x 0.5 mm?. The proposed antenna achieves a wideband characteristic with the help of
a modified ground plane with a monopole pair. The monopole antenna is fed through a microstrip line and has a good
impedance matching over a frequency band of 3.2 to 15GHz (and beyond), with an axial ratio below 3dB and a high
efficiency of 77-95%. This antenna is designed to cover almost the complete UWB range; bandwidth for antenna is 11.52 GHz
(3.48-15GHz). The antenna has a realized gain of 2.3-7.2dBi throughout the frequency band and has been tested for
conformality. Measured results are found to be in good correlation with the simulated results. The antenna has also been
tested for specific absorption rate (SAR) values within the simulation to compare with Federal Communications Commission

(FCC) limits and verify their suitability for the Internet of Things- (IoT-) based wearable body area network.

1. Introduction

In recent years, wearable and portable technology has been
extensively investigated for their numerous advantages such
as serving as a personal digital assistant and providing inter-
net access and multimedia services. Smart watches and rings
are examples of wearable technology that are currently being
investigated in great depth. These smart devices are
equipped with a number of sensors that allow them to com-
municate wirelessly with other devices, such as a smart-
phone, as well as with one another. Flexible and textile-
based electronics have been in the spotlight for the past
decade due to a variety of potential future applications,
including wireless tracking, public safety, health monitoring,

and other applications [1, 2]. In light of the fact that anten-
nas have an important role in these wearable electronics,
wearable and flexible antennas have piqued the interest of
several industries working on wireless body area networks
(WBAN:S) [3-5]. People can communicate with one another
through the use of wireless body area networks (WBANS),
which connect individual nodes placed within clothing or
on the skin of a person and extend throughout the human
body [4]. Antennas for ultrawideband (UWB) communica-
tion systems have a number of additional benefits in addi-
tion to their own advantages, such as low power
consumption with a limited power spectral density, low cost
of implementation, wider channel bandwidth, and higher
data transmission rates [6]. Additional considerations
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FiGurk 1: (a) Front and (b) back view of the proposed microstrip monopole antenna designed, dimensions mentioned in Table 1.

include the requirement for circular polarization in the case
of body-worn antennas, which is yet another important fac-
tor to consider. In many situations, a circularly polarized
antenna is preferable to a linearly or elliptically polarized
antenna because it aids in the reception of signals regardless
of their relative position to the transmitting antenna. As a
result, it is more advantageous than a linearly or elliptically
polarized antenna. Circular polarization has been achieved
using a variety of techniques, including single and double
feeds that have been documented in the literature [7]. Single
and double feeds have been used to achieve circular polariza-
tion. Since the popularity of dual-feed antennas and the ease
with which they can be implemented for CP has grown in
recent years, several antennas that use a phase shifter [8]
and Wilkinson power dividers [9] at the feed have been
reported in the literature. The front-end module and control
network for the radiator become extremely complex as a
result of the simple design of such antennas, making them
unsuitable for applications such as WBAN, where compact-
ness is a critical component of the overall system design. An
antenna with a single feed circularly polarized radiation pat-
tern is optimal for WBAN applications, which is used in this
case [10-14]. In a single feed circularly polarization antenna,
the feed port is altered at specific locations in correlation to
the feed port, allowing for specific phase shifts, excitation of
orthogonal current distribution, and circular polarization.
Many different configurations of circular polarized (CP)
wideband antennas have been described in the literature
[12-16]. In addition to it, having a limited frequency range
and a very low gain, such antennas have the disadvantage
of requiring complex design in order to achieve a higher gain
[17-20]. Using metamaterial-based designs such as comple-
mentary split-ring resonators to achieve the desired perfor-
mance in circularly polarized wideband antennas is
another interesting technique for circularly polarized wide-
band antennas. Such antennas which excite orthogonal sur-
face current for circular polarization and are much larger in
size than conventional antennas can be much larger in size.

TaBLE 1: Dimensions of the proposed microstrip monopole
antenna (see Figure 1).

Variable Value (mm) Variable Value (mm)
d, 6.80 w, 15.00
d, 4.60 I, 20.00
d, 4.00 g 0.50
w, 0.50 I 2.00
w, 0.30 L 2.80
w, 0.50 L 5.00
w, 0.80 ly 4.80
w, 5.00 h 0.50

A number of disadvantages of CP ultrawideband antennas
have been identified as a means of circumventing these lim-
itations, including a large form factor to cover UWB, a poor
axial ratio, a complex feeding system with dual-feeds, and a
high profile with a thicker substrate material, which makes
them difficult to use in real-time applications [21-26]. The
circularly polarized ultrawideband antenna proposed in this
paper can be replaced by a circularly polarized ultracompact
ultrawideband antenna, which will overcome the problems
mentioned above. The antenna has been demonstrated to
operate at frequencies ranging from 3.2 to 15 GHz, and pos-
sibly higher frequencies as well. In addition to having a wide
gain range (2.3 to 7.4 decibels), it has a high efficiency (more
than 70%) across the entire frequency range of operation.
An almost perfect isotropic radiation pattern is produced
by the antenna, as well as an axial ratio of less than 2.5dB,
which confirms that it is polarized in the circumferential
direction. In the design of the presented antenna, we used
a K-type 2.4 mm connector to feed the antenna with a coax-
ial cable. This microstrip line has 50 ohm resistance which is
also required in patch antenna design for matching
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F1GURE 2: Evolution of the ultrawideband (UWB) antenna: (a) stage I: microstrip line-fed ring-based resonator with a partial ground plane;
(b) stage II: concentric ring with a microstrip line vertically passing through the rings; (c) stage III: added notch and triangular cuts on either
end in the partial ground plane; and (d) stage IV: monopoles added to the ground plane.

impedance [27-32]. It is demonstrated that the antenna has
a very low specific absorption rate (SAR) and that it retains
all of its radiation characteristics when in contact with
human tissue within the FCC’s permitted limits. A low-pro-
file, miniaturized, and conformal antenna must be used
when an antenna is placed close to a person’s skin. Its oper-
ating properties, such as bandwidth, efficiency, gain, and axial
ratio, must be in a range which could not harm human skin
[33-35]. Wearable antennas are the excellent options for
detecting breast cancer; in this, we take care of SAR analysis

as well so it has become a boon for the medical industry [36].
The flexible wearable antenna is also convenient for conform-
ality and provides easiness to the person wearing it, in case of
a patient that is highly required [37]. There are several tech-
niques for improving the gain of UWB antenna; one of them
is frequency selective surface which has been discussed in the
literature [38]. One more interesting work of dual-polarized
microstrip patch antenna has been presented through literature
in which two different antennas are designed on a single chip
for different frequency bands, and the optimized design having
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FiGure 3: Simulated reflection coefficient (S11) for the proposed antenna and its evolution from stage I to stage IV.
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FIGURE 4: Simulated axial ratio (dB) for the proposed antenna and its evolution from stage I to stage IV.

the two different antenna elements cover the whole UWB [39].
A short sleeve-shaped antenna has been discussed which covers
various applications such as 4G LTE services, 5G services, and
WiFi services with specific frequency ranges [40]. Listed below
is the general structure of the paper: Section 2 deals into the
design of the antenna and how it has changed through time.
Section 3 presents the results of the simulations and measure-
ments carried out on the proposed antenna, as well as the
results of the SAR analysis carried out. The conformity of the
antenna and its results of measurements and simulations are
presented in Section 4. Section 5 concludes with a succinct
summary of the findings presented in Section 4.

2. Antenna Design

2.1. Aspects of Antenna Geometry. As illustrated in Figure 1,
the proposed antenna is a microstrip line-fed monopole with
a modified ground plane that uses a microstrip line. In order
to fabricate the antenna, it is mounted on an RT-5880 dielec-
tric substrate with relative permittivity (€,) of 2.2, loss
tangent (tan §) =0.0009, and substrate height (h) of
0.5 mm, as shown in the figure. Because of the inherent flex-
ibility of the substrate, it can be stitched with any type of
clothing and with minimal effort. The overall size of the
antenna is 20 x 15 x 0.5mm? (0.21 1, x 0.16 A, x 0.005 A,)),
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FIGURE 5: (a) Front view, (b) back view, (c) conformal fabricated antenna, (d) width representation of fabricated antenna, and (e) length

representation of fabricated antenna.
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where A, is the cut-off wavelength for the antenna and A, is
equivalent to 3.2 GHz. Table 1 shows the antenna’s dimen-
sions in millimeters. A 50 microstrip line fed with a discrete
port was used in the simulation; however, in the actual fab-
ricated antenna, a 2.4mm K-type connector was used
instead of the previously mentioned discrete port.

2.2. Evolution of the Antenna. In Figure 2, it can be observed
how the proposed antenna has evolved from its inception to its

Measured and simulated S-parameters for the proposed UWB monopole antenna.

current state over the course of the years since it was first pro-
posed. It is simple to understand and put into practice the
antenna design that is proposed, which starts with a ring res-
onator and partial ground plane configuration. When the
impedance match is incorrect, as shown in Figure 2(a), stage
I can produce a frequency band between 10 and 15GHz,
which is indicative of a bad impedance match. In order to
complete stage II of the design, it was necessary to incorporate
a concentric ring as well as a microstrip line that ran vertically
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FIGURE 7: Measured and simulated normalized radiation pattern at 4 GHz in (a) azimuth and (b) elevation plane.
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FIGURE 8: Measured and simulated normalized radiation pattern at 8 GHz in (a) azimuth and (b) elevation plane.



Wireless Communications and Mobile Computing

270 -1270

180

—— Measured —— Measured

- - -. Simulated - - - Simulated
(a) (b)

FIGURE 9: Measured and simulated normalized radiation pattern at 11 GHz in (a) azimuth and (b) elevation plane.
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FiGgure 10: Simulated and measured gain for the proposed antenna.
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FIGURE 11: Simulated and measured efficiency of the proposed antenna.
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FIGURE 12: Measured and simulated axial ratio for the proposed antenna.

through the radiating monopole, as shown in Figure 2(b).
There is a shift in the frequency bands in this case, from 8 to
15GHz, and circular polarization is used in the band of 8.5
to 15GHz, while linear polarization is used in the rest of the
bands. The antenna’s frequency bands have been expanded
to include 8-15 GHz. The partial ground plane is modified at

the conclusion of stage III by cutting a notch in the middle
and making triangular cuts at both ends of the ground plane.
It is possible to increase the frequency range to 6-15GHz
while maintaining symmetry (see Figure 2(c)), with circular
polarization for frequencies 6.5-15GHz and linear polariza-
tion for the remaining frequencies.
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FiGURE 13: (a) Surface current distribution at 4 GHz. (b) Surface current distribution at 8 GHz. (c) Surface current distribution at 11 GHz.

Figure 2 depicts an illustration of the final stage (stage
IV) of the process. Essentially, it is made up of two mono-
pole microstrip lines separated by an equal width gap
(9=0.25mm) at the ground plane on either side of the
ground plane (d). It is possible to maintain axial ratios of less
than 3dB throughout the frequency range of the final
antenna, which operates in the range of 3.2 to 15GHz for
the duration of the antenna’s operation. The cuts in the
ground plane help in achieving the appropriate return loss
in the 8-10 GHz frequency band. The simulated results for
S-parameters and axial ratio are shown in Figures 3 and 4,
respectively, as are the simulated results for the same param-
eters. This has resulted in the determination that the
antenna has been circularly polarized due to its simulation
having an effective axial ratio of 2.5dB.

3. Measured Results

3.1. Fabricated Design. The proposed antenna has been fabri-
cated using the general photolithography process and is shown
in Figure 5. Figure 5(a) represents the front view of the fabri-
cated antenna while Figure 5(b) denotes the back of the fabri-
cated antenna. Similarly, Figures 5(c)-5(e) denote the
conformality, width, and length of the fabricated antenna. The
antenna is fabricated on a Rogers RT-5880 dielectric substrate

of relative permittivity, ¢, =2.2 and loss tangent, tan § =
0.0009. It uses a K-type 2.4 mm connector to feed the antenna
with a coaxial cable; this connector is having 50 ohm resistance.

Figure 6 depicts the reflection coefficients of the pro-
posed antenna based on simulations and measurements,
respectively. The antenna exhibits a -10 dB frequency range
of 3.48 GHz to 15 GHz (and beyond), with a fractional band-
width of 124.67 percent of the center frequency (it was not
the fractional bandwidth but as per suggestion when I went
through the standard papers, it is also an important param-
eter to find out so it is 124.68%).

15-3-48
Impedance BW = ———— x 100. (1)
9.24

Here, 9.24 is the center frequency. That can be found out
as (3.48 + (15— 3.48/2)) = 9.24.

The S-parameter of the measured antenna is in excellent
agreement with the simulated results, indicating that the
measurements were accurate. The slight difference in S11
at 13 GHz and beyond is believed to be because of human
errors during the manufacturing process.

3.2. Radiation Characteristics. The antenna was tested in an
anechoic chamber with an NSI2000 system. Figures 7-9
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FiGure 14: 3D polar plot for (a) 4 GHz. (b) 3D polar plot for 8 GHz. (c) 3D polar plot for 11 GHz.

depict the measured and simulated radiation patterns of the
antennas in the azimuth and elevation planes at 4 GHz,
7 GHz, and 11 GHz, normalized to 0dB, for the three differ-
ent frequency bands studied. Because the patterns observed
and predicted by the simulation are very similar, the antenna
exhibits an almost perfect monopole characteristic.

According to the results of the measurements, the
antenna has an average gain of 2.44 to 7.22 decibels and a
total efficiency of more than 77 percent throughout the oper-
ating frequency band. Figures 10 and 11 show the compari-
son of the measured gain and total efficiency with the
simulated results, and both show a very good agreement
with the simulated results. Figure 10 shows the comparison
of the measured gain with the simulated results.

The cross-polarized results for the antenna are found to
be very similar to copolarized results in both simulation and
measurement and hence are not included here for brevity.
Hence, it can be said with confidence that the antenna is cir-
cularly polarized. Further, the measured axial ratio below
3 dB shown in Figure 12 for the antenna confirms the circu-
larly polarized nature of the antenna.

Figures 13(a)-13(c) show the surface current distribu-
tion at 4GHz, 8 GHz, and 11 GHz. It can be observed
through the figures that the current distribution is uniform
over circular patch and ground. Figures 14(a)-14(c) show
3D polar plot of radiation pattern for different frequencies
as mentioned below each pattern. Figures 15(a)-15(c) repre-
sent vector surface current distribution [27].

When an antenna system radiates electromagnetic
waves, it is possible that these waves will penetrate human
tissue and cause harm to the human body. It is possible to
determine the nature of these emissions as well as their
impact on the human body by measuring the specific
absorption rate (SAR). SAR is a unit of measurement for
the amount of power dissipated per unit of mass. The FCC
(Federal Communications Commission) has established
SAR limits of a maximum of 2 W/kg for 10 g of tissue, with
a lower limit of 1 W/kg for 10g of tissue as the upper and
lower limits, respectively. Using CST Microwave Studio,
the SAR was calculated, and the antenna’s placement in rela-
tion to the human body model is depicted in Figure 16 [33].
Table 2, which is a graphical representation of the electrical
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FIGURE 16: Antenna placed on a human body model within CST Microwave Studio [33].
TaBLE 2: Electrical properties of the human body model at 4 GHz.

Layer Relative permittivity er Conductivity o (S/m) Density (kg/m3) Thickness (mm)
Skin 41.4 1.49 1001 1.6
Fat 5.46 0.11 900 8
Muscle 55 1.77 1006 10
Bone 18.5 0.82 1008 5.4

properties of the human body model, describes the electrical
properties of the model.

The antenna is placed at a distance of 5mm from the
human body to simulate an approximate real-life situation
with an input power of 0.5mW to meet the standards
defined for SAR measurement. The SAR simulation for 4,
7,9, and 11 GHz are shown in Figure 17.

The antenna has the highest SAR of 1.82W/kg at
3.5GHz, and it reduces down to 0.84 W/kg at 11 GHz, and
0.63 W/kg at 15 GHz, see Figure 16. This simulated SAR is
way below the FCC limits and hence makes the proposed

antenna suitable for wireless body area networks (WBANs)
and for wearable electronics.

4. Conformal Antenna

A thin substrate with a height of 0.5 mm has been used in the
design of the proposed antenna; as a result, the antenna can
be bent to a specific radius with relative ease. However, due
to the extremely small size of the antenna, it is difficult to
bend it past a certain point. As shown in this section, the
antenna was conformed to a radius of 50 mm, and the
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FIGURE 18: (a) 3D view and (b) YZ-plane of the conformal antenna of radius r. = 50 mm.

measured results were discussed and compared to those
obtained with flat antennas. The conformed design that
was simulated in CST-MWS is depicted in Figure 18.

The measured S11 for the conformal antenna, compared
with the normal antenna is shown in Figure 19. The antenna
shows a similar reflection coeflicient as the normal antenna
and hence provides the same 3.2-15GHz (and beyond).
The slight difference in the S-parameters is believed to be
because of the minute capacitance being generated with
metallic layers being brought closer with the bend, which
turther affects the surface current. The measured normalized
radiation pattern compared with the normal antenna for 3,
7, and 11 GHz is shown in Figures 20-22.

When the normalized measured radiation pattern for the
conformal antenna is compared to the planar antenna, it is

discovered to be approximately similar. In Figure 23, it can
be seen that while the gain of the conformal antenna is very
similar to that of the normal antenna, there is only a small
difference of 0.2dB between the two, where the conformal
antenna has a slightly lower gain. This is expected as the
bend in the antenna affects the antenna aperture and hence
reduces the gain. The total efficiency of the conformal
antenna follows the same trend as that of the normal
antenna, as depicted in Figure 24. Please note that the con-
formity of the antenna was only tested in YZ-plane and
not in XZ-plane. This is because of the size of the antenna
and the type of material. The dimension of the antenna
being much smaller in the XZ-plane was not possible to
physically bend the material in measurement, and hence,
the conformal results for the same have not been included.
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FIGURE 21: Measured and simulated normalized radiation pattern at 7 GHz in (a) azimuth and (b) elevation plane.
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FIGURE 22: Measured and simulated normalized radiation pattern at 11 GHz in (a) azimuth and (b) elevation plane.
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FIGURE 24: Measured total efficiency for the conformal and planar antenna, compared with the simulated antenna.

TaBLE 3: Comparing the proposed antenna with the literature.

Ref Size (mm?) Freq (GHz) Axial ratio BW (GHz) Gain (dBi) Efficiency (%)
9] 66x 80 x 1 2-10 3.2-6.1 1.6 80-85
[12] 44 x44x1.6 2.25-4 2.4-4 3-3.5 >85

(13] 101 x 64 x 1.54 3.6-92 42-9.1 3.9-7.3 —

[16] 60 x40 x 1 1.9-10.6 3.7-10.6 3-4.8 —

[41] 25%x25x%x1 8.4-15.2 9.8-13 4.1 >72

[34] 120 x 120 x 0.8 2-7 2-6 8-12 (antenna being a 2 x 2 array) —

[42] 90 x 90 x 4.2 1.5-7 2.2-7 5-13 (antenna being a 2 x 2 array) 91

43] 36x30x 1.5 29-12 — 12-6.3 85

This work 20x15x%x0.5 3.48-15 3.48-9 2.5-7.5 77-93
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5. Conclusion

This research proposes a circularly polarized ultrawideband
(UWB) monopole antenna for use in wearable body area
networks (WBANS). In order to build the radiator, we used
a microstrip feed and a simple concentric ring-based design.
In order to achieve this, an altered concentric ring radiator
and an altered ground plane have been used in tandem.
An axial ratio of less than 2.5dB is maintained across the
whole bandwidth of the proposed antenna. When it comes
to transmitting, the antenna is extremely efficient. For wear-
able applications, the antenna’s 10 g SAR analysis shows that
it falls well inside the FCC’s limit. Table 3 compares the sug-
gested antenna to other similar antennas that have been pre-
viously published in the literature, allowing the reader to
better comprehend the novelty of the proposed research.

Data Availability

The data will be available on request.
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