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Abstract – Increasing population and expanding remote
healthcare monitoring needs have provided an impetus to
the research and development of wireless devices. The
quest for smaller antennas for wireless devices has led
to the design of the proposed antenna. In this work,
we present a slit-loaded hexagonal patch antenna for
body area network applications. The antenna has been
designed on a 0.193λ ×0.193λ×0.03λ FR4-epoxy substrate. The radiator patch has two parallel slits. The
antenna resonates at 5.8 GHz (ISM band) with a wide
bandwidth of 1.15 GHz. A maximum gain of 5.81 dB
and a front-to-back ratio of 11.93 dB is observed at
5.8 GHz. Radiation efficiency is observed to be 72.3%.
The measured return loss values show a close agreement with the simulated results. Specific absorption
rate (SAR) analysis on a simplified 2/3rd muscle model
shows an average SAR of 0.5633 W kg−1 , due to the
use of a full-ground plane. The simulations were done
in ANSYS HFSS. The antenna is suitable for on-body
communications.
Index Terms – hexagonal patch, inset-fed, ISM band,
miniature, slit-loaded.

I. INTRODUCTION
Antennas are the reason that the market for wireless communication devices thrives. A device without
an antenna cannot communicate with other devices on
a physical level. Antennas are not only responsible for
launching or receiving the electromagnetic waves into
the space but also for filtering and providing the passive
gains to the signals. The antennas have to be designed
carefully to meet the requirements of the communication
system they are part of.
With the increase in the number of wireless handheld devices for day-to-day monitoring for health, security, business, and military purposes, the need to connect
to data-collecting devices has also risen [1, 2]. Therefore, the requirement for antennas that can be easily integrated with such devices has also risen. However, the
design of antennas for portable devices has its own set of
challenges. The antenna needs to be small and yet operate at ISM bands. The specific absorption rate (SAR)
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should remain within safe limits to avoid unnecessary
heating of the tissues. The bandwidth should be wide
enough to resist interference from other devices and the
detuning effect of proximity to the body. Due to the less
area available for the antenna, the antenna geometry, the
feeding technique, and the corresponding matching technique have to be chosen carefully.
In this paper, we propose a miniaturized hexagonal microstrip patch radiator. The choice of hexagonal
shape was driven by the fact that it offers longer electrical path length, and slightly better bandwidths and gains
than rectangular or circular shaped radiators. The hexagonal shape also utilizes available areas more efficiently
than rectangular and circular patches. The radiator has
two parallel slits which bring down the resonant frequency to include the 5.8 GHz ISM band. The slits are
the cuts made from the edges, and when placed close to
the feed point, load the antenna with the capacitance [3].
Both the slots and the slits have been used to increase
the bandwidth and lower the resonant frequency [4]. The
choice of this band is motivated by the fact that the band
at 2.45 GHz is already congested, and the 5.8 GHz band
is relatively free and can support higher data rates [5].
The ground plane has a small circular slot for enhancing the bandwidth of the antenna. The antenna is fed
through one of the edges by a microstrip line at an inset.
The inset feeding helps in matching the port impedance
with the input impedance of the antenna. This technique
is very easy to implement and does not demand extra
area outside the patch [6]. Feeding through the edge
ensures better isolation between the antenna and the subject. The antenna offers very wide bandwidth and a moderate gain. SAR of the antenna is also well within limits.
The antenna has been simulated using the ANSYS HFSS
platform.
In the subsequent sections, some of the related
works, antenna design, and results are presented and discussed. The conclusion section summarizes the work in
this paper and the referred works are cited in the reference section.

II. RELATED WORKS
Antennas designed for wearable purposes should
not only be compact but also have smaller back lobes.
https://doi.org/10.13052/2021.ACES.J.361106
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Smaller back lobes mean lesser exposure of living tissue
to the electromagnetic radiations, and hence lower SARs.
A metamaterial-based superstrate for enhancing
gain by 12 dBi and bandwidth by 355 MHz at 5.8 GHz
in [7]. A 2×2 element patch antenna array for unmanned
aerial vehicles on a PCB substrate and a gain of 6.2 dB
was obtained in [8]. designed A lightweight and optically transparent antenna using VeilShield for conducting parts and polydimethylsiloxane (PDMS) operating at
5.8 GHz was designed in [9] and a gain of 3.35 dB was
reported. In [10], an antenna loaded with an artificial
magnetic conductor working at 5.8 GHz for ingestible
endoscopy on polyimide was designed and a gain of
1.64 dBi was reported. A MIMO antenna at 5.8 GHz
with a metasurface structure for enhancing gain was
designed in [11]. A dual-band antenna with electromagnetic bandgap (EBG) structure on F4B substrate was
used in [12] with a gain of 9.1 dBi at 5.8 GHz. A highgain hexagonal patch antenna for V2V communication
was designed in [13]. Slot-loaded hexagonal microstrip
antenna designed on FR4 by [14] operated in multiple
bands. A button antenna for WBAN applications covering 2.45 and 5.8 GHz with dual-polarization by [15].
A patch antenna array designed in [16], was loaded with
split ring resonators and via holes resulting in dual-band
operations. Nitinol-strip–based reconfigurable fractal
antenna using artificial neural network was designed in
[17] that operated in 2.4 GHz and 5.2 GHz bands and
four configurable modes. Antennas for wearable applications with wide bandwidth and low SAR are presented
in [18, 19].
From the above literature, we find that the hexagonal
antennas have not been explored for body area network.
In this work, we emphasize on the reduced size that can
perform better as compared to earlier designs in terms
of the gain and the bandwidth. Therefore, the design is
proposed and explained in the following sections. It also
performs well for the SAR reduction. Finally, the comparative results are exhibited in result section.

III. ANTENNA DESIGN
The antenna has been designed on an FR4-epoxy
substrate measuring 10 × 10 × 1.6 mm3 . Mechanical
strength, suitable RF response, resistance to humidity
and temperature, and easy availability were important
factors in deciding the substrate. The dielectric constant
of FR4 remains fairly close to 4.35 even up to 7 GHz
[20].
The radiator patch is hexagonal. The hexagonshaped patches have better area utilization than rectangular or circular patches. Moreover, they provide a longer
radiating edge and hence can be easily used for lower frequencies. For the computation of resonant frequency for
any TMmn mode for a hexagonal patch with a side a, an

empirical equation has been developed by curve fitting
the theoretical and experimental results. The equation
uses an effective value of side length ae , to compute the
resonant frequency. As a regular hexagon can be equally
divided into equilateral triangles, therefore starting equations are modified versions of those used for equilateral
triangular patches [21].
√
c × m2 + mn + n2
,
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√
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For 5.8 GHz and TM10 mode, a hexagonal patch of side
length 15.48 mm is required. As the objective of this
work is to design a miniaturized antenna, a patch with a
side of 4.5 mm is chosen.
In order to meet the objective of the resonant frequency, we need to increase the capacitance of the patch
antenna by increasing the electrical path length. This can
be done by introducing a slit in the patch [3]. Two slits
were introduced to bring down the resonant frequency to
5.8 GHz. The increase of path length produced by two
slits together is larger than one slit. This allowed for the
miniaturization of the antenna.
For maximum power transfer from the port to the
antenna, the return loss has to be reduced. To reduce the
return loss at the same frequency, we have to increase
the degree of matching between the port and the antenna.
The easiest method to do this is to use the inset feed technique. This introduces matching impedance. On both
sides of the feedline, a gap of 0.35 mm is introduced. The
feedline intersects the patch at 1.5 mm from the edge. A
longer feedline introduces inductive impedance and the
gaps introduce capacitive impedance. This transforms
the input impedance of the patch to the characteristic
impedance of the lumped port.
For the computation of the input impedance, we
approximate the hexagon to the circumscribing circle of
radius, rc . If the side of a hexagon is a, then rc = a. The
effective radius, re , of the assumed circumscribing circle
can be expressed as [23]:
"
( 

2hs
rc
re = rc 1 +
ln
+ (1.4εr + 1.768)
πrc εr
2hs
)#− 1
 
2
hs
+
(0.267εr + 1.649)
.
(3)
rc
The input impedance, Z in of the assumed circular
disk circumscribing the hexagonal patch is the load
impedance for (4). Z in at any radial distance ρ = ρ0
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for TM11 mode for a circular disk is given by [22]
J12 (kρ0 )
Zin (ρ = ρ0 ) =
,
(4)
(Gt × J12 (kre )
where k is the wavenumber, J1 (x) is the Bessel’s function
of the first kind of order 1, and Gt is the total conductance. The total conductance, Gt is given by
Gt = Grad + Gc + Gd ,
(5)
The conductance between the patch and the full ground
plane, Grad is given by:
Z π
2
0
(k0 re )2
2
[J022 + cos2 θ J02
Grad =
] sinθ dθ .
(6)
480
0
The ohmic conductance that accounts for the ohmic loss,
Gc is given by
h
i
3
εm0 π(π µ0 fr )− 2 (kre )2 − m2
√
.
(7)
Gc =
4h2 σ
The losses in dielectric are accounted by Gd , given by:
h
i
εm0 tanδ (kre )2 − m2
Gd =
,
(8)
4µ0 h fr
where ε m0 = 2 for m = 0, ε m0 = 1 for other m, and fr is
the resonant frequency of the mn0 mode.
The dependence of Q factor, QT on bandwidth, BW
is given by [23]:
V SW R − 1
√
BW =
,
(9)
QT V SW R
where QT is given by
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and I1 is an integral given by,
"
#
Z π
2
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cos2 θ Jn2 (k0 re sinθ )
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0
(k0 re sinθ )2
(11)
To enhance the bandwidth of the antenna, we have to
reduce the Q-factor of the antenna slightly. For this, we
introduce a circular slot of 1 mm diameter in the ground
plane.
The finalized design and dimensions of the antenna
are shown in Figure 1.
Design steps
1. On a substrate measuring 10 × 10 × 1.6 mm3 , a
hexagon-shaped patch of copper is created. Each
side of the patch measures 4.5 mm.
2. A microstrip feed line of 3 mm is provided at one
of the edges of the patch.
3. A lumped port with a characteristic impedance of
50? is assigned at the other end of the microstrip
feed line.
4. Slits, 0.5 mm wide, are cut from the patch.
5. Slits, 0.35 mm wide and 1.5 mm in length, are cut
on both sides of the feed line in the patch.

Fig. 1. Front and rear view of the proposed antenna (All
dimensions are in mm).
6. A circular slot of 1 mm diameter is cut from the
ground plane for enhancing the bandwidth.

IV. RESULTS AND DISCUSSIONS
The objective of this paper is to design a miniature antenna for body area network applications working at 5.8 GHz, with an impedance bandwidth of more
than 1 GHz.
We start with the hexagonal patch with a side of 4.5
mm. The antenna in stage 1 in Figure 2 (a) has the resonant frequency occurring at 24.9 GHz. In stage 2, the
first slit is introduced as shown in Figure 2 (b). Due to
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the increased capacitance, the resonant frequency of the
stage 2 antenna comes down to 15.6 GHz. However, to
further reduce the resonant frequency close to the band
of interest, we introduce the second slit closer to the feed.
From the return loss of antenna of stage 3 shown in Figure 2 (c), it can be seen that the resonant frequency (5.1
GHz) comes close to the required frequency, 5.8 GHz.
The return loss is –15 dB. For better performance, the
matching with the port should be improved. For improving the match, the inset feeding technique is used. The
resulting antenna in stage 4 now resonates at 5.8 GHz
with an improved return loss of –31.15 dB as can be seen
from Figure 2 (d). To further enhance the bandwidth and
the gain of the antenna, a circular slot is introduced in
the ground plane near the feed point of the patch. The
resulting antenna of stage 5 and its corresponding return
loss plot is shown in Figure 2 (e). A comparison of gains
of antennas of stage 4 and stage 5 is given in Figure 3.
The addition of the slot in the ground plane increased the
gain by at least 4 dB in the broadside direction. It is also
observed that the back lobes also reduce considerably.
The antenna of stage 5 was finalized as it met our
requirements and the antenna was fabricated. The fabricated antenna is shown in Figure 4. Figure 5 shows
S11 or reflection coefficient plots of the simulated and
the fabricated versions. The return loss at 5.8 GHz for
the simulated design is –36.5 dB and for the fabricated
antenna is –31.23 dB. This frequency is considered for
body area network communications. The antenna covers
the ISM band and is capable of handling high data rate
communications. The bandwidth of the simulated design
is observed to be 1.17 GHz and that of the fabricated one
is found to be 1.06 GHz.

Fig. 2. Design stages of the antenna.

Fig. 3. Gain vs frequency plot of antenna in stage 4 and
stage 5.
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Fig. 4. Fabricated antenna.

Fig. 6. Gain plot of the proposed antenna.

Table 1: Summary of results
Parameters
Freq [GHz]
S11 [dB]
Bandwidth (< –10 dB)
Peak Gain [dB]
Radiation Efficiency [%]
Front-to-Back Ratio
Fig. 5. A comparison of return loss characteristics of the
simulated and fabricated versions.

Figure 6 shows the gain of the antenna in directions
at phi equal to 0 and 90 degrees, corresponding to Hplane and E-plane respectively. It can be observed seen
that in the broadside direction, the gain is 5.81 dB. It can
also be observed that due to the ground plane the back
radiation has been reduced. A high gain is one of most
characteristics for an antenna designed for wearable purposes as it compensates for various losses to some extent.
The front-to-back ratio (FBR) can be computed from the
gain plot by taking the ratio of maximum gain to the gain
in opposite direction. FBR, in dB = maximum gain (dB)
– gain in exactly opposite direction (dB). The maximum
gain is 5.81 dB and the gain in the opposite direction is
–6.12 dB. Thus, the FBR is 11.93 dB. This is an important result as it shows how much of the radiation is in
the forward direction. This gives the idea of radiation

Simulated
5.8
–36.5
1.17
5.8
72.3
11.92

Measured
5.8
–31.25
1.06

being directed away from the human body. The radiation efficiency was found to be 72.3% as a result of better
matching.
Figure 7 presents the radiation pattern in the E-plane
and H-plane of the antenna measured at 5.8 GHz, with 10
dBm input power. Figure 8 (a) shows the electric field
distribution and 8(b) shows the surface current distribution at 5.8 GHz. It can be observed that the slits disturbed the surface current distribution resulting in better bandwidth. A high value of the electric field can be
observed near the slits. This indicates a better power
transfer toward the radiating edges and a reason for the
better efficiency of the antenna. Table 1 summarizes the
findings of this work.
Figure 9 shows the simulated evaluation of the
antenna to find the SAR. The antenna was evaluated on a
simplified 4-layer 2/3rd muscle model. In the 2/3rd muscle model, the muscle occupies 2/3rd of the volume of the
tissue. Such tissues are mostly found on arms and thighs.
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These areas are generally where the wireless devices for
off-body communication are usually placed. Skin, fat,
muscle, and bone constitute the layers of the model and
each layer acts as frequency-dependent lossy dielectrics.
The dielectric constants (εr (ω)) and loss tangents of the
layers were computed at 5.8 GHz using following equations and given in Table 2 [24]:
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The antenna was placed on the model and simulated
results were observed. The living tissues absorb electromagnetic waves and heat up. SAR represents the degree
εr (ω) = ε∞ +

Fig. 7. Radiation pattern plots at 5.8 GHz.

∑

Fig. 9. Evaluation of SAR at 5.8 GHz.
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Table 3: Performance comparison with some previous
works
Ref.

Antenna/
Substrate

[10]

AMC-loaded
radiator/
Polyimide
MIMO antenna
with a dipole,
J-shaped balun,
and metasurface/
RT5880
Monopole with
EBG/F4B
Slotted hexagonal
patch/FR4

[11]

[12]
[14]

[15]

Fig. 9. Evaluation of SAR at 5.8 GHz.
Table 2: Dielectric constants and loss tangents of various
layers at 5.8 GHz
Layers
Skin
Fat
Muscle Bone
Dielectric
36.9549 5.0905 51.7447 10.3329
constant
Loss Tangent 0.3281 0.2592 0.3516 0.3723
of heating produced by electromagnetic waves emitted
by the antenna. The threshold value of SAR is 1.6 W
kg−1 [25]. The SAR value of the antenna was observed
to be 0.5633 W kg−1 . This further makes the antenna
suitable for body area network applications. A comparison with some previous works has been presented in
Table 3.

V. CONCLUSIONS
In this work, a miniaturized hexagonal patch
antenna is proposed. The miniaturization was possible
due to two slits. The gain enhancement was done by a
circular slot on the ground plane. The antenna is fed by
a microstrip line at an inset and produced better matching results. The antenna operated in the frequency range
5.12–6.34 GHz and resonated at 5.8 GHz. The measured value of the antenna agrees closely with the simulated results. The gain was observed to be 5.81 dB
and the front-to-back ratio to be 11.92 dB at 5.8 GHz.
The SAR analysis yielded an average SAR of 0.5633 W
kg−1 . These characteristics make the antenna suitable
for body area communications at high data rates.
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