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The 60 GHz band is a great prospect to meet the future demand for short-range indoor communication requiring wide bandwidth
and high data rates. This paper presents the design of a 60 GHz printed Q-slot patch antenna for body-centric communication. The
Q-slot has a slot gap of 0.2 mm and is etched on a 6.5 mm x 11 mm rectangular patch. The slotted patch is mounted on an FR-4
(Flame Retardant) substrate that is 1.6 mm thick and has a relative permittivity of 4.3. With a partial ground plane of length of
2.2mm, the antenna’s overall dimension is 12.9 mm x 14 mm x 1.6 mm. Computer Simulation Technology (CST) microwave
studio was used to design and simulate the antenna. In free space, the antenna is resonant at 60.06 GHz with an impedance
bandwidth of 12.11 GHz. At 60 GHz, the antenna’s radiation efficiency is 82.15%, with a maximum gain of 8.62 dBi. For further
analysis, parametric changes were made to observe the effect on return loss, radiation efficiency, and gain. The antenna was
simulated on a three-layer human torso phantom for the on-body scenario. The antenna’s resonant frequency shifted slightly to
the right at 2 mm distant from the phantom while maintaining a very wide impedance bandwidth. At this point, the antenna’s
radiation efficiency dropped to 56.68% and gradually increased to 74.04% at 10 mm. The maximum gain remained largely

unaffected, but some grated radiation patterns were observed.

1. Introduction

The WBAN is a network of sensors that work in the human
body’s vicinity to collect important data. A part of the
emerging body-centric wireless communication (BCWC)
technology, WBAN plays an important role in today’s
wearable devices. Current wireless systems, such as WBAN,
Wireless Local Area Network (WLAN), and Wireless Per-
sonal Area Network (WPAN), work under 10 GHz of the
electromagnetic spectrum. With the increased usage of
wireless devices, it is evident that these systems are getting
congested and will suffer in the future from a lack of
bandwidth. Consequently, we are already witnessing wire-
less communication systems shifting to the millimeter wave

(mmWave) spectrum. The mmWave spectrum expands
from 30 GHz to 300 GHz, providing wide bandwidth, high
data rates (in the Gbps range), and high security. The 60 GHz
band, a part of the mmWave spectrum, is largely unlicensed
around the world. Atmospheric absorption of mmWave is
highest at 60 GHz due to resonance with oxygen molecules,
making it suitable only for short-range communication. On
the other hand, high atmospheric absorption provides good
security as signals are more difficult to interfere with [1]. For
short-range indoor WBAN systems, the 60 GHz band is a
promising solution. The Federal Communications Com-
mission (FCC) approved the 57-64 GHz band for unlicensed
usage in 2001. The Institute of Electrical and Electronics
Engineers (IEEE) published the IEEE802.11ad standard in
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2012 to promote WLAN technologies operating in the
60 GHz (57.24-70.20 GHz) band. The standard enables data
rates up to 7 Gbps for a maximum distance of 12m [2, 3].
This prompted the development of many 60 GHz antenna
designs that will meet the future demand for high bandwidth
systems [4-10].

Microstrip patch antennas are low-profile, compact, and
easy-to-fabricate antennas that are suitable for mmWave
communication systems. One major disadvantage of using
microstrip patch antennas is their narrow bandwidth. To
counter this problem, many researchers have introduced
slots on the patch. The slots not only enhance the bandwidth
but also reduce the patch size and enhance efficiency. In [11],
the authors introduced two rectangular slots for a 28 GHz
5G antenna. With the introduction of the slots, the band-
width increased from 1.46 GHz to 2.26 GHz. The antenna
maintained stable gain ranging from 7.1 to 7.65 dBi over the
whole operating band. Various designs of MIMO antennas
and techniques, reconfigurable, tunable, and array antennas
for different applications, are presented in [12-20]. A U-slot
microstrip patch antenna for the 28 GHz band is presented
in [21]. The antenna achieved a relative bandwidth of 21.92%
and demonstrated a radiation pattern with a 100" beam-
width. A dual-band circularly polarized slotted patch an-
tenna consisting of L-shaped slots has been proposed in [22].
The L-shaped slots around the patch add capacitive and
inductive effects, resulting in multiple resonant frequencies
at 28 and 38 GHz. The slots lengthen surface currents, which
reduces the patch size and causes the lower resonant fre-
quency to shift to the left. A small T-slot microstrip antenna
for mmWave communication is presented in [23]. The
antenna meets the IEEE802.11ad standard by operating in
the 60 GHz band with a maximum gain of 6.34 dB. Another
slotted patch antenna designed for 30 GHz operation
demonstrated tri-band characteristics by introducing two
narrow linear slots [24]. Even though the mentioned works
are designed for lower band operation, there are also a few
examples of 60 GHz slotted patch antennas. A single band
antenna consisting of E and H-shaped slots for bandwidth
enhancement has been proposed in [25]. Wu et al. presented
a high gain E-shaped patch antenna array in [26]. The
antenna’s bandwidth ranged from 56.6 to 64.5GHz. A
rectangular patch antenna consisting of a U-shaped slot with
unequal arms has been proposed in [27]. The unequal arms
act as coupled resonators that widen the bandwidth by
shifting the resonant frequency towards lower and higher
frequencies. The antenna’s reported bandwidth is 15.4 GHz,
covering 52.20 GHz to 67.70 GHz with a gain of 9.52 dB. No
on-body (antenna placed close to a human body) results are
reported for these works. For 60 GHz body-centric com-
munication, it is important to evaluate the antenna for the
on-body scenario. An antenna’s efficiency, bandwidth, and
radiation patterns are affected by the lossy nature of the
human body. To study the effect of the human body on the
60 GHz antenna, a microstrip patch antenna was proposed
in [28]. When the antenna was put close to a human body
phantom, its efficiency was reduced by 10% compared to free
space. A 2% efficiency drop of a microstrip four patch array
antenna is reported in [29]. An end-fire Yagi-Uda and a horn
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antenna’s efficiency decreased by 30% [30, 31]. The on-body
gain increased by almost 2 dBi in these reported works. In
[29], a horn antenna’s efficiency dropped by 40% and saw its
gain decrease by 2 dBi.

Yeboah-Akowuah presented a printed monopole rect-
angular antenna in [32] for UWB on-body operation. The
patch of the antenna consists of a Q-shaped slot that has
been optimized through the Trust Region Framework (TRF)
algorithm. The slot improved the antenna’s efficiency, gain,
and bandwidth. In [33], Khan et al. proposed a textile-based
compact antenna for body-centric communication. For the
proposed design, many textile substrates have been used and
compared. In this paper, we are proposing a design for the
Q-slot antenna for the unlicensed 60 GHz band. The antenna
includes the substrate, ground plane, and radiating element.
The slot gap, rectangular patch, and partial ground will be
optimized to operate in the mmWave range. Parametric
studies will be conducted to analyze how the antenna’s
bandwidth, radiation efficiency, and gain are affected. Lastly,
the antenna will be simulated on a human torso phantom for
on-body performance evaluation. The paper will focus on
simulation results only. The CST Microwave Studio will
carry out the design and simulation process of the antenna.

Including the introduction and conclusion, this paper is
divided into six different sections. The design of the antenna
is described in Section 2. Section 3 shows the antenna’s free
space results. Sections 4 and 5 discuss the parametric and on-
body results, respectively. Section 6 concludes this study.

2. Design of the Antenna

The wavelength in the mmWave range is very small. At
60 GHz, the wavelength is just 5 mm. This allows the antenna
design to be much smaller in size compared to its lower band
counterparts. The antenna is built on an FR-4 substrate with
a relative permittivity of 4.3. The substrate measures
129 mm x 14 mm x 1.6 mm. The electrical size of the pro-
posed antenna at 60 GHz for the length and width is 0.769A
and 0.454), respectively. A partial ground with a length of
2.2mm is attached to the bottom of the substrate. The ra-
diator patch is placed on top of the substrate and measures
6.5mm x 11 mm. The patch consists of a Q-slot, which is
made by carving a circular and rectangular slot. The outer
radius (“r”) of the circular slot is 2.2 mm, and the width of
the rectangular slot is 2 mm (denoted by “#”). An overall slot
gap of 0.2 mm is maintained. The antenna is fed by a 0.7 mm
wide 50 Q microstrip feedline. The position of the feedline is
2.2 mm away from the right-hand side of the radiating patch
and is denoted by “p.” Figures 1(a)-1(g) show different views
of the antenna. The various parts of the antenna are letters
marked in Figures 1(a) and 1(b). The details of these markers
are given in Table 1. Table 2 contains the material details of
the antenna.

3. Free Space Simulation Results

The return loss curve (Figure 2) shows that the antenna has
two resonant frequencies when the free space simulation
runs from 50 to 70 GHz. The first resonant frequency is at
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FIGURE 1: Proposed antenna design. (a) Top view, (b) back view, (c) right view, (d) left view, (e) antenna dimensions, (f) perspective front

view, and (g) perspective back view.
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TABLE 1: Antenna dimensions.
Parameter Description Value (mm)
Ls Substrate length 12.9
Ws Substrate width 14
L Radiator length 6.5
w Radiator width 11
d Substrate thickness 0.7
gr Ground length 2.2
p Feedline position 2.2
r Outer radius 2.2
rl Inner radius 2
t Q descender 2
TaBLE 2: Antenna materials.
Parameter Thickness (mm) Material Relative permittivity
Ground 0.035 PEC —
Patch radiator 0.035 PEC —
Substrate 1.6 FR-4 4.3
S-Parameters Magnitude in dB
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FIGURE 2: S-parameters for free space.

60.06GHz with a -10dB impedance bandwidth of
12.11 GHz. The antenna’s radiation efficiency is 82.15% at
this resonant frequency, with a maximum gain of 8.62 dBi.
Figures 3(a)-3(c) show the radiation patterns of the an-
tennas. The E-plane radiation pattern demonstrates good
beamwidth with some grated side lobes (Figure 3(b)). On the
other hand, the H-plane radiation pattern shows a very
narrow beamwidth (Figure 3(c)). The free space (three-di-
mensional) 3D radiation pattern at 60 GHz in Figure 3 shows
that radiation is mostly directed along the y axis. The surface
current distribution (Figure 4) shows an increased amount
of surface current around the slot. The voltage standing wave
ratio (VSWR) measures the amount of energy reflected back
to the source. The ideal value of VSWR is 1, which means no
energy is reflected back. In some instances, VSWR equaling
2 is acceptable, indicating that only 10% of the energy is
reflected back to the source. A value of less than 1.5 is
desirable. The proposed design’s VSWR is very close to 1 at
resonant frequencies and remains below 2 over the whole
simulated range (Figure 5).
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4. Parametric Study

Parametric studies of the antenna have been carried out by
varying different parameters one at a time. For the analysis,
the feedline width “d,” feedline position “p,” and slot gap
have been changed to observe how the return loss curve,

efficiency, and gain are affected.

4.1. Feedline Width (“d”). When the width of the feedline
(denoted by “d”) was changed to 0.9 mm, the shape of the
return loss remained similar to the final design. The lower
end of the frequency bandwidth shifted slightly to the left
and the antenna covered beyond the whole simulated fre-
quency range. Compared to the final design, the first res-
onant frequency shifted to 59.92 GHz. A negligible increase
in maximum gain was observed, while the radiation effi-
ciency was on par with free space value. For a feedline width
of 0.5 mm, the —10 dB impedance bandwidth decreased, and
a dual-band characteristic was observed. The resonant fre-
quencies shifted slightly to the right side. For a center fre-
quency of 60.12 GHz, the antenna achieved an impedance
bandwidth of 9.66 GHz. The return loss curves for different
“d” values are given in Figure 6(a). The radiation efficiency
and gain at this resonant frequency decreased compared to
the final design. The simulation results are summarized in
Table 3.

4.2. Feedline Position (“p”). Similar to feedline width, the
feedline position “p” has a similar effect on the return loss
curve. When the distance between the edge and the feedline
decreased, we observed dual-band characteristics. At the
resonant frequency of 60.06 GHz, the impedance bandwidth
decreased to 11 GHz. The radiation efliciency increased by
more than 1%, but the maximum gain decreased slightly.
The opposite was observed for an increased distance of “p.”
The antenna’s resonant frequency shifted left to 59.98 GHz.
The impedance bandwidth covers most of the frequency
range the antenna was simulated on. The results are detailed
in Table 4. In Figure 6(b), the return loss curves are depicted

for comparison.

4.3. Ground Length (“gr”). A smaller ground length shifted
the resonant frequency from 60.06 GHz to 58.94, while a
larger ground length shifted the frequency to 61.4 GHz. The
return loss curve for a ground length of 2.5 mm shows a tri-
band characteristic (Figure 6(c)). The impedance bandwidth
for a ground length of 2 mm is well above 20 GHz. Changing
the ground length significantly affected maximum gain at
resonant frequencies, while the radiation efficiencies in-
creased in both cases. Table 5 shows the detailed values.

4.4.Slot Gap. The final design of the antenna has a slot gap of
0.2 mm. For parametric analysis, we changed the size of the
slot gap to 0.3 mm and 0.1 mm. The gap can be altered by
either changing the size of the parameters “r” or “r1.” For
example, the slot gap can be increased to 0.3 mm by either

« »

increasing the size of “¢” to 2.3 mm or by decreasing the size
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FIGuRre 3: (a) 3D radiation pattern free space for 60 GHz, (b) E-plane radiation pattern free space for 60 GHz, and (c) H-plane radiation

pattern free space for 60 GHz.

FIGURE 4: Surface current free space for 60 GHz.
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FIGUure 5: VSWR for free space at 60 GHz.

of “r1” to 1.9 mm. Subsequently, the slot size can be de-
creased to 0.1 mm by either decreasing or increasing the size
of “¢” or “r1” to 2.1 mm, respectively. For a slot gap of
0.1 mm, the impedance bandwidth was around 11.7 GHz,
with a resonant frequency slightly higher than 59.9 GHz. At
this frequency, the maximum gain was around 8.89 dBi with
a radiation efficiency of more than 82%. For a slot gap of
0.3 mm, the “r” value is 2.3 mm, or the “r1” value is 1.9 mm.

« »

For an “r” value of 2.3 mm, the antenna was resonant at
60.28 GHz, and for an “r1” value of 1.9 mm, the antenna was
resonant at 60.12 GHz. The maximum gain was comparable
to the final design, while the radiation efficiency was slightly
less at around 81%. Table 6 summarizes the antenna’s
performance for different slot gaps by varying either “r” or
“rl.” See Figures 6(d) and 6(e) for a comparison of return

loss curves for different “r” and “r1” values.

5. On-Body Simulation Results

The millimeter wave’s penetration depth into the human
body is quite low. A human torso phantom can be modeled
in CST to evaluate the effect of the antenna’s performance in
proximity to the human body. The phantom consists of the
three outermost layers of the human body—skin, fat, and
muscle (Figure 7). The dimension, relative permittivity, and
conductivity of these layers are given in Table 7 [34]. At
60 GHz, the wave can penetrate only 0.48 mm of skin. For
this reason, most of the 60 on-body antenna designs are
evaluated on a 2mm thick skin phantom. For accuracy
purposes, the proposed antenna has been evaluated on three
layers. In real life, body-worn devices can be several milli-
meters away from humans. We have simulated this scenario
by keeping the antenna five distances away from the
phantom for a frequency range of 50 GHz to 85GHz.
Starting from 2 mm, the distance was increased by 2 mm up
to 10mm (Figures 8(a)-8(e)).

At 2 mm, the resonant frequency shifted to the right at
60.43GHz compared to the free space frequency of
60.06 GHz. As the distance increased, the resonant fre-
quency kept on shifting to the left, and at 10 mm away from
the phantom, the resonant frequency was very close to the
free space value. At 4mm, the antenna was resonant at
60.21 GHz with an impedance bandwidth of 30.07 GHz
(Figure 9). The 60 GHz 3D radiation pattern, polar plots (E
and H), plane radiation, and surface current at this distance
are given in 10-12. Like free space, the VSWR for all the
distances is well below the acceptable value of 2 over the
whole simulated range (Figure 13).
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and (e) different “r1” values.
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TaBLE 3: Feedline width “d” simulation summary.

Feedline width (mm) Resonant frequency (GHz) Bandwidth (GHz) Gain (dBi) Radiation efficiency (%)
0.5 60.12 9.66 8.39 82.07
0.7 (final design) 60.06 12.11 8.62 82.15
09 59.92 — 8.65 82.13

TaBLE 4: Feedline position “p

«, »

simulation summary.

Feedline position (mm) Resonant frequency (GHz) Bandwidth (GHz) Gain (dBi) Radiation efficiency (%)
2 60.06 11.00 8.31 83.51
2.2 (final design) 60.06 12.11 8.62 82.15
2.4 59.98 — 8.69 80.88

TaBLE 5: Ground length “gr” simulation summary.

Ground length (mm) Resonant frequency (GHz) Bandwidth (GHz) Gain (dBi) Radiation efliciency (%)
2 58.94 — 8.68 82.65
2.2 (final design) 60.06 12.11 8.62 82.15
2.5 61.4 — 8.67 81.79
TaBLE 6: Length (Is) and width (ws) changes.

Parameters Final design r=21 r=2.3 r1=1.9 r1=21
Slot gap (mm) 0.2 0.1 0.3 0.3 0.1
Resonant frequency (GHz) 60.06 59.92 60.28 60.12 59.98
Bandwidth (GHz) 12.11 11.66 — — 11.72
Gain (dBi) 8.62 8.89 8.40 8.47 8.88
Radiation efficiency (%) 82.15 82.09 81.74 81.27 82.49

Skin

Fat

Muscle

FiGUure 7: Torso phantom consisting of three outermost human body layers.

TaBLE 7: Torso phantom physical characteristics.

Phantom layer Length (mm) Width (mm) Thickness (mm) Relative permittivity Conductivity (S/m)
Skin 20 20 2 7.9753 36.397
Fat 20 20 3 3.1324 2.8152
Muscle 20 20 10 12.856 52.825

The antenna’s free space and on-body return loss curves
for various distances are shown in Figure 14. In the on-body
case, due to different distances, the return loss curves vary.
The radiation efficiency decreased quite significantly, es-
pecially very close to the phantom. This occurs as a result of
the presence of a human body. When an mmWave antenna
is placed on the human body, due to the lossy human body
tissues, the radiation efficiency decreases. The lossy human
tissues absorb the radiation power, which results in less

radiation efficiency of this antenna when it is placed very
close to the body. However, the effects are less when the gap
between the antenna and the human body increases, as
noticed from this study. At 2 mm, the efficiency dropped to
56.68% and gradually increased to 74.04% at 10 mm. The
maximum gain was comparable to free space even though at
2mm the value was less than 8 dBi. The radiation pattern
showed no presence of major side lobes towards the
phantom. Grated lobes were observed in both E and H
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FIGURE 8: At five various distances from the phantom, a side view of the antenna on the body.
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FIGURE 9: Return loss comparison between free space and on body.

F1GURE 10: Far-field 3D radiation view on body 4 mm far with structure for 60 GHz.

planes and were more prevalent at 4 mm (Figure 11). Asthe  pattern (Figure 15). The on-body simulation results are
distance between the antenna and the phantom increased, = summarized in Table 8. A comparison of VSWR for different
the radiation patterns were more similar to the free space  distances from the body and free space is shown in Figure 16.
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FiGure 11: 60 GHz radiation pattern comparison at 4 mm. (a) E-plane and (b) H-plane.

FIGURE 12: Surface current for 60 GHz on body (4 mm).
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FIGURE 13: VSWR comparison for various on-body distances.
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FIGURE 14: Return loss curves for free space and on body at different distances.
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FiGure 15: 60 GHz radiation pattern comparison for various on-body distances. (a) E-plane and (b) H-plane.

TaBLE 8: Comparison parameters and results.

Parameters Free space  On body 2mm  On body 4mm  On body 6mm  On body 8mm  On body 10m
Resonant frequency (GHz) 60.06 60.427 60.214 60.214 60.154 60.034
Bandwidth (GHz) 12.111 — 30.068 35.621 — —

Gain (dBi) 8.617 7.926 8.660 8.423 8.108 8.291
Radiation efficiency (%) 82.15 56.68 67.79 70.31 73.12 74.04
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FiGUure 16: VSWR for 60 GHz on body at different distances.

6. Conclusion

The main purpose of this work was to design a suitable low-
profile antenna for 60 GHz body-centric operation. The pro-
posed antenna is smaller in size. Free space simulation and on
body showed good impedance bandwidth covering the 60 GHz
unlicensed band in every scenario. The bandwidth can be
increased well beyond the 60 GHz band by increasing the slot
gap, changing the feedline position, or changing the ground
plane’s length. On-body analysis of a human phantom showed
good performance values. Some backward radiation towards
the phantom caused the antenna’s gain and radiation efficiency
to drop. Overall, the antenna’s performance is very good in free
space and on-body scenarios. Even though the obtained results
are not verified through experimental measurements, the CST
simulation results can be relied upon as suggested in other
works. The antenna would be a good design choice for future
body-centric communications applications requiring good
security and a high data rate in the short range.

In the future, the antenna can be designed on different
textile substrates and study the performance of the antenna
for body-centric communication. In addition, the size of the
antenna can be optimized to operate on other frequency
bands such as THz, GPS, and 2.45 GHz.
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