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Textile Bandwidth-Enhanced Half-Mode Substrate-Integrated
Cavity Antenna With V-Slot for WLAN Communications
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Abstract—A textile bandwidth-enhanced half-mode substrate-
integrated cavity (HMSIC) antenna is designed for the wireless
local area network (WLAN) communications. Through simula-
tions over the vector surface current on the top layer of a basic
HMSIC antenna, a simple strategy of adding a slot on the tlap
layer to shift the resonance frequency of the rotated TM§{2,0
mode towards the counterpart of the fundamental TM}'YY, mode
is presented. Based on that, the parameters of the slot are
optimized to merge the two corresponding bands into one with
an enhanced bandwidth. A prototype with a 0.35x0.7 A2 cavity
is fabricated and measured to verify the design. The measured
-10 dB impedance band is 5.04-5.90 GHz with a 15.7% factional
bandwidth covering the 5 GHz WLAN band, and the radiation
efficiency is above 94% in free space and 80% on the human
body. Besides, the proposed antenna shows a high robustness
against the human body and cylindrical bending conditions, and
the simulated specific absorption rate (SAR) proves its safety on
the human body.

Index Terms—Textile antenna, substrate-integrated antenna,
bandwidth enhancement, computerized embroidery.

I. INTRODUCTION

In recent years, the wearable antenna has been studied
and applied in various areas including medical monitoring,
sport training, defense and security [1-4]. The textile antenna
is suitable for wearable applications because of its high
flexibility, low weight and easy integration into clothes [5].
The half-mode substrate-integrated waveguide/cavity (HM-
SIW/HMSIC) antenna is a candidate geometry for the tex-
tile antenna because of its planar structure and small 2-D
footprint [6, 7]. However, the fundamental-mode band of the
HMSIW/HMSIC antenna is relatively narrow due to its high
frequency selectivity due to the resonant cavity.

For the HMSIW/HMSIC antenna, adding shorting vias is
an effective bandwidth enhancing method by reshape the
internal E-field distribution of the lower resonance. Reference
[8, 9] respectively introduced a rigid via-loaded HMSIW
antenna and two textile via-loaded HMSIC antennas. For these
antennas, the lower resonance frequency was increased by
the added shorting vias while the higher resonance frequency
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remains unchanged until two bands were merged to enhance
the bandwidth. Reference [10, 11] introduced another method
to increase the bandwidth for the wearable planar inverted-F
antenna (PIFA) by adding both slot and shorting vias. The
slot reduced the higher-order resonance frequency while the
shorting vias oppositely increased the lower-order resonance
frequency until a widened band was obtained. In both methods,
the resonance frequency of the lower-order mode, namely the
fundamental mode, was increased by the added shorting vias.
Therefore, in order to keep the lower resonance frequency un-
changed, both methods demand larger cavities/patches which
are disadvantageous for wearable applications. Besides, refer-
ence [12] introduced a flexible HMSIW cavity-backed antenna
on cork substrate where a slot were added to introduce an
extra resonance to enhance the bandwidth without significantly
affecting the resonance frequency of the fundamental mode.
This bandwidth enhancing method does not need larger cavi-
ties/patches, and thus provides inspirations for this letter.
This letter presents a textile bandwidth-enhanced HMSIC
antenna with V-slot for WLAN communications. The vector
surface current distributions on the top layer for a basic
HMSIC antenna operating in the TMEI}% and rotated TME%O
modes are simulated to identify the strategy of adding a slot
to shift the higher-order resonance towards the lower-order
resonance. Based on that, the geometrical parameters of the
antenna and the slot are optimized to cover the 5 GHz WLAN
band (5.15-5.825 GHz). The influences of the human body
on the antenna performance and the SAR in the human body
are investigated through simulations. A prototype is fabricated
and measured to verify the design, and the effect of cylindrical
bending conditions is studied through measurements.

II. GEOMETRY DESIGN
A. Basic HMSIC Antenna

Figure 1 (a) shows the geometry of a basic HMSIC antenna
(Antenna I). Its cavity is defined by the conductive top layer,
ground plane, sidewall and the radiation aperture. Losses of the
top layer, ground plane, substrate and sidewall are considered
in modelling to study the realistic bandwidth. Both the top
layer and the ground plane are formed by the conductive fabric
with a measured sheet resistance of 0.04 2/0J. The substrate
is selected as the PF-4 foam from Cumming Microwave with
its thickness A = 3.2 mm, relative permittivity €, = 1.06 and
loss tangent tand = 0.0001. The vertical sidewall is built
by linearly embroidering conductive threads (Shieldit 117/17
2PLY) for 3 passes with a stitch spacing of 2 mm. The
equivalent sheet resistance of the sidewall is determined to
be 0.6 /L] based on the preliminary measurements. A copper
probe with a 0.6 mm radius and a coaxial lumped port with
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Fig. 1. Antenna I: (a) geometry; (b) simulated [Si1| curve; (¢) simulated

vector surface current distributions on the top layer.

a 1.5 mm radius are modeled to imitate the feeding SMA
connector. The ground plane is determined by be 70 x 70 mm?
to provide isolation of the antenna and the human body. Based
on simulations, w = 18 mm, [ = 36 mm, and x5 = 12 mm.

The simulated |S;1;| curve of Antenna I is shown in Fig.
1 (b). The first resonance is observed at f.; = 5.63 GHz,
and the -10 dB band is 5.46-5.83 GHz which fails to cover
the 5 GHz WLAN band. The second resonance is found at
fro = 13.22 GHz. The simulated internal E-field distributions
at f.1 and f,.o as shown in the insets of Fig. 1 (b) indicate
that Antenna I is operating in the half TM; ; o (denoted as
TME%O) mode at f1 and half 45°-rotated TM3 5 ¢ (denoted
as rotated T Mg{g{o) mode at f.o [9].

B. Effect of Adding V-Slot

The simulated vector surface current on the top layer at
fr1 and f,o are shown in Fig. 1 (c). At f.1, the vector
current is nearly parallel to the V-shape path marked by
the red dashed lines. At f,5, however, the vector current is
basically orthogonal to the path. It can be assumed that adding
a slot along the V-shape path does not influence the current
distribution of the first resonance while lengthens the current
path of the second resonance and reduces f.o. To validate
the assumption, a HMSIC antenna with V-slot (Antenna II) is
modelled as shown in Fig. 2. Parameters w, [ and x; and the
size of the ground plane remain the same values of Antenna I
for comparison, while « and d are respectively determined
to be 90° and 0.8 mm based on the rough measurement
on Fig. 1 (c). Parametric studies (not shown due to limited
space) indicate that both increasing o and decreasing d can
slightly increase the -10 dB bandwidth. The slot width w,
is optimized to be 3 mm for the impedance matching at the
second resonance.

The simulated |Si1| curves of Antenna II with different
values of [ are shown in Fig. 3. Compared to Antenna I, f,.; of
Antenna II slightly increases while f,.o dramatically decreases.
And the larger [, the closer f.o is to f.;. When [ continues
to increase, f.o can be even lower than f,.;. Therefore, it is
feasible to adjust [ to shift f.o to slightly lower than f,; to
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Fig. 3. Simulated [S11| curves of Antenna II with different values of Is.

merge the two bands into a one with an enhanced bandwidth
in a relatively smaller cavity.

C. Simulation Results of Antenna Il

Through simulations, the parameters of Antenna II are re-
optimized and determined as: w = 18.5 mm, [ = 37 mm,
zy =125 mm, o = 90°, d = 0.8 mm, I, = 17.5 mm and
ws = 3 mm. The simulated |S11| curve of Antenna II with
optimized parameter values in free space is shown in Fig. 4
(a). It can be observed that f.o and f.; are 5.21 and 5.62
GHz, respectively. And a -10 dB impedance band of 5.13-
5.86 GHz (13.3% fractional bandwidth) is obtained to provide
the coverage over the 5 GHz WLAN band.

The co-polarized gain patterns of Antenna II in free space
at 5.15 GHz, f.2 (5.21 GHz), 5.5 GHz, f.1 (5.62 GHz) and
5.825 GHz are simulated and shown in Fig. 5 (a). At each
of frequencies, the patterns shows a wide main beam in the
positive hemisphere with a front-to-back ratio (FTBR) above
14.6 dB, and are therefore suitable for wearable applications.
The simulated maximum gains at 5.15, 5.21, 5.5, 5.62 and
5.825 GHz are 3.1, 3.9, 5.3, 6.4 and 7.2 dBi, respectively.
The curves of the maximum gain and the radiation efficiency
of Antenna II with respect to the frequency are shown in Fig.
6. Cylindrical bending conditions as shown in the insets of Fig.
4 (b) are also modelled and simulated. In the whole 5 GHz
WLAN band, the maximum gain is above 3.1 / 4.8 dBi in flat
/ bending condition, and the radiation efficiency is above 94%
/ 89% in flat / bending condition.

The effects of the human body are also studied. A 300 x
300x 60 mm? three-layer (skin-fat-muscle) human body model
as shown in the inset of Fig. 4 (a) is employed, and each layers
have the same characteristics and thicknesses as those in [9].
Antenna II is located above the center of the top surface of the
human body model with a 5 mm distance. The simulated |S1 |
curve of Antenna II on the human body model is presented
in Fig. 4 (a). The simulated resonance frequencies of Antenna
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Fig. 4. Simulated and measured |S11| curves of Antenna II: (a) simulated and
measured curves in flat condition; (b) measured curves in cylindrical bending
conditions.
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Fig. 5. Simulated co-polarized gain patterns of Antenna II: (a) in free space;
(b) on human body model.

II on the human body model are 5.21 and 5.64 GHz, and the
-10 dB impedance band is 5.13-5.89 GHz (13.8% fractional
bandwidth). The high agreement between the two |S11| curves
with/without the human body model illustrates the robustness
of Antenna II against the human body.

The simulated co-polarized gain patterns, curves of the
maximum gain and radiation efficiency with respect to the
frequency for Antenna II on the human body model are shown
in Fig. 5 (b) and Fig. 6, respectively. The simulated patterns
with the human body model are still suitable for wearable
applications a with wide positive main beam in the positive
hemisphere, and show lower backward radiations because of
the human body model as an extra ground plane. In the
investigated 5 GHz WLAN band, the simulated maximum and
radiation efficiency are above 3.1 dBi and 80%, respectively.
The decrease of the efficiency can be explained by the ra-
diation absorption of the human body as a lossy medium.
The 1 g average SAR on the human body model with a
standard 0.5 W input power [16, 17] is simulated at 5.15,
5.21, 5.5, 5.62 and 5.825 GHz (distributions not shown for
brevity). The maximum values of the simulated SAR are
0.57, 0.60, 0.53, 0.50 and 0.39 W/kg at the five investigated
frequencies, respectively, which are well below the limits of
IEEE C95.1-2005 (1.6 W/kg) and EN 50361-2001 (2.0 W/kg),
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Fig. 6. Simulated curves of (a) the maximum gain and (b) the radiation
efficiency of Antenna II in flat condition.
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Fig. 7. Photos of fabricated textile prototype of Antenna II: (a) top view; (b)
back view.

and therefore prove the safety of the proposed antenna.

III. PROTOTYPE FABRICATION AND MEASUREMENTS

A prototype of Antenna II as shown in Fig. 7 is fabricated
with computerized embroidery machine Brother nv950. Con-
ductive epoxy CW2460 from CircuitWorks is used install the
feeding SMA connector.

The measured |S11| curves of the prototype in free space
and on the human body are shown in Fig. 4 (a) with a rea-
sonable agreement with simulation results. For two basically
overlapping curves, f.o =5.18 GHz, f,1 = 5.64 GHz, and the
-10 dB band is 5.04-5.90 GHz (15.7% factional bandwidth).
Both curves show sufficient coverage over the 5 GHz WLAN
band. The measured resonance frequencies are quite accurate
compared to simulations. The measured -10 dB bandwidths
are larger than expectations. It could be explained by the
unconsidered losses in the prototype such as that of the
conductive epoxy. The measured impedance matching is not
as good as simulations at f.o due to the slight inaccuracy of
the feeding position.

As shown in Fig. 8, the measured co-polarized gain patterns
of the prototype in flat condition at all investigated frequencies
are of suitable shapes for wearable applications, and show a
reasonable agreement with simulations. The measured max-
imum co-polarized gains at 5.15, 5.21, 5.5, 5.62 and 5.25
GHz are 2.9, 4.8, 5.5, 7.0 and 7.1 dBi, respectively, and
the corresponding FTBRs are above 13.6 dB. In practical
applications, the backward radiation can be further reduced by
using a larger ground plane which can be conductive fabric or
conductive threads weaving in the clothes.

A PVC frame as shown in the in sets of Fig. 4 (b) is
fabricated to provide a cylindrical surface for the bending
condition. The measured |S11| curves with bending conditions
in both considered directions are shown in Fig. 4 (b) with full
coverage over the 5 GHz WLAN band, and thus indicate the
robustness of the propose antenna against bending conditions.
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Fig. 8. Measured co-polarized gain patterns of Antenna II.

TABLE I
COMPARISON WITH OTHER SIMILAR WEARABLE BANDWIDTH
ENHANCED SIW/HMSIW ANTENNAS

Ref. Freq. BW Gai.nmax Nrad C.avity
(GHz) (%) (dBi) % size (/\g)
9] 5.5 147 8.8 > 95 1.073
[11] 5.5 18 59 74.1 0.662
[12] 5.5 237 43 85 0.364
[13] 245 16.2 4.7 67-82 0.096
[14] 2.45 6 not given  not given  0.220
This work 5.5 157 7.1 > 94 0.245

IV. CONCLUSIONS

A textile bandwidth-enhanced HMSIC antenna with V-slot
for WLAN communications has been introduced. The strategy
of adding the slot based on the surface currents provides
a simple and effective method to enhance the bandwidth
for the textile HMSIC antenna. The measurements over the
prototype show a stable coverage over the 5 GHz WLAN band
with/without the human body and bending conditions. The
comparison between the proposed antenna and other similar
flexible bandwidth-enhanced SIW/HMSIW antennas is shown
in Table I. The bandwidth of the proposed antenna is lower
than [11], [12] and [13] because of its low-loss PF-4 foam
substrate [15]. However, the low overall loss of the proposed
antenna also leads to the leading radiation efficiency and max-
imum gain. Besides, apart from [13] where two eighth-mode
cavities were employed and resulted in the circular/elliptical
polarization, the cavity of the proposed antenna is basically
the smallest. Compared to our previous work [9], this work
dramatically reduces the cavity size and slightly increases the
bandwidth for the textile HMSIC antenna.
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