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ABSTRACT

In this study, a compact quarter-mode substrate integrated waveguide (QMSIW) based dual-band antenna is
proposed for wireless body area network applications. A QMSIW resonator is realised by splitting the full-mode
substrate integrated waveguide cavity along the perfect magnetic conductor walls. The proposed antenna preserves
the fundamental mode TE  and the third order mode TE,, of the square SIW cavity. The proposed antenna is
linearly polarised in the lower band at 2.45 GHz and circularly polarised in the higher frequency band at 5.8 GHz.
The on-body performance of the antenna is validated on a piece of pork muscle tissue and it has been found to
be stable with respect to surroundings. The proposed antenna covers the ISM bands 44 MHz (2.445 GHz - 2.489
GHz) and 225 MHz (5.730 GHz - 5.955 GHz) at 2.45 GHz and 5.8 GHz, respectively. The measured gain of the
antenna on pork tissue is 1.87 dBi and 5.5 dBi at two bands. In addition, the specific absorption rate is obtained
of 0.65 mW/g and 1.51 mW/g at two bands (w = 2 mm), averaged over 1 g of muscle with 100mW input power.
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Moreover, the simulated and experimental results demonstrate a good agreement.
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1. INTRODUCTION

Forthepast few years, wireless body areanetwork (WBAN)
has become a vital area of research in health monitoring
applications, faster rescue operations, and data telemetry
services. A great reduction in the cost of society, as well as
comfort in treatment, is easily possible by remote telemetry.
Based on its applications and the communication links, WBAN
can be categorised as in-, on-, off-body communications'. For
on-body communication, low profile compact size antennas
are required to provide monopole-like radiation characteristics
along the body surface’>. For off-body communication the
radiation pattern of the antenna required to be perpendicular
to the surface of the wearer*®. Back radiations and poor
isolation from the body are big limitations in conventional
types of antennas. A technique was proposed to minimise back
radiations with the loading of CRLH transmission line’ and
inserting an insulated slab of high permittivity material®.

Recently, a keen interest in substrate integrated waveguide
(SIW) technology has been ascribed to its important features of
lower losses, high power handling capability, compact size, and
good isolation from the surrounding medium due to its closed
cavity structure®'®. SIW is a planar version of the waveguide
which offers the advantage of the easy integration owing to
its single-layer structure'’. By using half-mode topology, the
size of the cavity can be reduced up to half of the conventional
cavity'>"®. Further miniaturisation is possible by bisecting the
half-mode SIW along one of the perfect magnetic wall. By
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using quarter-mode substrate integrated waveguide (QMSIW)
topology, the size is reduced up to 1/4% of the conventional
cavity by maintaining the comparable performance'*'”.

On the other hand, WBAN demands the circularly
polarised antennas to eliminate the problem of multipath
interference. Some circularly polarised microstrip patch
antennas have been introduced'®!” by exciting the orthogonal
modes with a 90° phase difference. The different class of
circularly polarised antennas based on QMSIW resonator?®-2!
have been considered better options because they offer high
performance in a compact structure. Multi-band antennas
are always preferred because they can perform a number of
operation at the same time. A dual-band on-body repeater
antenna was introduced for on-body communication®?. To offer
the flexibility in structure, SIW cavity-backed antennas are
fabricated using textile materials, which facilitate conformity
on discontinuous surfaces* and can be directly integrated into
the garments.

A compact dual-band antenna is proposed to operate at
2.45 GHz and 5.8 GHz covering the ISM bands of (2.4 GHz -
2.5 GHz) and (5.725 GHz - 5.875 GHz) for WBAN applications.
The miniaturisation is achieved by deploying advantage of
symmetric E-field distribution along the perfect magnetic walls,
hence the size is diminished up to 1/4" of conventional square
SIW structure®. The proposed antenna contains the advantages
of compact size, simple geometry, single-layered structure,
along with it preserved the cavity features. In spite of the two
open side walls, the performance of the antenna is minimally
sensitive to the surroundings, which reveals that the proposed
geometry is a suitable option for off-body communication'.
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2. ANTENNA DESIGN METHODOLOGY
2.1 Design Evolution

The resonant frequency for square SIW cavity can be
calculated from the Eqn (1)"

f,<TEm>=$,/(%jz +Gj )

L is the length of the cavity, W is the width of the cavity, c is
the velocity of light in free space, ¢, is the relative permittivity
of the substrate.

When the square SIW cavity is cut along the quasi-fictitious
magnetic wall A-A’, half mode field distribution of mode TE |
and TE,,  is realised. Hence, by using this technique 50 per cent
size of the cavity is reduced by preserving the half-modes of
TE, ,and TE,, of the square SIW cavity'*". In a similar way
QMSIW can be realised, if HMSIW cavity is again bisected
along the magnetic wall O-B, hence 75 per cent size reduction

is attained than FMSIW cavity '°, as shown in Fig. 1(b)

2.2 Full-Mode Substrate Integrated Waveguide
Figures 2(a) and 2(b) E-field distribution of FMSIW

cavity is displayed for TE ,, mode at 3.2 GHz and TE ,; mode

at 6.04 GHz. These two modes are involved for designing the

antenna to cover the ISM bands at 2.45 GHz and 5.8 GHz.

2.3 Quarter-Mode Substrate Integrated Waveguide

To attain the QMSIW, the half-mode SIW cavity is
bisected along the wall O-B, shown in Fig. 1(b). The dominant
mode TE , and third order mode TE,,, are preserved in a
QMSIW cavity due to its symmetrical field distribution along
the magnetic walls. E-field distribution of QMSIW has been
shown in Figs. 3(a), 3(b), and 3(c).

Three different resonant frequencies are characterised
by two different modes. First resonance is observed at 2.45

GHz due to the TE, 10mode while second and third resonances

G a

< (d) (c)

Figure 1. Design evolution: Miniaturisation process from FMSIW
to QMSIW (a) FMSIW (b) HMSIW (c) QMSIW (d)
and Proposed antenna.
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Figure 2. E-field distribution in FMSIW (a) TE,  mode at 3.2
GHz (b) TE,,, at 6.04 GHz.
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Flgure 3. E-field distribution in QMSIW (a) TE

(e) () (2)

110 2t 2.45 GHz,
(b) TE,,, at 5.8 GHz, (¢) TE,, at 5.8 GHz, distribution
of E-field at 5.89 GHz, (d) phase = 0° (e) phase = 45°
(f) phase = 90° (g) phase = 135°.

are observed at 5.8 GHz and at 5.89 GHz, due to mode TE ,,
shown in Fig. 4. The bandwidth is enhanced in higher band
due to excitation of two orthogonal degenerate modes of TE .
From Figs. 3(b) and 3(c), shows the E-field distribution of
orthogonal modes at 5.8 GHz and 5.89 GHz". The electric
field distribution of orthogonal modes can be made equal by
tuning the length 1, and 1, of the dielectric aperture edges. By
keeping a slight difference in the lengths of the edges, two
orthogonal modes are getting excited close to each other with
a phase difference of 90°, resulting in a circular polarisation
is achieved in the far field region. The magnitude of E-field
distribution has been shown at the phase of 0°, 45°, 90°, 135°
in the Figs. 3(d), 3(e), 3(f), and 3(g).

2.4 Proposed Antenna Geometry

The proposed antenna is designed on single-layered RT
Duroid 5880 substrate of thickness 0.787 mm, the dielectric
constant of 2.2 and loss tangent of 0.0009, as shown in Fig. (5).
The size of theproposed antenna is 37 mm x 32 mm excited
through the microstrip feeding technique, which offers the
advantage of radiating parts on the single side of the cavity. All
the simulation studies are carried out using CST microwave
studio simulation solver.

Dimensions of the antenna are defined in (mm) L = 37,
W=32,1=278,1,=264,1,=6.5,d , =95,d, =1,s, =2,

> Toffset

d=14,d,=58w_=08 w25
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Figure 4. Reflection coefficient with frequency of proposed
antenna.
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Figure 5. Configuration of proposed QMSIW antenna.

3. PARAMETRIC ANALYSIS
3.1 Investigation of Parameters in Free Space

Figure 6, the reflection coefficients with frequency is
plotted by changing the position of C, from the center point
towards +ve X-axis, which creates a difference in the lengths
of the open edges of the cavity and changes the electric field
distribution. Since, the lower band shows insignificant variation
compared to higher band with respect to C,, hence parametric
analysis has been shown in Fig. 6 only for the higher band.
The splitting of both the degenerate modes mainly depends
upon the difference between the edges of the cavity, hence
bandwidth is enhance by shifting the position of C, towards the
right side. Maximum bandwidth up to 185 MHz is achieved
with the optimised value of C, = 1.6 mm.

The ground plane size is an important parameter to
maintain the stable on-body performance of the proposed
antenna. There is always a trade-off between the size and
performance of the antenna. The effect of the ground plane size
on impedance characteristic of the higher band has been shown
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Figure 6. Reflection coefficient with frequency for different C,
values.

in Fig. 7. By extending the dimensions of the ground plane,
impedance bandwidth increases slightly as well as impedance
matching improves significantly in a higher band.
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Figure 7. Reflection coefficient with frequency for different
doﬁm values.

3.2 Investigation of Parameters on Pork Muscle

Tissue

Figure 8 illustrates the reflection coefficient plots with
frequency in free space and in proximity of the phantom. It has
been noticed that frequency shifts up slightly in presence of the
phantom. Anyway, variation in bandwidth is nominal in all of
the cases. The proposed antenna shows stable performance both
in free space and on the pork muscle equivalent phantom.

Figure 9, parametric studies are performed in bent
condition on the cylindrical phantom of the radius of curvature
30 mm and 60 mm as well as in flat condition on the large
rectangular phantom of dimensions 200 mm x 180 mm X 50 mm.
The cylindrical phantom is considered as equivalent to the
human arm>'". The reflection coefficient from the realistic
Emma body model*, which is available in CST Microwave
Studio solver shows the almost similar performance of muscle
equivalent phantom. A significant deviation has been observed,
when the antenna is bent on the cylindrical phantom of smaller
radius of curvature (r = 30 mm). This happens due to increase
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Figure 8. Reflection coefficients against frequency with different
spacing of pork muscle phantom.

in the bending effect and decreases in the tolerance.

A rectangular flat phantom is considered as equivalent to
2/3 of permittivity and conductivity of pork muscle tissue™'* and
the properties of the phantom are ¢, 35.8 and o 1.2 S/m at
2.45GHzand ¢, 32.3 and o 3.5 S/mat 5.8 GHz*. In order to
verify the on-phantom simulation results, the antenna is tested
on pork muscle tissue’, as shown in Fig. 10 and measurements
are performed with Agilent E5071B (ENA) series Network
Analyser. The permittivity and conductivity of the tissue are
measured as €, 34.5and ¢ 0.7 S/m at 2.45 GHz and ¢, 31.6
and o 2.7 S/m at 5.8 GHz. A good agreement between the
numerical phantom and pork muscle tissue confirms that the
pork tissue is a good substitution of the human body.

Table 1. Comparison of parameters in free space and on pork
muscle tissue

Lower band Upper band
Parameters Free On Free On
space pork space pork
/,(GHz) Sim. 2.456 2.478 5.78 5.81
Meas. 2.46 2.48 5.79 5.815
BW (MHz) Sim. 51 45 179 162
Meas. 48 44 184 225
Gain (dBi) Sim 2.64 1.95 55 5.8
Meas. 22 1.87 5.35 55
Efficiency Sim. 55% 38% 78% 69%

The measured reflection coefficient plot on pork muscle
tissue shows the -10 dB impedance bandwidth of 44 MHz
(2.445 GHz - 2.489 GHz) in the lower frequency band and 225
MHz (5.730 GHz - 5.955 GHz) in the higher frequency band.
The reflection coefficient plots exhibit that the simulated and
measured results on pork muscle are close to each other. Figure
12(a) illustrates simulated and measured gain in free space and
axial ratio plots with respect to frequency. The simulated 3dB
axial ratio bandwidth is 98 MHz (5.746 GHz -5.844 GHz) and
the measured bandwidth is 52 MHz (5.776 GHz - 5.828 GHz)
at 5.8 GHz on pork. The simulated peak gains are 1.95 dBi and
5.8 dBic for the lower and the higher band on phantom. Figure
12(b) illustrates variation of SAR with frequency over 1 g mass
of tissues at two bands 2.45 GHz and 5.8 GHz, respectively.

Antenna bent on
cylindrical phantom

Large rectangular pork phantom  Emma voxel model
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Figure 9. Reflection coefficient variation with frequency (a)
on large rectangular phantom (b) on Emma voxel
model(c) bent on cylindrical pork phantom.
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Figure 11. Comparison of simulated and measured reflection
coefficient plots with frequency on pork muscle.
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Figure 12. (a) Simulated and measured axial ratio plot with frequency on phantom (b) SAR plots with frequency.

Figures 13 (a)-13(b) show the linearly co-polarised and
cross polarised radiation pattern plots for the lower band at
H-plane (¢ = 0°) and E-plane (¢ = 90°). It can be observed
from both of the plots that maximum radiation is oriented
towards the boresight direction with a peak gain of 1.87
dBi. Figure 13(c)-13(d) show the co-polarised (RHCP) and
cross polarised (LHCP) radiation pattern plots at 5.8 GHz
at H-plane (¢ = 0°) and E-plane (¢ = 90°). The proposed
antenna shows maximum co-polarised RHCP gain of 5.5
dBic in direction 6 = 45°. At 5.8 GHz simulated peak gain
value on a phantom is noticed to be higher than in free
space because of significant decrease in the back radiations
and cross-polarisation due to presence of lossy phantom.
The cross-polarised radiations are 15 dB lower than co-
polarised radiations at 2.45 GHz, which shows a good
polarisation purity. The proposed antenna has advantages
of compact simple geometry, dual band operations, and
single feed circular polarisation. The microstrip feed is
always desirable in body worn applications because of
its planar nature as well as it maintains the integrity of
ground plane. The proposed antenna provides the robust
performance on pork tissue in terms of frequency detuning,
impedance matching, and radiation characteristics. In Table
2, characteristic parameters are compared with existing
antennas and it has been observed that the proposed antenna
has lower efficiency than other designs, but anyway it is
sufficient for WBAN applications.

4. CONCLUSIONS

A quarter-mode SIW antenna is proposed for WBAN
applications in this paper. The size of the proposed antenna
is reduced by 75 per cent with the concept of quarter-mode
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Figure 13. Simulated and measured radiation pattern plots on pork

phantom co-pol. (black solid line), Measured co-pol. (red
solid line), simulated cross pol. (Blue solid), measured cross
pol. (Grey solid) (a), (b) E-plane (¢ = 90°), H-plane (¢ = 0°)
at 2.45 GHz (¢), (d) (¢ = 0°) and (¢ =90°) at 5.8 GHz.

Table 2. Comparison with previous research studies

Ref. Antenna Frequency  Bandwidth Substrate Thickness g, Gain Sim. Effi.
Size (mm?) band (GHz) (MHz) (mm) (dBi) (per cent)
ZG & Guo* 5728 24,58 85/200 RT 5870 1.6 233 0.75/54 NA
Zh’, et al. 986 24,58 30/114 RT 5870 1.6 233 2.13/5.16 60/76
Tahir & Javed® 1175 24,52 140/160 Denim 1 1.68 3.1/3.5 NA
gfgf;ffens & 3985 24,58 80/150  Rubberprotective foam  3.94 149  44/57  728/88
Proposed work 1184 245,58 44/225 RT 5880 0.8 22 1.87/5.5 38/69
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SIW topology and similar performance of FMSIW cavity is
maintained. Shorted vias cavity type structure and complete
ground plane facilitate good isolation from the body. The
proposed antenna shows robust performance in the on-body
stringent conditions with moderate gain and unidirectional
radiation pattern. All the performance parameters confirm that
the proposed antenna can be optimally utilised for off-body
communication.
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