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ABSTRACT Wearable waveguide surfaces can be integrated into textiles to improve Wireless Body
Area Networks (WBANs). In this work, a compact 30 mm x 30 mm dual-branch resonator end-
launcher to enable communication through a waveguide surface manufactured with textile-compatible
material at 2.4GHz is proposed. A 25 mm x 25 mm clearance zone area is respected for electronic
component integration. The end-launcher topology uses a balanced dual-branch configuration to maximize
electromagnetic coupling with the flexible waveguide surface. A design methodology is proposed to co-
design the end-launcher and the waveguide surface. Experimental measurements on the human body torso
are presented with 0.3 dB/cm insertion loss between 2.4 and 2.48 GHz. The final result is an autonomous,
compact, wireless-contact, and battery-powered end-launcher for innovative clothing applications.

INDEX TERMS Antennas, coupling, dual-branch resonator, end-launcher, human body torso, on-body

communication, waveguide surface, wearable.

. INTRODUCTION
‘ x J EARABLE technology has witnessed historical
growth, with a total market worth nearly $80bn
in 2020 and expected to reach $138bn by 2025. The
market mainly drives this phenomenon with smartwatches,
hearables, skin patches, other medical patient monitoring
devices, virtual reality headsets, smart clothing, over-the-
counter hearing aids, or smart contact lenses [1]. In wireless
body area networks (WBANS), sensors are considered the
key for any application purpose. Most of the products listed
above rely on central sensors that can communicate with the
user’s body and environment to function properly [2].

The greatest challenge for wearable technologies is their
proximity to the human body. Such proximity can harm
human health and the antenna’s performance by affecting
electromagnetic (EM) wave propagation. Wearable waveg-
uide surfaces represent a very interesting solution to solve
this issue. Waveguiding surfaces usually include a ground
plane that provides shielding, prevents electromagnetic

radiation from penetrating the human tissue, and protects the
communication from the lossy dielectric properties of the
human body [3]. In addition, the ground plane can enhance
communication as it can be exploited to confine and guide
EM waves between wearable devices, thus improving the
communication rate and the whole system‘s efficiency [4].

Different antenna designs and topologies have been
fabricated and studied in order to assure an effective coupling
with the waveguide surfaces, thus acting as end-launchers
for EM wave propagation. Whatever the application, dipoles
and monopoles are considered the most common antenna
types used to excite a waveguide surface (as in [5], [6],
[71, [8], [9]). For example, a coplanar waveguide monopole
antenna was designed in [7] to enhance the transmission
rate over an artificial magnetic conductor (AMC) waveguide
jacket. A textile diamond dipole antenna was conceived to
improve the transmission between antennas over a waveguide
surface [8]. Another dipole antenna was used in [9] over a
meander spoof surface plasmon polariton (SSPP) to excite
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the propagating mode. Small (1-inch long) antennas were
implemented in [10] for transmission measurements over a
metamaterial textile surface plasmon structure for on-body
wireless communication at 2.4 GHz.

This paper aims to present the design of an end-launcher
that can reach higher coupling with a waveguide surface and,
therefore, enable a higher transmission rate for the desired
on-body communication.

We have previously developed a 66 x 8 mm? planar printed
dipole [11] that couples with the waveguide surface designed
in [12]. With this end-launcher, the measured transmission
rate reached —8 dB over 43 cm distance. However, dipoles
depend on their feeding on a cable and do not have
enough space to integrate electronics. This means that the
overall system is not suitable for wireless and autonomous
applications, as needed, for example, by smart clothes
applications. We have also developed another 30 x 30 mm?
compact IFA antenna in [13] that also couples with the
same waveguide surface for on-body communication. The
advantage of this design is its adequate space for the
electronics. However, the coupling could be highly improved,
as the transmission rate suffers from significant variations
(around 7 dB) over the 2.4-2.47 GHz frequency band.
Accordingly, a new end-launcher is designed and proposed in
this paper.

The new end-launcher is a dual-branch resonator inspired
by the dipole’s characteristics and functioning mechanism
that will communicate through the waveguide surface
designed in [12]. The waveguide surface is modeled by 3
rows of 33 periodic patches positioned on a 3.2 mm thick
polar tissue substrate (¢, = 1.1) backed by a ground plane
layer. The end-launcher is electromagnetically coupled to the
waveguide surface, to generate a guided EM wave traveling
towards a second end-launcher (acting as a receiver), and
assures the wave propagation from one end to another. A
25 x 25 mm? terminal form factor is targeted to support a
miniature battery and electronic components for Bluetooth
integration. The result is an autonomous, compact, minia-
turized, wireless-contact, and battery-powered end-launcher
for smart clothing applications.

This paper is organized as follows. Section II is dedicated
to the dual-branch resonator’s methodology and design
through two major phases: in free space and over the
waveguide surface. The effectiveness of the design is
experimentally validated in both planar and curved scenarios,
as detailed in Section III, with the integration of a full textile
waveguide surface. Finally, some conclusions are drawn in
Section IV.

Il. DUAL-BRANCH RESONATOR END-LAUNCHER
DESIGN

This section is dedicated to the design of the end-launcher.
More specifically, it presents the end-launcher concept, the
design methodology, and its simulated performance in both
free space and over the waveguide surface.
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FIGURE 1. Dual-branch resonator end-launcher structure.

A. END-LAUNCHER CONCEPT

This section presents the end-launcher concept covering the
ISM band (2.4-2.48 GHz). A 25 x 25 mm?> space is reserved
for RF and electronic components. The radiating elements
of this structure are the dual branches that are located at the
two diagonally opposite corners of the structure. A 0.8mm
thick FR4 substrate separates the top from the bottom of
the end-launcher. A grounded coplanar waveguide is used
to feed the antenna. Due to the sensibility of this structure,
the substrate was partially removed between the radiating
elements and the patch terminal. Considering its fragility,
some substrate scraps were left to keep the structure rigid.
The end-launcher structure is shown in Fig. 1.

A dual-branch approach is adopted in this model. This
model is the result of a study considering several end-
launcher structures, in which the objective was to maximize
the coupling with the waveguide surface while keeping
enough space for electronics integration. According to the
design presented in [13], one branch is insufficient to
attain the highest transmission rate. it makes it challenging
to obtain a stable transmission behavior over 50 MHz of
frequency range. In addition, a high transmission level is
attained with dipoles as end-launchers [11]. So this design
combines both models: a double branch dipole-inspired
radiating solution and a terminal where the electronics can
be integrated.

B. DESIGN METHODOLOGY

The design of the end-launcher is done through a 2-steps
methodology, starting from a design in free space and then
the study and the tuning on the waveguide surface.

In free space, the reflection coefficient |S1;| of the end-
launcher must be matched with the —6 dB criteria in
the ISM band (2.4-2.48 GHz). The optimization of the
end-launcher is done through different parametric studies.
This part will be developed in the following section. The
end-launcher must also meet some major requirements: it
must be (a) miniaturized but also have enough space for
electronic components, (b) autonomous, allowing for battery
integration, and (c) wireless, so without the need for a
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FIGURE 2. End-launcher impedance matching for different y.; values.

feeding cable. It should also have a dipole-like double-branch
design for better coupling with the waveguide surface thus,
enabling a high transmission rate (high |S21]).

The next step is the optimization of the end-launcher on
the waveguide surface. Towards this end, two major studies
have to be performed. One deals with the position of the
end-launcher on the waveguide surface, especially in terms
of x and y directions. The best position will determine the
highest coupling and, thus, the highest transmission rate.
The E-field propagation should be from one end to the other
end all along the waveguide surface. The other one concerns
the fine-tuning of the end-launcher geometrical parameters
to maximize the average |S>1| value in the ISM frequency
band.

C. FREE SPACE DESIGN

The radiating and electric characteristics of the end-launcher
have been initially optimized in free space mainly through
the variation of two important parameters: ys (Fig. 2) and
ys2 (Fig. 3).

1) PARAMETER Y gg

This parameter indicates the length of the branch that
is not fed. It is in charge of shifting the frequency to
the desired working band. Different values were tested
(Fig. 2). With ys = 21.7 mm, the resonant frequency is
at 2.45 GHz covering the 2.38 - 2.5 GHz band (|S11] <
—6 dB). For ys6 = 21 mm and y,s = 23 mm, the reflection
coefficient |Si;| is centered at 2.48 GHz and 2.38 GHz,
respectively.

2) PARAMETER Y g»

The length of the feeding branch is defined by the y,» param-
eter. The value of ys controls the matching of the antenna.
The red and blue curves in Fig. 3 represent the reflection
coefficient |S1i| for y» = 21 mm and yp = 29 mm,
respectively. As can be seen, the antenna is not adapted to
50%2 for those values. For y;» = 25 mm, the |S11| blue curve
falls below —6 dB.
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FIGURE 3. End-launcher impedance matching for different ys, values.
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FIGURE 4. Waveguide surface structure.

D. OVER THE WAVEGUIDE SURFACE

The dual-branch resonator was designed and studied in free
space in the previous section. However, this work aims
to enable the on-body communication between two end-
launchers through a waveguide surface. So, two copies of the
dual-branch resonator have been positioned above the two
ends of the waveguide surface designed in [12]. More details
about the design of the waveguide surface structure can be
found in [12]. Their communication is evaluated through the
transmission coefficient between the two end-launchers. The
waveguide surface (Fig. 4) comprises three layers: a ground
plane, a 3.3 mm Polar Tissue substrate, and three rows of
periodic patches that constitute the guiding structure with
55.9 cm of distance between the first and the last patch. The
patch size is 50 x 25 mm?.

1) POSITION STUDY

Placing the end launchers on the waveguide surface is neither
easy nor by default. It needs a whole study in x, y, and z
directions to ensure that they are in the position that couples
the best with the waveguide surface to ensure the highest
transmission rate. The position sensitivity study reported here
only concerns the y-direction with four different positions
with a step of 25 mm, as shown in Fig. 5. On the x-axis, the
end-launcher is centered on the second row of the waveguide
surface to maintain symmetry. As shown in [11], where a
full study of the end-launcher position in the x, y, and z-axis
was presented, the displacement sensitivity in the z-axis is
very low and does not affect the system’s performance.
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FIGURE 5. Transmission coefficient behavior for different positions of the
end-launcher on the waveguide surface.

In Fig. 5, the circles represent the center of the sen-
sor’s position. The colors are differentiated according to
the parameter’s |Sz;| curve legend. The first position is
Ypos = 12 mm, which represents the end-launcher placed in
the center of the first patch. A maximum of —4.5 dB in terms
of transmission coefficient is obtained at 2.4 and 2.5 GHz,
with a minimum of —10 dB at 2.48 GHz. The operating
frequency band (transmission coefficient > —10 dB) is from
2.35 to 2.57 GHz. When the sensor’s center is placed
between the first and the second patches (ypos = 37 mm),
the maximum transmission value is —8 dB over 2.36 -
2.51 GHz.

The third position of the sensor is the center of the
second patch, represented by the red curve (ypos = 62 mm).
In this case, the transmission coefficient reaches —3 dB
at 2.42 GHz with a frequency band of 2.32 - 2.52 GHz.
The last position is yp,s = 87 mm with the orange circle
representing the center of the sensor placed above the gap
between the second and the third patch. A transmission
coefficient peak is at —6 dB at 2.48 GHz with a band of 2.39
- 2.5 GHz. In this case, the transmission coefficient reaches
provides the best coupling between the end-launcher and the
waveguide surface, thus resulting in the highest transmission
coefficient and communication rate.

2) GEOMETRICAL PARAMETERS STUDY

Once the optimal end-launcher position has been identified,
a retuning of the geometrical model is necessary in order to
get the highest coupling with the waveguide surface and the
highest transmission rate.

Case A in Fig. 6 represents the dual-branch resonator opti-
mized in free space (with ys6 = 21.7 mm and y,; = 25 mm)
placed on the waveguide surface at its optimal position.
Case B deals with the re-tuned dual-branch resonator (with
vs6 = 20 mm and yy» = 24 mm) placed at the same optimal
position (center of the second patch).

As it can be observed, the re-optimization of the end-
launcher structure, taking into account the presence of the
waveguide surface (case B), allows an increase of 5 dB
in the transmission coefficient (considering that the |[S»]
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FIGURE 6. Impedance matching and transmission coefficient behaviors for Case A
and B.
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FIGURE 7. Surface current distribution on the end-launcher and the guiding
structure at 2.45 GHz.

i

level attained by the case A configuration is never better
than —15 dB). This difference can be ascribed to the
variation of the reflection coefficient: the |Sj;| for case B
is matched at —15 dB, covering 2.34 - 2.4 GHz, while the
reflection coefficient for case A is much higher over the same
band.

To clearly understand the propagation mechanism, Fig. 7
shows the surface current distribution at 2.45 GHz. Both
branches of the transmitting end-launcher are excited. This
allows the end-launcher to couple to the waveguide surface
where the guided wave propagates all along the surface to
reach the receiving end-launcher, where both branches are
excited as well.

3) RADIATION BEHAVIOR

The radiation pattern of the end-launcher over body with
and without the waveguided surface is shown in Fig. 8.
As expected, the radiation with the waveguided structure
is higher than the one without the structure as part of the
energy is absorbed by the human body.

lll. EXPERIMENTAL VALIDATION

After having numerically evaluated the structure’s
performance, experimental investigations are conducted
through prototyping and measurements in the sections
below.
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FIGURE 8. Simulated end-launcher radiation pattern with and without the
waveguided surface over the human body.
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FIGURE 9. End-launcher prototype.
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FIGURE 10. Textile waveguide surface prototype.

A. PLANAR SCENARIO

Prototypes of the waveguide structure and the end-launcher
have been realized. The prototype of the dual-branch
resonator is shown in Fig. 9. As presented in Fig. 10, the
waveguide surface prototype is 100% textile. A conductor
textile tissue is used for the metallic parts (the patches and the
ground plane), while the substrate is made from polar tissue
with a thickness of 3 mm. The planar scenario of Fig. 10 was
tested and measured using a VNA. A transmission coefficient
higher than —10 dB is obtained in the large band from
2.5 GHz to 2.65 GHz (Fig. 11).

Magnitude (dB)
&
S

—80
—100 — [Sa| wo waveguide surface -- |S;;| Planar -
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_120= |Sy| Planar ) -- ISyl Curved HB |
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Frequency (GHz)

FIGURE 11. S-Par ters meast

FIGURE 12. Measurements on the human body torso.

B. CURVED ON-BODY SCENARIO

The structure shown in Fig. 10 was fixed with cellophane
paper around the human body torso (Fig. 12) to perform
the on-body measurements. It is important to well-fix and
to stabilize the structure to control the elasticity of the
polar tissue. Otherwise, risks of breaking the periodicity of
the structure can occur. This would reduce the EM wave
guidance of the waveguide surface, thus generating a lower
communication rate.

A transmission coefficient reaching —10 dB is observed as
in the case of the planar measurements. However, this value
is obtained with an 80 MHz frequency shift (from 2.63 GHz
to 2.71 GHz) and lower operating bandwidth: 190 MHz for
the planar scenario (from 2.47 to 2.66 GHz) and 140 MHz
(from 2.61 to 2.75 GHz) for the curved one (Fig. 11). The
reason behind the frequency shifting is the gap that extends
with the curved scenario because of the elasticity of the
substrate that causes the stretching.

Finally, for the sake of comparison, the transmission
coefficient has been measured also when the waveguide
surface is not present (green curve in Fig. 11). An average
of —70 dB of transmission coefficient is obtained with
a maximum at 2.4 GHz (the resonant frequency of the
end-launcher). This highlights the role and importance of
employing a waveguide surface to improve the quality of
wireless on-body communications.

IV. CONCLUSION
A 30 x 30 mm? Dual-branch resonator end-launcher
is designed for wireless on-body communication (side
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TABLE 1. Performance comparison with state of the art.

Parameters [71 [10] [12] This
work
End-launch Max 0.431X 0.203X 0.563X 0.244X
Dimensions*
Center Frequency 2450 2400 2500 2680
(MHz)
-3dB Freq. Bandwidth 180 189 120 130
(MHz)
Port to Port distance 104 100 435 304
(mm)
Bending Radius (mm) / / 150 150
Normalized |So1 | —0.6 -3 —0.18 —0.25
(dB/cm)
Textile YES YES NO YES

* X\ is the wavelength at the center frequency.

dimension of 0.2441). The design of this antenna is done
firstly in free space and then over the waveguide surface.
The dual-branch resonator is miniaturized, designed to have
enough space (25 x 25 mm?) for integrating electronic
components such as battery and BLE microcontroller for
the seek of autonomous and wireless characteristics. The
high coupling with a waveguide surface at 2.4 - 2.48 GHz
frequency band provides a high transmission coefficient
(around —10 dB) and, thus, a low loss communication rate
(0.3 dB/cm). The effectiveness of the suggested structure is
demonstrated by the comparison with various systems that
aim for on-body communications (Table 1).

An innovative 100% textile fabric material prototype was
fabricated and measured in planar and on-body curved sce-
narios to validate numerical results and prove the relevance
of implementing a waveguide surface (50 dB gain in terms
of insertion loss). Despite the difficulty of fabrication, this
prototype directly targets e-clothes due to its flexibility and
integration capacity.
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