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Abstract—Antennas designed to link footwear sensors within body centric networks are introduced with two small UWB
antennas, one directional and another quasi-omnidirectional. The radiating characteristics are evaluated for three positions on a
sample sports shoe using a detailed simulation model and measurements with a homogenous foot phantom. Antenna performance
is assessed for resilience to close proximity loading by the footwear materials and the phantom foot.

1. INTRODUCTION

Antenna design for body centric communications is predominantly reported for upper body applications [1-6]. While some
research describes antennas for placement near ankles [7], antennas for footwear telemetry links are not detailed. It is
envisaged that medical and sporting applications will be developed to monitor real-time sensor data from footwear in order
to analyze a subject’s gait and baropodometrics [8], [9]. Miniaturized [10] short-range radios can connect with on-body or
off-body systems and it is deemed essential to avoid bulky [11] footwear fixtures that might affect spatio-temporal gait
characteristics.

Electrically small antennas radiate as a function of their close proximity surroundings [12]. Design and performance
considerations for footwear antennas should include, inter alia, the constituent material properties and shapes of footwear,
the movement of the subject and the characteristic propagation environment. Selection of the positions suited to antennas
relate to how the sensors are integrated, the resilience to material flexing and the line-of-sight visibility to the upper body or
to off-body data stations. The close and varying proximity of the antenna to the ground surface beneath a foot is subject to
propagation fast-fading [13]. Ultra wideband (UWB) offers a suitable propagation range for body area networks [14] and the
spectrum bandwidth can offset the impact of multipath fading. Low powered UWB radio modules are commercially
available.

The limited literature on antennas for footwear devices include a patent for a narrowband inverted-F antenna for a
pedometer linked to a portable phone [15], a 2-element planar array for a radar-assisted walking aid [16], a shoe mounted
GPS [17] antenna and an RFID antenna linked to motion energy harvesting [18]. The emerging technologies indicate that
improved analysis and design of antennas will enable smart footwear applications.

Two UWB antenna designs are implemented for the small areas available on the shoe surface. A monopole type is
designed for the toe-box of the shoe for the ventral side of the coronal plane. A directional Vivaldi type that is suited to the
lateral quarter of the shoe to serve that side of the sagittal plane and to the heel counter to connect with dorsal side of the
coronal plane.

Due to the high computational loading of the foot/shoe model, the initial designs were modeled in free-space before being
assessed and optimized on the footwear. The simulated and measured results demonstrate how the designs interact with the
footwear.

Section II provides details on the experimental method, the materials used and the modeling approach. Section III reports
the monopole antenna design and its performance on the toe-box area of the shoe. Section IV shows the Vivaldi design and
its fit to the lateral quarter and heel counter areas on the shoe. Finally, section V summaries a series of E-field distribution
for the antennas on full body models and outlines the connectivity of the footwear with the upper-body and off-body areas.

II. METHODOLOGY

Computer simulations and anechoic chamber measurements were used to evaluate how various antennas would perform
on footwear. Candidate antenna types were considered for suitable radiation patterns from different locations around the
footwear. Numerical models were run using CST Microwave Studio® on a 2.40 GHz quad-core processor PC with
12 Gbytes of memory. Two NVIDIA® Tesla C1026 accelerator cards were used to reduce the experimental time to circa
nine hours for the extended processing for finer resolution models.

A. Shoe Model

In order to compare equivalent results from simulated and measured experiments, the geometric and dielectric properties
of the numerical model were derived from measurements of a sample shoe. Orthographic perspective photographs were
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processed using photogrammetry with the Blender [19] software application to construct a 3D model for import into CST
Microwave Studio, shown in Fig. 1. The shoe upper comprises fabric and leather parts, for which the permittivity was
measured using a coaxial probe [20] at conceivable mounting positions at the toe-box, lateral quarter and heel counter.
Similar dielectric values were recorded and the average was used to define the shoe upper electrical properties. The rubber
sole was also measured and the values used in the model are shown in Fig. 2.

Fig. 1. Photograph and CST model with reference system of the dielectric loaded shoe.
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Fig. 2. Measured dielectric properties of the shoe and phantom foot.

B. Foot Phantom and Model

A foot-shaped homogeneous tissue-equivalent phantom was manufactured as a reference in-shoe dielectric load for
antenna measurements. The materials listed in Table 1 [21] were mixed with the prescribed volumes and were formed in a
foot-shaped mold.

TABLEI
PHANTOM INGREDIENTS
Material Quantity [g]
Deionized water 481.3
Agar 14.9
Polyethylene Powder 144.4
Sodium Chloride 1.0
TX - 151 43
Dehydroacetic Acid Sodium Salt 0.3
Total 646.2

The formula provides for a permittivity of a two-thirds muscle for an equivalent bulk representation of the skin, fat and
muscle tissues. Dielectric probe measurements of the material in the phantom were then used to define the properties of the
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simulated foot model. Two interconnecting Velcro layers with a mated thickness of 3 mm were used to fix the prototype
antennas to the various positions on the shoe. The Velcro enabled slight flexing of the antennas to better fit the partially
curved shoe surfaces and allowed for stable repeatible measurements [22].

C. Human Body model

The human body models were developed using the “Make Human” application [23]. This supports the modification of the
general physical features of weight, height and age; and for local length and radii dimenions of the limbs, neck, etc. Models
in the various stances are available and were the basis of an electromagnetic model for whole body E-field simulations. The
walking process is characterised by 299 frames through the normal motion of the body. An .obj file is exported to CST
Microwave Studio® and following some geometric corrections, it can be modeled as a homogeneous dielectric structure.

III. MONOPOLE ANTENNA DESIGN

A. Monopole Antenna

A monopole antenna, shown in Fig. 3 is designed on a single-sided FR-4 dielectric with 0.2 mm thickness. A coplanar
waveguide feed is used to match the SMA connector to the antenna input impedance while maintaining small dimensions.

v (—)
S W
Fig. 3. Monopole Antenna.

The geometric parameters were optimized [24] for the footwear with a multi-objective algorithm for a quasi-
omnidirectional pattern with impedance matching in the 6 - 8.5 GHz band [25]. The maximum dimensions of the device
were limited to minimize the overlay area on the shoe. The final dimensions were W =15.7 mm, L = 25.63 mm, W;=1 mm,
;=056 mm, L,=24mm, H,=3.6 mm, L,;=6.17mm, L,;=296mm, L;;=2mm, D=147mm, D,=3.2mm. The
CPW groundplane was refined to decouple surface currents that interacted with the end-fire behavior of the slot line at
higher frequencies in order to keep the radiation pattern omnidirectional. The S; achieves -10 dB match across 6 - 8.5 GHz
for simulation and measurement. Discrepancies at out-of-band low frequencies are attributed to interaction of surface
currents on the measurement cable from the small ground plane [26]. Comparing simulated and measured free-space
radiation patterns indicates that the design produced a quasi-omnidirectional pattern in the ¢ = 90° plane. Considering the
6 - 8.5 GHz bandwidth, the mean value of the simulated realized gain in the ¢ = 90° plane (-180° < 8 < 180°) is greater than
1 dBi.

B. Monopole antenna on shoe toe-box with phantom foot

The installed performance of the candidate antenna type was assessed when overlaid on the toe-box of the shoe, as shown
in Fig. 4. A range of azimuth angles were considered on the toe-box area on account of the irregular fit of the foot-shaped
permittivity with the inside of the shoe, as shown in Fig. 5.

Fig. 4. Velcro monopole antenna located on the phantom-loaded shoe toe-box.



THIS ARTICLE HAS BEEN ACCEPTED TO IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION AND IS SUBJECT TO IEEE COPYRIGHT 4

Fig. 5. Different toe-box angle positions in terms of ¢ angle.

The S;; measurement for the different positions is shown in Fig. 6 and indicates that the antenna remained tuned to the
6 - 8.5 GHz bandwidth and relatively insensitive to the variation of loading.

0

-10

Fig. 6. S;; measurements across 90° < ¢ < 135° angles of the toe-box area.

Fig. 7 contrasts the S;; for the simulated and measured phantom loaded shoe. Placing a human foot in the shoe produces
similar results to the phantom. For comparison purposes, the empty shoe will also operate with a suitably matched
impedance bandwidth. The radiation patterns are shown in Fig. 8 and in Fig. 9. The omnidirectional characteristic exhibited
in free-space changed predominantly in the back-lobe due to the presence of the human body. This corresponded with an
increase in the realized gain in the 6 = 0° direction. While there is an approximate 3 dB drop in the frequency-averaged
realized gain for the -180° < 6 < 180° plane compared with the empty shoe case, the average simulated realized gain is

greater than 1 dBi for the 90° < 6 < 90° for all the UWB frequencies.
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Fig. 7. Si; simulation-measurement comparison for the monopole antenna located on the toe-box of an empty/phantom/human loaded shoe.
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Fig. 8. Realized gain patterns (dBi) for the monopole antenna on the phantom-loaded shoe toe-box. Simulated (first row) and measured (second row) for

¢ = 0° (first column) and ¢ = 90° (second column).
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Fig. 9. Realized gain patterns (dBi) for the monopole antenna on the phantom-loaded shoe toe-box. Simulated and measured for ¢ = 0° (first) and ¢ = 90°
(second) at 7.25 GHz.

IV. VIVALDI ANTENNA DESIGN

A. Vivaldi Antenna

A Vivaldi antenna, shown in Fig. 10 is designed on a single-sided FR-4 dielectric with 0.2 mm thickness for operation in
the 6 - 8.5 GHz bandwidth. A coplanar waveguide feed is used to match a 50 Q& SMA connector to the antenna input
impedance with small dimensions. One edge of the CPW forms a slot line T-junction that works as a power divider, where
one side is an open circuit and the other is the Vivaldi slot [27]. Considering this geometry, the antenna has been optimized
in CST to be matched in the selected bandwidth and to maximize the realized gain in the boresight direction, 8 = 0°, ¢ = 0°
[24].

w

P —

X(g=07) Y

Fig. 10. Vivaldi antenna.

The optimized design parameters, shown in Fig. 10 are L=28.6 mm, W=26.2 mm, W,;=3.34 mm, Sf— 0.423 mm,
W, =10.59, L,; =5.37 mm, Lo, = 1 mm, L, = 18 mm, S, = 1 mm. The equation to define the flared Vivaldi curve is:

0.125% "™ for 0< Ly, <18 [mm)]

The antenna was fabricated and measured to have a -15 dB bandwidth for 6 - 8.5 GHz in simulation, reduced to -14 dB in
the measurement. The realized gain patterns are stable in the selected bandwidth. The ¢ = 90° pattern is not symmetric due to
the antenna geometry. Considering the ¢ = 90° plane for 6 - 8.5 GHz, the simulated realized peak gain is 3.67 dBi for 6 = 56°
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at 8.5 GHz, with a -3 dB beamwidth angle of -85° < 6 < 87°. The average realized gain for this beamwidth is greater than
2 dBi for the EU UWB spectrum. While the ¢ = 0° plane -3 dB beamwidth is only 74°, the pattern radiates adequately to the
upper body area.

A. Vivaldi antenna on the shoe heel counter with phantom foot

The model of the Vivaldi antenna placed on the shoe heel counter is shown in Fig. 11. The height of the fixing position on
the counter, shown in Fig. 12 was varied to evaluate the S, in terms of differing conductivities of the floor surfaces. The
results are shown in Fig. 13. The constituent fabric materials at the three rear positions are different and exhibit the following
relative permittivity values; g4 = 1.9, g5 =3.6, gc =3.5. Additionally, the positions B and C are more distant from the
phantom. The ground surface under the shoe was compared with a PEC layer to examine the influence of the conductivity of
the antenna impedance matching. The S;; remained matched for the UWB frequencies for the three positions. The shoe was
lifted 300 mm above the ground surfaces to evaluate conditions of stride and again, the matching impedance was stable.

|4

Fig. 11. Velcro Vivaldi antenna located on the phantom-loaded heel counter.

Fig. 12. Top (A), middle (B) and bottom (C) position of the Vivaldi antenna.
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Fig. 13. S;; measurement for different antenna positions on different grounds.

Fig. 14 shows the simulated and measured results for the antenna mounted on the heel counter for the phantom-loaded
shoe, the real foot-loaded shoe and the empty shoe. There is a good agreement between the simulation and the
measurements. There is a frequency shift of 400 MHz due to the dielectric load of the foot [28]. Although the simulated
6 - 8.5 GHz band is matched better than -15 dB, the measured S, is reduced to -11 dB. The pattern comparison is shown in
Fig. 15 and in Fig. 16. When mounted on the heel counter, the principle pattern points towards 6 = 27.5°, ¢ = 180° with an
8.5 dBi gain at 8.5 GHz. The common -3 dB beamwidth across 6 - 8.5 GHz is 20° < 0 < 35°, ¢ = 180°. While the heel
counter aligns the antenna towards the body, the main radiation lobe is pointing to an off-body direction. This is attributed to
the high reflection coefficient due to the high permittivity of the body tissues.
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Fig. 14. S;, simulation-measurement comparison for the Vivaldi antenna located on the heel counter of an empty/phantom/human loaded shoe.
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Fig. 15. Realized gain patterns (dBi) for the Vivaldi antenna on the heel counter of the phantom-loaded shoe. Simulated (first row) and measured (second
row) for @ = 90° (first column) and ¢ = 180° (second column).

180

Simulation = — Measurement
Fig. 16. Realized gain patterns (dBi) for the heel counter Vivaldi antenna simulated and measured for ¢ = 90° (first) and ¢ = 180° (second) at 7.25 GHz.

A. Vivaldi antenna on shoe lateral quarter with phantom foot
The lateral quarter of the shoe, shown in Fig. 17, was selected for its increased rigidity compared with the vamp (midfoot)
area which flexes with the kinematic function of the foot. The S;; results are shown in Fig. 18. The phantom loaded response
is similar to that of a real foot and while the frequency shifts down the antenna remains impedance matched. The pattern
comparisons are shown in Fig. 19 and in Fig. 20. The beam shape remains consistent in the UWB frequency range. The
maximum realized gain is equal to 7.32 dBi at 8 = 50°, ¢ = 90° with a -3 dB beamwidth of 40° < 0 < 72°.
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Fig. 17. Velcro Vivaldi antenna located on the phantom-loaded shoe lateral quarter.

Fig. 18. S;, simulation-measurement comparison for the Vivaldi antenna located on the lateral quarter of an empty/phantom/human loaded shoe.

0-
e~}
\& \‘
_10 \:‘! -
. ¢ e m
. s O e
~ ey
. -;
0 “\\ .{-l. b ~
o Wl ,
5 20 W
- L]
wn \ ' ,"
\ l"\j,' —— Empty Sim.
-30 ] = =Phantom Sim.
e
"l, === Empty Meas.
| vl Phantom Meas.
40 )| | | — - -Real Foot Meas.
- T T T T T T T T T 1
2 3 4 5 6 7 8 9 10 11
f (GHz)
180° 10 180° 10
135° 135=
90° 90°
45° 0 450 18 0
0° 0°
-45° 10 45 -10
-90° -90°
-135° -135¢
M0 s 456 7891011 X 3456789701 2
f (GHz) f (GHz)
180° 10 180° 10
135° 135°
90° 90°
45° 0 45° 0
0° 0°
-45° 19 45° -10
-90° I\ -90°
-135° ‘ -135¢
- ol R - ol -
B0 s 4567801011 2 34567809101 2
f (GHz) f (GHz)

Fig. 19. Realized gain patterns (dBi) for the Vivaldi antenna on the lateral quarter of the phantom-loaded shoe. Simulated (first row) and measured (second
row) for ¢ = 0° (first column) and ¢ = 90° (second column).
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Fig. 20. Realized gain patterns (dBi) for the lateral quarter Vivaldi antenna simulated and measured for ¢ = 0° (first) and ¢ = 90° (second) at 7.25 GHz.
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V. ANALYSIS OF HUMAN GAIT

The distribution of the E-field [2], [4], [29], [30] is investigated to gauge the effects of the path loss, multipath, and
shadowing that would occur between footwear antennas and the upper/off-body areas. While the E-field is strictly correlated
to the S, simulated analysis using a second receiving antenna would have influenced the results in terms of its polarization,
alignment, efficiency and match characteristics, et cetera. The E-field intensity for the upper body areas provides generic
insight for the performances of the footwear antennas and their positions. The E-field is inspected at the 7.25 GHz center
frequency at the upper body areas and the reported values were normalized with respect to the maximum value at the antenna
feed.

Three full body models, which were selected from a 120 frame walking-cycle sequence using the Make Human software
application, are shown in Fig. 21. The models represent a 25 year old female, 1.68 m in height, for the walking phases of
left-leg terminal-swing phase (pose frame 7), left-leg mid-stance (pose frame 40) and the left-leg toe-off (pose frame 85)
[31].

Frame 85

Frame 40.

Fig. 21. CST models of three phases of human gait motion; left-leg terminal-swing phase, left-leg mid-stance and left-leg toe-off.

The poses summarize the maximum stride ranges and the mid-stride position of the human gait cycle. For partial indoor
conditions, the models were configured above a steel-reinforced concrete floor surface [32]. The human body is
characterized as 2/3™ the electrical properties of the muscle. Five locations were selected shown in Fig. 22, namely the left
waist, the left upper arm, the sternum area, the 4" vertebrae area and off-body at 1 m distant from the shoulder.

These positions represent communication scenarios for links with the foot area; a waist-belt clipped device, an arm
strapped device, chest and back sensors or an off-body device. The simulated normalized E-field values are reported in Table
IT from inspecting +2.5 dB resolution field plots of the received fields at the upper-body probe points. The fluctuations are
due to body or hand shadowing during gait. An off-body link at shoulder height with 1 m distance was used to evaluate the
footwear antenna performances with the least shadowing from the limbs or torso. The Eg.q values were consistently the best
for the three footwear positions across the gait cycle.

4t vertebrae

1 m distant at

shoulder height

 —

Upper arm

Waist

Radiating source

Fig. 22. E-field monitoring positions.
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TABLE II
NORMALIZED E-FIELD (dB) TO UPPER BODY POSITIONS
Position Toe-box Lateral Quarter Heel Counter
Pose frame number [7] [40] [85] [7] [40] [85] [7] [40] [85]
1 m from shoulder -75 -70 -80 -75 -80 -82.5 -80 -80 -80
Upper arm -75 -80 -90 -85 -85 -82.5 -90 -90 -75
Sternum area -65 -70 -90 -90 -90 -90 -90 -100 -95
4™ Vertebrae -717.5 -90 -80 -100 -80 -75 -95 -90 -70
Waist -90 -85 -85 -80 -85 -85 -85 -85 -85

The toe-box antenna has a good connection with the upper arm until the shadowing in the left-leg toe-off stance degrades
it. While the lateral quarter antenna link to the upper arm incurs less variability, the heel counter design is the most effective
when the heel rises in the left-leg toe-off. Direct line of sight conditions produce the least loss of -65 dB for full leg
extensions, i.e. the toe-box antenna connects to the sternum area or correspondingly the heel counter antenna with the 4™
vertebrae area for frame 85. However, with the opposite stance the loss increases by circa 25 dB. In contrast, the lateral
quarter antenna connectivity to the sternum area is steady at -90 dB for each stance, while it fluctuates by 25 dB in the 4"
vertebrae area. This is attributed to shadowing from the arm swing or the torso. Connectivity to the waist is the least to
fluctuate during the gain cycle, with some shadowing of the hand producing additional reduction from a typical -85 dB
value. If a combination of antennas were considered from the three positions on the foot, a maximum link loss level of
-90 dB would be achieved.

The range of values in Table 2 indicates the impact of shadowing, multipath and line of sight performances on the various
footwear antennas positions for connection with the upper-body areas. In general, the toe-box monopole antenna offers a
good communication link for the ventral side of the coronal plane which is suited to front belt clip or handheld devices.
Alternatively, the Vivaldi antennas provide good coverage for dorsal side of the coronal plane and a one side of the sagittal
plane.

VI. CONCLUSION

Techniques for researching the design of antennas for UWB 6 — 8.5 GHz for footwear sensors are reported using modeling
and prototype measurements. A monopole antenna and a Vivaldi antenna design are proposed for three mounting positions
on a shoe. Characteristic simulated shoe and foot models were derived from measurements of both material properties and
geometric shapes of the shoe and a fabricated homogeneous foot phantom.

The antenna performances were considered for the positions on the shoe, impact of the dielectric loads on the phantom
and a real foot, proximity to the floor surface and for communication link performances with the upper-body and off-body
areas. The monopole antenna located on the toe-box of the shoe proved insensitive to the irregularly shaped dielectric load of
the toe features in the shoe. The principle radiating lobe was towards the upper body area with minimal energy lost towards
the foot. The Vivaldi antenna design was mounted on the lateral quarter of the shoe and produced a radiation pattern that
deflected away slight from the upper body area. The beamwidth angles were comparatively broad. When mounted on the
heel counter, the Vivaldi design again produced a deflected pattern to the upper dorsal area. The beamwidth was slightly
reduced compared with the lateral quarter mounting. The design was insensitive to the mounting height over the floor
surface beneath the shoe and it was compatible with the varying rubber and plastic materials that make up the shoe.

The normalized E-field intensity results for the various footwear antennas and postures were examined to gauge the
connectivity between with the upper body and off-body areas. Localized shadowing effects may be overcome for more
sensitive applications by using combinations of antennas on the footwear.

The results qualify the performances of the various footwear-integrated antenna designs, positions and human postures.
Real-time data over short on-body and off-body radio links can enable high-speed analysis of gait and kinetics, in addition to
environmental sensing for occupational purposes.
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