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Abstract—For position detection of moving vehicles using a
wireless passive sensor placed in the traveling direction, a wireless
power and data transfer (WPDT) system for supplying power to
the sensor is required. Particularly, in the case of a high-speed
vehicle with a compact sensor environment that is convenient
for installation on railways or roadways, it is difficult to operate
the sensor properly due to charging time and range limitations
caused by the compact sensor size. In this paper, to improve
a working zone of the compact sensor, this work presents a
longitudinally misalignment-insensitive dual-band WPDT system
with an extended working zone. The proposed system utilizes dual
transmitting and receiving coils operating at different frequencies
for achieving high isolation between the power and data links,
which consists of a distributed antenna array with a gap between
antenna elements for wireless power transfer at 27.1 MHz and an
extended rectangular loop for data communications at 4.23 MHz.
It achieves an extended working zone of approximately 112% at
0.25 m distance in comparison with a conventional system with
dual square coils and achieves uniform received signals within a
misalignment (up to 0.53 m).

Index Terms— Compact wireless sensors, dual-band,
fast-moving vehicle, longitudinally misalignment-insensitive,
position detection, wireless power and data transfer (WPDT).

I. INTRODUCTION

ITH an increase of electrical devices [e.g., consumer

electronic devices, electric vehicles (EVs), etc.] used in
everyday life, the energy industry is continuously expanding to
meet an ever-growing energy consumption need. In order to
remove the cumbersome usage of wiring to provide energy
to devices or substantially minimizing electric shock haz-
ards, the energy industry has been utilizing and developing
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wireless power and data transfer (WPDT) technologies to
charge built-in batteries for electrical devices in recent years.
WPDT devices can be used to transfer power (energy) and
data (ID sensing, intelligent power control) from a source to
a load without requiring a wired connection between them.
In particular, modern digital devices, such as smartphones,
tablets, and wearable devices for health monitoring, use bat-
teries due to portability, and therefore, wireless charging is an
attractive solution and becoming indispensable [1]. Recently,
EVs have become popular for improving air quality through
the reduction of harmful gases from vehicles. However, a long
battery charging time and a short driving distance of EVs
are demanding fundamental improvements. Dynamic wireless
power transfer technology for EVs has attracted a lot of
attention because it is one of the best ways to solve such
problems [2].

WPDT technologies can be largely divided into two
categories, radiative (far-field) and nonradiative (near-field)
technologies [3]-[6]. The former is based on far-field radiation
propagated between transmitting and receiving directional
antennas for high efficiency in the long-range transmissions.
However, since national regulatory authorities have limited the
maximum radiation levels by considering the electromagnetic
interference (EMI) on electric devices and the electromagnetic
field (EMF) for human safety, it is difficult to commercialize
far-field technologies for use in daily life [7], [8]. Depending
on the coupling mechanisms through alternating electric and
magnetic fields, near-field WPDT technologies can generally
fall into two coupling categories: capacitive coupling and
inductive coupling [9]. The capacitively and inductively cou-
pled WPDT systems have a short operating distance, e.g.,
within less than a wavelength of the signal being transmit-
ted. Moreover, the capacitive coupling causes a dielectric
loss in a medium between the transmitting and receiving
antennas [10].

Due to the increasing demand for the highly efficient WPDT
applications, such as charging devices with spatial freedom,
the magnetic resonance coupling using a high Q antenna,
a sort of inductive coupling, has recently been attracting
attention and focus [11], [12]. The working zones for the
power transfer efficiency (PTE) and data communications are
highly related to the product of the antenna Q-factor and the
coupling coefficient (k) between the transmitting and receiving
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Fig. 1. Practical applications with longitudinal misalignment. (a) European
signaling system ERTMS/ETCS Level 2. (b) Roadway vehicles with a
compact sensor.
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Fig. 2. Magnetic field cancellation and reinforcement principles with

regard to the current direction between adjacent power transfer TX antennas
(Ant. TX1 and Ant. TX2). (a) Opposite directions. (b) Same directions.

antennas. To improve the PTE, the near-field WPDT systems
require high Q resonant coil antennas using a low antenna loss
and a high reactance, which is achieved by setting a high oper-
ating frequency (up to tens of MHz) [12], multiple turns [13],
tilt angle variation [14], frequency tracking control [15], or an
additional coil [16], [17]. The k depends on a mutual induc-
tance (M) of which the main factors are related to the oper-
ating distance and the antenna alignments [18]. Although the
antennas are placed at a short working distance, the PTE under
a misalignment between transmitting and receiving antennas
is very low due to the impedance mismatch [19]. In the case
of dynamic wireless charging, the degraded PTE caused by
longitudinal misalignment decreases the charging range [20].
Another typical example of degradation in WPDT system
performance during misalignment is the railroad environment.
Fig. 1(a) describes Eurobalises (or balises for short) acting
as position markers in the European signaling system. The
European Rail Traffic Management System/European Train
Control System (ERTMS/ETCS) play an important role in
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Fig. 3. Coil configurations of a WPDT system with loosely coupled com-
pact sensors. (a) Conventional transmitting and receiving antenna structures.
(b) Proposed misalignment-insensitive antenna structures.

the position detection of a high-speed train [21]. Generally,
balises receive the telepowering signal generated by the
vehicle-mounted antenna unit and transmit the position and
control information to the vehicle using the telepowering sig-
nal at different frequency bands. Fig. 1(b) describes roadway
vehicles moving along a track having a compact position
detection sensor. As the vehicle passes the sensor in a short
charging time, the working zone of the sensor depends on a
longitudinal misalignment characteristic as well as a distance
between the transmitting and receiving antennas. In particular,
the miniaturization of the sensor in the high-speed vehicle
significantly reduces the working zone.

To improve the PTE of the misaligned WPDT and solve the
PTE degradation due to the impedance mismatching, several
studies using multiple transmitting antennas [22], [24], [26],
antiparallel resonant loops [25], metasurfaces [26], a dipole
coil [27], adaptive impedance matching techniques [28], [29],
or uniform field distributions [30] were proposed. In this
paper, a near-field coupled dual-band WPDT system with-
out any additional adaptive circuits using a longitudinally
misalignment-improved loop array for telepowering and data
communications to compact stand-alone wireless sensors is
presented for consideration.
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Fig. 4. Overall system configurations. (a) Block diagrams of a longitudinally misalignment-insensitive WPDT system for a loosely coupled compact wireless
sensor. (b) Simplified equivalent circuits of proposed loosely coupled transmitting and receiving antenna configurations with a large air gap.

II. OPERATING PRINCIPLES OF THE PROPOSED
MISALIGNMENT-INSENSITIVE WPDT SYSTEM

This section covers the operating principles of the proposed
misalignment-insensitive WPDT systems with dual-band dual
coils with different frequencies (f), for downlink power trans-
fer and f; for uplink data transfer). To achieve an extended
working zone under the loosely coupled compact wireless
sensors, a longitudinally misalignment-insensitive distributed
coil array for power transfer and a single-turn rectangular
loop coil for data communications are proposed. Fig. 2 shows
the magnetic field cancellation and superposition principles
with regard to the current direction between adjacent power
transfer transmitting (TX) antennas. With regard to the current
directions of the TX antennas, the magnetic field at the
space between the antennas can be canceled or superposed
in Fig. 2(a) and (b). For wide-range nonradiative wireless
charging with an extended working zone, the power transfer
TX antennas with the same counterclockwise current have
been proposed. To prevent the noise coupling (in particu-
lar, the effect of harmonics) between the power and data
links, the dual-band dual coils are configured in Fig. 3,
and the fy lower than the f, has been determined. The
conventional single-turn TX and RX coils in Fig. 3(a) have
dual coil (power and data) structures, whereas the proposed
coils in Fig. 3(b) consist of the TRX dual coil, such as a
distributed TX array (power) and a high isolated rectangular
RX loop (data), and the single-turn dual TRX coil (RX for
power and TX for data). Fig. 4(a) shows the overall block
diagram of a misalignment-insensitive WPDT system for a
loosely coupled compact wireless sensor with power and
data transfer single-turn coils. The power of the stand-alone
sensor is wirelessly provided by the coupled circuit from a
TX device. The modulated signal (data) from the sensor is
generated and sent to the transmitter. Due to the different
frequency bands (f}, and fy) in the power and data transfer
links, simplified equivalent circuits for the proposed TX and
RX antenna configurations with a large air gap can be seen
in Fig. 4(b).

Fig. 5. Mutual inductance between two single loops with a misalignment.

III. THEORETICAL ANALYSIS OF A WPDT SYSTEM
AND ITS DESIGN CONSIDERATIONS

A. Analysis of Mutual Inductance Between Two Loops

Using a Neumann formula, the mutual inductance (Mrer in
conventional coils) between two single-turn rectangular loops
with the offset (xp, yo) at the distance (k) in Fig. 5 can be
calculated using

Y2 f52B~d§
Miet (x0, yo) = — = ————
e 11 11
I [ xa
/”0 1/ Rl ds
_ S» 47[ 1 R
I
o 11 1 1
= 22 2 2 (-
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Fig. 6. Calculated and simulated mutual inductances for the conventional and
proposed power and data transmitting antennas under a single-turn receiving
coil with regard to the air gaps (h; = 0.25 m and s = 0.5 m). (a) Downlink
power transfer. (b) Uplink data transfer.

where xy = xo + (—1)*Lrx/2 + (=)' L1x/2, yij = yo +
(—=1) Lrx/2 4 (—=1)/ L1x/2, and u is the magnetic constant
(4m x 1077 H/m). When the proposed distributed antenna
array which consists of two square loops separated by a gap
distance (g) from the antenna center is deployed in the x-axis
in Fig. 3(b), the mutual inductance (Mp) which is represented
by the superposition of (1) can be determined by

Miet (xo + (=1)' - g,0)
3 .

1
Mpro(XOa 0) = Z

i=0

)

Fig. 6 shows the calculated and simulated mutual induc-
tances for conventional and proposed TX antennas under a
single-turn RX antenna with regard to the operating dis-
tance (k) at power and data transfer links, respectively. When
the antenna physical dimensions, such as the TX antenna
side lengths (L71 = Wr; = 0.35 m) for power transfer,
the TX antenna side lengths (Lo, = Wra = 0.25 m,
L73 = 0.78 m) for data communications, the gap distance
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Fig. 8. PTE with regard to the offset between the transmitting and
receiving antennas at different TX antenna lengths (L71). (a) k1 = 0.25 m.
(b) hp = 0.5 m.
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antennas at different TX spacings (g). (a) 71 = 0.25 m. (b) hp = 0.5 m.

(g = 0.26 m) between the center of the proposed TX
array and the square antenna, the RX antenna side lengths
(Lr1 = 0.25 m, Wg1 = 0.14 m) for power transfer, the RX
antenna side lengths (Lg2x = 0.21 m, Wgy = 0.10 m) for
data communications, and the linewidth (v = 0.01 m) of the
antenna, are determined, the calculated results based on (1)
and (2) are in good agreement with the simulated results
using a method of moment (MoM) solver of Microwave Office
by Applied Wave Research (AWR) Corporation. As the air
gap (h) in Fig. 6(a) increases, the uniform mutual inductance
range is achieved. Compared to the conventional antennas,
the proposed antennas have wide uniform mutual inductance
within a large offset. In particular, the conventional antennas at
zero-offset achieve a mutual inductance that has approximately
five times larger than the proposed design. This means that the
impedance mismatch within a misalignment in the proposed
antennas cannot be generated, and the working zones of their
WPDT systems have been extended.
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transfer at proposed coils. (d) Uplink data transfer at proposed coils.

B. Transfer Efficiency and Isolation Analysis of Power
and Data Transfer Links

To achieve highly efficient WPDT in loosely coupled cir-
cuits, there must be a simultaneous conjugate impedance
matching networks (IMN5) at the source and the loads required
for this are shown in Fig. 4(a). Generally, the overall PTE
from the transmitter to the receiver in WPDT systems depends

5 % 3 4 5 6
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Fig. 12. Measured input impedance on Smith chart at the distance (/7).

on the link transfer efficiency regarding the coupled circuits.
The link efficiency under the impedance matching can be
determined by

1S21(d)[F, =

1
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(V1+or@+o@)



LEE et al.: LONGITUDINALLY MISALIGNMENT-INSENSITIVE DUAL-BAND WPDT SYSTEMS

\ Impedance Matching
Network (lMNs,j;,)

Measuring Instrument

(Network Analyzer) | RX(Power)

RX(Poyfer)

Power

Impedance Matching e ol
ontro

Network (IMNs, £,)

(b)
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to a misalignment at the operating distance (7] and h7) using measuring
instruments. (a) Power transfer link. (b) Data communications link.

where Q%W,fo (d) = @} M*(d)/(RrxRrx) = k* O1x Orx, and
the R and Q are the equivalent series resistances (ESRs) and
unloaded Q-factors in the TX and RX coils, respectively [19].
According to different M at the coupled circuit conditions,
such as the multiple receiver variable operating distance,
or misalignments, the impedance mismatch degrades the PTE.
By additionally inserting adaptive circuits, the degraded PTE
can be improved [28]. However, in this case, the WPDT system
structure becomes complicated, and a loss due to the additional
circuits is generated. In particular, when the size of the RX coil
is reduced, and the TX and RX coils are misaligned, the M
and the working distance are decreased due to the reduction
of the loop area, and its PTE is drastically decreased.

Using a 3-D full-wave electromagnetic simulation soft-
ware (Microwave Studio 2018 by CST), Fig. 7 describes the
magnetic field distributions with regard to different air gaps.
The magnetic field distributions of the proposed TX antenna
array for power transfer within a misalignment is much more
uniform than that of a conventional TX antenna. Compared to
the PTEs in conventional coils, Figs. 8§ and 9 show that the
PTEs of the proposed dual coil antennas at 7; = 0.25 m and
hy = 0.5 m are analyzed by altering the different TX antenna
side lengths (L71) and TX gap distances (g), respectively.
The proposed distributed antenna array achieves an extended
working zone. In Fig. 9(a), when the g is getting large from
0.18 to 0.35 m, the nulls which drastically decrease the PTE
are generated within the working zone.

In order to describe the signal coupling at power and
data transfer links, Fig. 10 shows the simulated transmission
coefficients and isolations between the TX (conventional or
proposed coils) and RX antennas with regard to the operating
frequency at the longitudinal misalignments for 21 = 0.25 m.
Due to the different frequency bands (f, = 27.1 mHz for
power transfer, f; = 4.23 mHz for data transfer), the signal
isolations at power and data transfer links, regardless of
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Fig. 14. Power transfer efficiency comparisons among the calculated,
simulated, and measured results regarding the offset between the transmitting
(conventional or proposed) and receiving antennas at different operating
distances (h). (a) h1 = 0.25 m. (b) hp = 0.5 m.

the offset distances, maintains approximately 20 and 40 dB,
respectively. On the other hand, the larger the offset distances
are, the lower is the PTE in the conventional coils. However,
the proposed coils achieve the uniform PTE within a misalign-
ment distance (up to 0.5 m).

IV. EXPERIMENTAL VERIFICATIONS

To validate the operating principles and a longitudi-
nally misalignment-insensitive characteristic of the proposed
near-field coupled WPDT systems with an extended working
zone for compact wireless sensors, the proposed coils having
a distributed antenna array were designed and fabricated on
a double-sided FR-4 printed circuit board (PCB) substrate,
which has a substrate thickness of 1 mm, a dielectric constant
(/) of 4.5, and a copper thickness (#) of 18 um. Applying
for longitudinally misalignment-insensitive WPDT in the near-
field, the power transfer frequency was set to 27.1 MHz by
considering the air-gap requirements for Eurobalise in order
to serve as a solid basis for the interoperability with any
ERTMS/ETCS compliant on-board equipment [31].
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Fig. 15. Signal waveforms between the transmitting and receiving antennas
regarding different offsets (0 m ~ 0.6 m) distances at 77 = 0.25 m. (a) Power
transfer link (TX input power: 1 W at 27.1 MHz). (b) Data communications
link (TX input power: 1 mW at 4.23 MHz).

Fig. 11 shows the IMN schematics and their implemen-
tations in the power and data transfer links. At 27.1 MHz
for downlink power transfer, the IMN consists of LC balun
(Lp and Cp) for impedance transformation and the balanced
to unbalanced conversion, and series and parallel capacitors
(Cs and Cp) for impedance matching. Unlike the power
transfer frequency, the uplink data transfer frequency was set
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TABLE 11
RECEIVED PEAK-TO-PEAK SIGNALS AT POWER AND DATA LINKS

Power transfer link
Offset Peak-to-Peak (V) Normalized results?
(m) eak-to-Peal
Conv’l TX [ Prop. TX | Conv’l TX | Prop. TX
0 8.10 4.74 1.62 0.95
0.1 6.51 5.79 1.30 1.16
0.2 3.92 6.51 0.78 1.30
0.3 1.53 6.51 0.31 1.30
0.4 1.45 6.67 0.29 1.33
0.5 1.42 4.98 0.28 1.00
0.6 1.41 2.01 0.28 0.40
0.9 1.40 0.56 0.28 0.11
1.2 1.40 0.56 0.28 0.11
Data communications link
Offset Peak-to-Peak (V) Normalized results’
(m) eak-to-Peal
Conv’l TX [ Prop. TX | Conv’l TX | Prop. TX
0 173 106 8.65 5.30
0.1 129 106 6.45 5.30
0.2 64 100 3.20 5.00
0.3 11.7 79 0.59 3.95
0.4 9.9 45 0.50 2.25
0.5 8.2 18 0.41 0.90
0.6 6 2.8 0.30 0.14
0.9 3.6 5 0.18 0.25
1.2 2.4 32 0.12 0.16

1 Based on 5V for power link and 20mV for data link

to 4.23 MHz, and the IMN in the link consists of series and
parallel capacitors (C, and C ;,) for impedance matching and a
damping resistor (R)) to control the Q for data transfer. When
the RX coil was located at the center position of the TX coil,
the impedance matching was done at the operating distance.
Table I summarizes the link specifications and comparison of
design parameters between antenna links for power transfer
and data communications.

Figs. 12 and 13 show the measured input impedance on
Smith chart at the distance (42) and the measurement setups
of transfer efficiency (S»21) with the misalignments at operating
distance (hy = 0.25 m and h, = 0.5 m) in power and
data transfer links using measuring instruments. To measure
the PTE between the TX (conventional or proposed) and RX
coils, a two-port vector network analyzer (ES071C, Keysight
Technologies) was utilized. Transfer efficiency comparisons
among the calculated, simulated, and measured results regard-
ing the offset between the TX (conventional or proposed) and
receiving antennas at the distance (%) are shown in Fig. 14.
Due to the PCB implementation of the TX and RX coils
or the loss of the passive RLC components, the experi-
mental results were slightly degraded. However, the overall
results against longitudinal misalignments, were consistent
with the theoretical results, and were obtained for the operating
distance. Based on the —10 dB of the transfer efficiency,
the proposed near-field power transfer link has a longitu-
dinally misalignment-improvement of approximately 112%
compared to the conventional link at /2 in Fig. 14(a). For the
demonstration of power and data transfer characteristics in the
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time domain, the TX coils were applied to the signal source
with 1 W at 27.1 MHz for power transfer link or 1 mW at
4.23 MHz for data communications link, respectively.

Fig. 15 shows the time-domain signal waveforms between
the transmitting (conventional or proposed) and receiving
antennas regarding the different offset distances at the power
or data transfer links. Table II represents the received peak-to-
peak signals under the conventional or proposed TX coil with
regard to the offset (up to 1.2 m) at 2; = 0.25 m. Within the
longitudinal misalignment up to 0.53 m, the power and data
received signals in the conventional TX and RX coils were
significantly decreased. However, the PTE of the proposed
near-field coupled WPDT system at the 71 = 0.25 m achieves
approximately 10% and the received power and data signal
levels remain constant.

V. CONCLUSION

This paper has presented and demonstrated a near-field
coupled misalignment-insensitive WPDT  systems for
telepowering and data communications to compact wireless
sensors. Using dual-band dual coils which consist of a
proposed distributed antenna array for power transfer and an
extended rectangular loop for data communications without
additional circuits and algorithms for improving a impedance
mismatching problem, the proposed WPDT system can
achieve uniform power and data transfer characteristics at
an extended working zone (up to 0.5 m of longitudinal
misalignment). The proposed misalignment-insensitive
system can be utilized for the detection and precise location
of high-speed vehicles by detecting the compact receiving
devices in a short time. Moreover, it is helpful to improve
the PTE of portable WPDT applications as well as stationary
or dynamic wireless charging applications in the residential
garages, public parkings, or highway environments.
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