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ABSTRACT The design of dynamic wearable wireless power transfer systems (WPT) possesses multiple
challenges that affect the WPT efficiency. The varying operation conditions, such as the coils’ coupling,
and operation in proximity or through the human body, can affect the impedance matching at the resonant
frequency. This paper presents a high-efficiency wearable 6.78 MHzWPT system for smart cycling applica-
tions. Resonant inductive coupling using dual-receiver textile coils is proposed for separation-independent
WPT, demonstrated in a smart cycling glove, for transferring energy from an on-bicycle generator to
smart-textile sensors. The effects of over-coupling in a dynamic WPT system have been investigated
analytically and experimentally. The embroidered coils efficiency is studied in space, on- and through-body.
Themeasured results, in space, show around 90% agreement between the analytical and experimental results.
To overcome frequency-splitting in the over-coupling region, an asymmetric dual-receiver architecture is
proposed. Empirical tuning of the lumped capacitors is utilized to achieve resonance at 6.78 MHz between
the fundamental frequency and the even mode split frequency. Two different coil sizes are utilized to achieve
separation-independent efficiency in the tight coupling region on- and off-body, while maintaining a Specific
Absorption Rate (SAR) under 0.103W/kg. The presented system achieves a peak efficiency of 90% and 82%
in free space and on-hand respectively, with a minimum efficiency of 50% under loose and tight coupling,
demonstrating more than 40% efficiency improvement over a 1:1 symmetric transmit and receive coil at the
same separation.

INDEX TERMS Coil, electronic textiles, impedance matching, resonant coupling, wireless power transfer.

I. INTRODUCTION
Smart cycling has recently attracted research interest [1]
with applications towards pollution monitoring, environmen-
tal sensing [2], and ground conditions monitoring for fitness
applications [3]. A mechanical energy harvester on a bicycle
combined with a Wireless Power Transfer (WPT) module
can act as an enabling platform for wearable sensing and
computing in a smart city environment [4]. Piezoelectric [5],
electromagnetic [6] and switch reluctance [4] energy har-
vesters have been presented to harvest mechanical energy
from a bicycle’s motion. Wearable smart textiles, a perva-
sive sensing and edge-computing platform [7], [8], require
power autonomy through textile-based energy harvesting,
or Wireless Power Transfer (WPT) in the near or far-field [9].
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In future smart cities, energy harvested from cycling can be
transferred wirelessly to on-body sensors, without the need to
maintain a physical connection.

Near-field, non-radiative WPT enables high efficiency
transmission of energy without wires. For example, reso-
nant and non-resonant inductive coupling are widely utilized
in consumer electronics for wireless charging [10], electric
vehicle and bicycle charging [11], [12], and ultra-low-power
sensors and body implants [13], [14]. Furthermore, mag-
netic resonance (MR) WPT represents a promising solution
to improve the WPT efficiency at relatively long distances
with support for multiple receivers [15]–[17]. The highest
efficiency wireless power transfer has been reported to take
place from 1 to 10 MHz [18].

A fundamental challenge in WPT systems is designing
a system that maintains high efficiency at varying cou-
pling levels. Analytical and experimental techniques have
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been applied to optimize the separation between the coils
to achieve maximum efficiency [19]. Frequency splitting in
tightly coupled WPT systems occurs due to the variation in
the mutual inductance which affects the resonant frequency
of the system, reducing the efficiency at the frequency of
choice [20]. While frequency tracking can be used to read-
just the system’s frequency of operation [21], this approach
requires additional control hardware to implement the feed-
back loop to tune an adaptive matching network [22], or a
complex transmitter coil structure to accommodate the range
of WPT frequencies [23]. A WPT system based on asym-
metric transmit and receive coils has been demonstrated with
improved resilience to frequency splitting [24].

Optimizing a WPT system for various coil separations
has been investigated in [25] using variable tuning capacitor
values for each operation regime. In [26], capacitive tuning of
the receiver was combinedwith the rectifier circuit presenting
a separation-independent rectifier. However, both approaches
require additional circuit components such as a reflectometer,
for dynamic reconfiguration of the matching network at run-
time. In a wearable system, where maintaining a minimum
component count is essential to the durability of the system,
its integration with the fabric, and the user’s comfort [27]
complex control circuitry such as that realized in station-
ary or industrial WPT systems are not feasible. In addition,
feedback loops and active tuning circuits introduce a power
overhead which reduces the overall efficiency in energy har-
vesting systems. Therefore, a compact fully-passive tuning
approach is required for energy harvesting-powered wearable
WPT systems.

Flexible and textile coils for wearable WPT have been
fabricated using multiple techniques: additive manufacturing
using ink-jet printing or screen printing [28]–[30], embroi-
dery [28], [31], metal-filled stretchable silicon [13], and
adhered copper wires and foils [32]. Methods of minimizing
the series resistance of thin embroidered coils have been pre-
sented through double sewing of the conductor [31] as well as
increasing the thickness of the embroidered coil pattern [28].

The effect of different coil-fabrication techniques on the
coils’ inductance and resistance has been compared in [28],
the efficiency of flexible coils on different substrates have
been compared at a fixed distance with varying misalignment
angles in [33], demonstrating 85% efficiency using a flexible
PCB due to its lower dielectric losses compared to textiles,
and the improved smoothness of the conductor. Multi-coil
configuration have been investigated for improved resilience
to misalignment [29]. The effects of human proximity onMR
WPT have been extensively studied in [32], [34], [35]; up
to 50% efficiency on the body at 1 cm, and 7% efficiency
through a 1 cm muscle-mimicking liquid has been achieved
using flat copper tape coils [35].

The interaction of WPT coils with the human body has
been widely investigated [32], [34]–[38]. On the other hand,
frequency splitting has not been addressed by previous wear-
able WPT studies. For example, the WPT efficiency of
[32]–[35] were not reported in the over-coupling region.

Moreover, while the effects of the body on the wireless-link
efficiency has been studied [35], wearable WPT systems
were not investigated in the over-coupling region, there-
fore neglecting the impact of coil’s detuning on the WPT
efficiency at very short links. Detailed interaction of WPT
systems with the human body was investigated by observ-
ing the Specific Absorption Rate (SAR) for different coils
while providing standard methods of evaluating compliance
of WPT to regulations [37]. Along with analyzing the SAR
of the proposed system, this work focuses on maximizing the
on-body WPT efficiency through improved coil tuning that
is resilient to both detuning due to over-coupling and due to
human proximity.

In this paper, a novel wearable 6.78 MHz (the Indus-
trial Scientific and Medical, ISM-band) WPT system, fabri-
cated using embroidered textile coils, is presented based on
dual-receiver coils, and asymmetric transmitter and receiver
coils for a smart cycling glove. A simple solution to
over-coupling and frequency-splitting is proposed, omit-
ting the need for adaptive impedance matching and achiev-
ing separation-independent WPT efficiency. Compared to
the dynamic separation-independent systems in [20]–[23],
[25], [26], this work presents the simplest receiver coil
architecture with only two planar receiving coils tuned
using fixed capacitor values optimized for the applica-
tion’s separation range. Furthermore, this work addresses
the over-coupling problem in flexible and wearable WPT
systems, demonstrating over ×5 higher WPT efficiency in
the over-coupling region, compared to a symmetric 1:1 coil
without any additional tuning. Finally, the system achieves
the highest reported WPT efficiency using flexible coils both
in space and in human proximity, with improved immu-
nity to varying separation both under strong and weak
coupling.

This paper is structured as follows: the system require-
ments and the dual-receiver architecture are outlined in
section II, section III discusses the coils design and fabri-
cation, the performance of the symmetric 1:1 coils is eval-
uated in section V. Section VI shows the performance of the
dual-receiver three-coil system as well as a comparison of
the proposed system with state-of-art wearable non-radiative
WPT systems.

II. DUAL-RECEIVER, SEPARATION-INDEPENDENT
WEARABLE WPT
The proposed system aims to transfer the power generated
from a mechanical energy harvester on a bicycle [4], to
on-body textile-based sensors through the cyclist glove, uti-
lizing strongly coupled magnetic resonance (resonant induc-
tive coupling) between embroidered coils on the bicycle’s
handle and on the user’s hand [4]. The main requirement
is maintaining high efficiency on tight grip (approximately
no separation between the transmitter and receiver coils) as
well as having a high resilience to misalignment and sep-
aration over short distances. Therefore, the main challenge
is optimizing a WPT system that maintains an efficiency
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approaching its maximum theoretical efficiency under loose
coupling while being immune to over-coupling, without the
need for an adaptive impedance matching network or vary-
ing the WPT link frequency. To explain, active frequency
tracking require additional complex circuitry at either the
transmitter and receiver [25], [26], which are not compatible
with the simple seamlessly integrated textile-based system.
In addition, active tracking circuits based on amplifiers have
a considerable current consumption, this makes them more
applicable in high-power applications as opposed to mW
energy harvesting [25], [26].

The proposed WPT system is based on dual asymmetric
receiver coils for the front and back of the user’s hand, aiming
to maintain the input impedance matching in all modes of
operation. In an inductive WPT system, the theoretical max-
imum efficiency (ηWPT ) of a system is calculated using (1)
from [39], where N: number of turns, α: coil radius and s:
coil separation, indicating the relation between the coil size
and the supported WPT distance. Thus, smaller coils are
utilized for the transmitter and the close-proximity receiver
for improved ηWPT . The large coil aims to improve the
WPT coupling link at longer distance and at misalignment,
as well as enables high efficiency WPT through the body.
The resonance frequency of the system (2) has been set to
6.78 MHz, both the transmitters and receivers utilize lumped
capacitors calculated using (3). Only the self-inductance of
the coils has been considered when selecting the initial tuning
capacitors. As a result, as the mutual inductance becomes
more significant, frequency splitting due to detuning of the
system’ resonant frequency is expected due to the change
in the total inductance resulting in odd and even mode
resonances.
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In resonant inductiveWPT, high-Q coils are able to achieve
higher WPT efficiencies over larger separations, i.e. at lower
mutual inductance and hence at a lower coupling factor k .
However, the system is prone to detuning, which deteriorates
the efficiency, at shorter links. In order to understand the
effect of shorter links on theWPT, the coupling k between the
coils, (4), needs to be analyzed. The power transfer efficiency
between coils is a function of the coupling mutual inductance
M [20]. Critical coupling, kc (5), describes the coupling factor
at which maximum WPT efficiency is achieved [40]. When
k > kc, the coils operate in the over-coupling region, where
the mutual inductance of the coils M affects the tuning of
the coils resulting in frequency splitting, where Q can be
calculated using (6), showing the dependence of kc on both
the coil’s series resistance but more dominantly by the source

and load impedances Z0.
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M of a single turn coil, described by the Neumann
equation (7), is a function of curves (CTX , CRX ) spanning
the coils of radii α, and is inversely-proportional to the
separation s [19].
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From [19], equation (7) shows that it is not possible to
design a 1:1 WPT system which operates at varying coil
separation without implementing a feedback control loop for
re-achieving resonance at the target frequency [41]. TheWPT
efficiency can be calculated using two-port circuit analysis
based on the forward voltage transmission (S21) between the
coil, a function of M and Q, represented by Z0 and R (8),
the WPT efficiency can then be calculated using (9) [19].

S21(ω) =
2jMZ0ω

M2ω2 + [(Z0 + R)+ j(ωL − 1
jωC )]

2
(8)

ηWPT = |S21|2 (9)

To aid the theoretical analysis of the system’s performance,
the closed-form approximation ofM in [42] was evaluated to
compare the analytical results to the experimental ones in the
section V. M is given by (10)-(13) as a function of the coil’s
geometry and separation s for coils of n turns, rout radius,
w track width and p track separation, where the M of the
multi-turn coil is given by the sum ofMij for individual loops.
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The main condition when using the approximation in [42]
to calculate the mutual inductance is the integration over
a circular loop. Therefore, the mutual inductance between
rectangular coils is calculated to be (4/π)2 times greater than
circular coils. In addition, the approximation is optimized for
coils with smaller radius, where M is underestimated bymore
than 5%, compared to 3D electromagnetic (EM) simulation,
for a 5 mm radius compared to around 2% for a 3 mm coil
radius. Therefore, the analytically calculatedM at separation
distances less than half of the coil radius is expected to be
underestimated.
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In this section, the 10 turns coils are assumed to have
a rectangular geometry with 30 mm radius, 1-mm pitch is
used for the turns separation and 40 µm-thick traces are
considered. The two-port S21 and the approximated mutual
inductance from [42] were evaluated parametrically to inves-
tigate the behaviour of the system as a function of separation
and frequency, as well as a function of the systems charac-
teristic impedance Z0. Fig. 2-a shows the frequency-splitting
phenomenon, resulting in deteriorating WPT efficiency at
6.78 MHz beyond the critical coupling point kc, with the
highest WPT efficiency shifting to the upper and lower odd
and even frequency splitting modes. Therefore, it is con-
cluded that for a distance-insensitive WPT to be realized,
improved tuning is required to maintain high efficiency in
the when k > kc. This is presented in this work using the
dual-receiver architecture, with varying receiver coil size,
along with empirical tuning to overcome frequency splitting.

In this work, a WPT system of a characteristic impedance
Z0 = 50� is considered for compatibility with standard
test instruments without the need for impedance transformers
as in [19]. Nevertheless, the wireless forward transmission,
given by (9), is dependent on the Z0:M ratio. Fig. 2-b shows
the variation in the WPT efficiency as a function of input
impedance at variable coil separation.

In addition to the frequency-dependence described
by (4)-(8), the relationship between the coil size and the sepa-
ration dynamic range is non-linear; the experimental study in
[43] shows the dependency of the optimal coil separation on
the coil’s radius, demonstrating a non-linear relation between
the size of the coil and the maximum achievable WPT effi-
ciency at various separations. Thus, the proposed system is
based on a dual-receiver coils, of different radii, for operation
at a wide range of air gaps and minimizing the impact of
over-coupling on the dual-receiver efficiency of the system.
In addition, the theoretical and experimental analysis in [44]
demonstrate improved range of coil separations, as well as
load resistances, with three symmetrical coils compared to a
1:1 WPT system.

Fig. 1 shows the schematic of the proposed system as well
as a 3D layout of the system in operation. The performance
of individual 1:1 symmetric coil WPT link of both coils
are studied and compared to the dual-receiver architecture
both in presence and absence of the human body. Finally,
the performance improvement of the dual-receiver system
through empirical tuning of the transmitter’s lumped capaci-
tor is reviewed in perspective of the three-coil on-body WPT
system along with the effects of the human proximity on the
quality-factor and bandwidth of the transmit and receive coils.

III. TEXTILE COIL DESIGN AND FABRICATION
A. DESIGN
As shown in Fig. 1, two coils are to be incorporated for both
sides of the user’s hand, with the back-hand coil having larger
dimensions; benefiting from the larger available surface area
to improve the WPT efficiency over longer distances or
with misalignment. The inductors have been designed using

FIGURE 1. The proposed WPT system architecture: Schematic (top),
showing the dual-coil receiver architecture and 3D layout (bottom)
showing the coils arrangement.

FIGURE 2. Analytically calculated WPT efficiency using the mutual
inductance and the equivalent circuit S21: (a) frequency splitting with
over-coupling for Z0 = 50�, (b) effect of Z0 on the critical coupling point
at 6.78 MHz.

EAGLE PCB CAD, with 0.04 mm track width, to match
the Litz wires thickness, as discussed in the next subsection.
The separation between the coil turns has been set to 1 mm
to reduce fabrication inconsistencies. The inner coil radius
(commonly known as the ferrite region) has been designed
to be 1 cm and 2 cm for the small and large coil respectively.
Fig. 3 shows the layout and dimensions of the proposed coils.
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FIGURE 3. Layout of the designed 10 turns coils: L1 (right), L2 (left).
Dimensions in mm:
L = 60, Lin = 40, W = 10, H = 46, Hin = 26, D = 40, Din = 20.

B. FABRICATION
Multiple methods have been proposed for fabricating coils
for flexible wearable WPT systems as discussed in the intro-
duction. In this work, automated embroidery is utilized to
stitch the conductor traces. Commercially available 40 µm
thick silk-coated copper Litz wires are selected for the con-
ductive traces, for reduced high-frequency resistance due
to skin effect. The coils have been directly embroidered
to a 0.266 mm-thick polyester-cotton substrate (εr = 1.6,
tanδ = 0.027). An automated sewing machine (PFAFF Cre-
ative 3.0) has been used to automatically embroider the con-
ductive traces on the textile substrate. Compared to printed
and ablated planar rectangular coils, a planar coil formed out
of a Litz wire is expected to achieve lower resistance hence
improving the WPT efficiency [28]. A maximum variation
of 4% has been observed in the measured inductance of four
coils fabricated using the same approach. Fig. 4 shows a
photograph of the fabricated textile coils.

FIGURE 4. Photograph of the embroidered WPT textile coils, A:
transmitter and primary receiver coil (right), B: secondary, large, receiver
coil (left).

The unloaded coil parameters: series resistance R and
inductance L were measured from 0.1-10 MHz using a WK
6500B impedance analyzer, the quality factor Q was cal-
culated using Q = ωL/R at 6.78 MHz. Table 1 shows a
comparison of the fabricated coils parameters with reported
wearable WPT coils. It can be observed that the proposed
embroidered coils have lower series resistance compared to
printed planar coils due to the Litz/silk conductors utilized,
allowing higher WPT efficiency based on (1).

TABLE 1. Comparison of the fabricated coils measured parameters with
reported flexible WPT coils.

IV. WPT EXPERIMENTAL SETUP
For evaluating the WPT performance of the designed coils,
50 Ohm solder-terminated SMA connectors were incor-
porated for exciting the transmitter/receiver coils using a
two-port vector network analyzer (VNA). The VNA (Rhode
and Schwarz ZVB4) has been set to transmit at 10 dBm and
was used to measure the WPT efficiency from the forward
transmission s-parameter (S21). The S21 has then been con-
verted to the power-wave transfer function to calculate the
power transfer ratio, (ηWPT = |S21|2). Multiple investiga-
tions were carried out to understand the impact of different
variations in separation and alignment, both in presence and
absence of the body for the two-coil system. The proposed
dual-receiver is then implemented and evaluated both in free
space and on hand. Fig. 5 shows the experimental setups
investigated in this work. Experiments a-d were carried out
for both coils, L1 : L1 and L2 : L2, (section V the details of
the implementation of each)

V. 1:1 TEXTILE COIL WPT EFFICIENCY
A. COIL SEPARATION STUDY
To measure the 1:1 symmetric coils WPT efficiency
(Fig. 5-a), the two coils-under-test have been placed on
a wooden test fixture to control the separation distance
while performing the two-port measurements. The separation
between the coils has been varied between 0.1 cm and 10 cm
in free space, and between 0.5 cm and 10 cm through a
tissue-mimicking model. Fig. 6 shows the WPT efficiency of
the designed coils at varying distance.

As predicted from (1), the larger coils, benefiting from
larger radius achieve a higher maximum efficiency of 82.6%
compared to 65.9% by the small coils. On the other hand, due
to the increased mutual inductance and hence coupling factor,
the larger coils suffer from reduced efficiency at 6.78 MHz in
the over-coupling region due to frequency splitting. Although
a similar effect is observed with the smaller coils, they
maintain 27% efficiency at no separation between the coils,
demonstrating their suitability for the short WPT distance
between the bicycle’s handle and the glove on tight grip.
The over-coupling region of the small and large coils are
observed to be 0 < s < 1.5 and 0 < s < 3.5 cm, respectively.
The maximum achievable WPT efficiency has also been
measured to demonstrate the ideal system’s performance
assuming an impedance matching circuit is implemented to
allow high efficiency operation under all coupling conditions.
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FIGURE 5. Experimental setups: (a) symmetric TX/RX in space,
(b) symmetric TX/RX on the back of the hand, (c) symmetric TX/RX
through body-mimicking fluid, (d) normalized misalignment of symmetric
coils, (e) dual-receiver system in space, (f) dual-receiver system with
on-hand RX.

It is observed that for the L2:L2 case, the analytical and
measured results agree in the under-coupled region. However,
the higher discrepancy at S < 3.5 cm can be attributed
to eq. (10) being specifically tuned to coils of r < 5mm.
In addition, [42] shows that the error margin compared to
EM simulation increases at separations under 1 cm for a coil
of 5 mm radius.

The highest discrepancy in efficiency between the calcu-
lated and measured result is observed for the L1:L1 case
(the small coils). The agreement of the calculated and mea-
sured separation at which critical coupling occurs validates
the M calculation. Therefore, the only source of uncertainty
in (8) is R. To explain, while the resistance of the coil has
been measured, the tuning capacitor’s parasitic resistance
remains unknown and at a high frequency, can be in the range

FIGURE 6. Measured and calculated WPT efficiency, aligned in space,
of the proposed coils at varying coil separation distances; test setup a
from Fig. 5.

FIGURE 7. Analytically calculated (solid line) and measured (discrete 50�

point) L2:L2 WPT efficiency as a function of the input system’s
characteristic impedance at various separations: (1 cm) over-coupling,
(3.5 cm) critically coupled, (4 cm) under-coupled, (5 cm) under-coupled.

of 1-10 �. This is less evident in the large coil (L2) case
where the tuning capacitor used is smaller than that of the
small coil (L1) due to the coil’s lower inductance. Thus, for
higher WPT efficiencies to be achieved using a smaller coil,
lumped capacitors of higher Q can be used.
The experimental setup, Fig. 5, is fixed to 50� charac-

teristic impedance (Z0). However, as observed in Fig. 2-b,
the characteristic impedance affects the critical coupling and
hence the optimal separation of the coils. Eq. (8) was used
to calculate the analytical WPT efficiency as a function of
the characteristic impedance, which requires complex source
and load-pull instrumentation to be measured experimentally.
Fig. 7 shows the calculated WPT efficiency variation with Z0
and the measured efficiency at Z0 = 50�.

It is observed that using a system of lower Z0, critical
coupling can be maintained at lower coupling factors and
hence higher coil separations. This is explained by (5)-(6)
which show the direct dependence of kc on Z0. For example,
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FIGURE 8. Measured and analytically calculated WPT efficiency as a
function of the load impedance, at 5 cm coil separation.

the 83% critical-coupling WPT efficiency of the system can
be maintained at 5 cm separation if Z0 of the source and
load is transformed to 25�. For practical systems, this can
be achieved using a standard impedance transformer such as
an L-network.

To validate the theoretical calculations of the impact of the
load resistance on the WPT link, the 50� load termination
has been replaced with a variable resistor. The voltage across
the load resistor has been measured using a×10 oscilloscope
probe with a 1-M� termination. Fig. 8 shows the calculated
and measured WPT efficiency as a function of the load
impedance, in a typical under-coupled WPT scenario at 5 cm
separation.

In addition to the two-port measurements of the WPT effi-
ciency using a VNA, experimental validation using different
wave-forms have been carried out to observe the system’s
performance in time-domain. A 50� signal generator has
been used to transmit at 10 dBm, an oscilloscope with 50�
termination has been used to observe the output. Continuous
Wave (CW) excitation using a sine-wave and a square wave
have been considered. Fig. 9 shows the measured input and
output wave-forms as viewed on the oscilloscope.

While the single-ton sine-wave closely matches with the
predicted values, the square wave excitation is expected to be
distorted as observed on the scope. To explain, as a square
wave is composed of a sum of multiple sinusoidal waves,
the resonance at 6.78 MHz implies that the sine-waves near
the system’s resonance frequency will be transmitted to the
output.

B. WPT IN PRESENCE OF HUMAN TISSUE
In the proposed system, the large coil is positioned behind
the user’s hand. Therefore, the WPT efficiency of the large
coil needs to be quantified in presence of the hand, for a
more accurate evaluation compared to the body-mimicking
fluid scenario. Fig. 10 shows the WPT efficiency of the large
coils with the transmitter placed on top of the user’s hand
(Fig. 5-b). Although the efficiency drops due to absorption
by the tissues, the human hand improved the WPT effi-
ciency of the coil in the over-coupling region (s = 2.5 cm),
by reducing the frequency splitting effect, as the high-εr

FIGURE 9. Oscilloscope traces showing the voltage across the transmitter
(Channel 1) and the receiver coil (Channel 2) under CW sinusoidal
excitation (top) and square wave excitation (bottom).

FIGURE 10. Measured WPT efficiency of the large coil placed behind the
user’s hand, at varying distance from the transmitter, the 2.5 cm minimum
distance is capped by the thickness of the hand; test setup b from Fig. 5.

medium reduces the mutual inductance of the coils. While
this is expected to reduce the efficiency, as observed with the
smaller coil, the larger coil maintained its resonant frequency
hence improving its efficiency by 10% in the over-coupling
region.

In EM systems operating in vicinity of the human body
the safety regulations requirements regarding exposure limits
and field distributions need to be met. A 3D model of the
coils separated by 2 cm of human tissue has been mod-
elled and simulated in CST Microwave Studio, to imitate the
through-hand WPT scenario. The model shown in Fig. 11
utilizes a simplified hand model based on CST’s Voxel tis-
sue library widely used in RF and microwave WPT [45] in
addition to Body Area Networks antenna models [46].

At 6.78 MHz, the simulated WPT efficiency was 56.5%,
showing a fair agreement with the measured efficiency.
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FIGURE 11. CST EM simulation model of the coils on the human-body
model.

FIGURE 12. Simulated maximum H-field (top) and E-field (bottom)
distributions across the coils and the human hand model.

Compared to the measured 51% across a real human hand and
using lumped components, the higher simulated efficiency
can be attributed to modelling the lumped capacitor as an
ideal component; using real-lumped capacitors, a portion of
the transmitted power is expected to be absorbed in the capac-
itors’ internal series resistance. CST field monitors were used
to calculate the power dissipated in thematerials at 6.78MHz.
Only 1.16% of the 0.5 W excitation signal has been absorbed
by the human tissue implying minimal interaction between
the hand and the coils. Fig. 12 shows the computed electric-
(E) and magnetic- (H) field distribution at the center of the
coils and through the human tissue.

By monitoring the power losses in human tissue at
6.78 MHz, the SAR can be calculated. Both 10-gm and 1 gm
normalizations were simulated in CST to ensure compliance
of the proposed WPT system with SAR regulations. The
maximum computed SAR is under 0.103W/kg for both cases,
well below the regulatory limit of 1.6 W/kg [38]. Fig. 13
shows the maximum SAR plot across the human hand model.

FIGURE 13. Simulated SAR using the human hand model in CST, showing
a peak SAR = 0.070 and 0.103 W/kg for a 10 gm and 1 gm sample,
respectively.

FIGURE 14. Measured WPT efficiency, through body-mimicking fluid,
of the proposed coils at varying coil separation distances; test setup c
from Fig. 5.

In order to investigate the WPT efficiency of the presented
coils through the human body at varying coil-separation,
a compressible sac of tapwater has been used tomimic human
tissue of varying thickness to investigate the efficiency of the
WPT link through the body (Fig. 5-c). Although commercial
body phantoms can be utilized to obtain more precise results
for body-plantar applications especially at higher frequencies
(>100 MHz), the dielectric properties (relative permittivity
and dissipation factor) of tap water (εr = 78) is approxi-
mately similar to the averaged dielectric properties of dif-
ferent tissues such as muscle (εr = 112, 27.2MHz) and
fat (εr = 22, 27.2MHz) [47]. Therefore, as the system is
designed for operation on- and in proximity with the human
body, tissue-accurate modelling of the dielectric properties
of the body is not required. The measured WPT efficiency
of the large coils at 2.5 cm with the human hand (no sep-
aration between the coils apart from the hand) agrees with
the efficiency at 2.2 cm through the fluid (Fig. 10 and 14).
At higher separation distances, the fluid model results in
higher degradation in efficiency due to filling up the WPT
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medium entirely, mimicking WPT through larger human
organs or to an implant.

The improvement in the WPT efficiency at 2 cm through
the fluid, compared to the efficiency in space, represents a
close match with the results observed with the human hand
(in Fig. 10) due to the isolation effect explained previously.
At s= 2.5 cm to s= 6 cm, the effect of transferring the power
through the body is most prevalent compared to through air,
reducing the efficiency by up to 36%. It can be concluded
from comparing the through-hand and through-body fluid
results, that the effects of a small air gap (up to 2.5 cm air
gap in this study) is minimal compared to the losses due to
the tissue.

C. MISALIGNMENT STUDY
The separation between the coils has been fixed at 1.5 cm for
the misalignment study. The misalignment between the coils,
normalised to the coils’ radii, has been varied between 0 (no
misalignment) to 1 (coils displaced by distance= coil radius).
Fig. 15 shows the effect of normalised misalignment on the
proposed coil.

FIGURE 15. The effect of varying misalignment (normalized to the coil’s
dimension) on the WPT at a fixed distance; test setup d from Fig. 5.

Although the experimental results indicate that the toler-
ance of the coils to misalignment, when normalised to their
size, is dimensions-agnostic, the size of the larger coil offers
the user higher positioning flexibility. Therefore, the pro-
posed bigger coil will reduce the impact of the user’s hand
misalignment with respect to the bicycle’s transmitting coil.

VI. DUAL-RECEIVER INDUCTIVE POWER TRANSFER
The smaller coil operates better at a shorter WPT link
due to the lower mutual inductance resulting in reduced
frequency-splitting at the same distance. In this section,
the dual receiver architecture is evaluated. The system is
defined as a three-port network, with the transmitter acting
as port-1, the small coil acting as port-2, and the large coil (at
the back of the hand) acting as port-3. The power reception
at both ports is measured sequentially, under the same test
conditions, using the two-port VNA. The unmeasured port is

FIGURE 16. Measured WPT efficiency, in space, of the three-coil system
tuned using only self-inductance of the coils (equation 3); test setup e
from Fig. 5.

FIGURE 17. Three port s-parameters of the system with the original
tuning capacitance showing frequency splitting due to the mutual
inductance; test setup e from Fig. 5.

terminated using a 50-Ohm load to accurately account for the
power delivered to it during normal operation.

To investigate the effects of varying separation in absence
of the body, the receivers were kept at a fixed distance
of 2.2 cm from each other (representing the hand thickness)
while varying the separation s, measured between the small
coils as depicted in Fig. 16. Ideal power combining of the
two receiver coils is assumed, hence, the totalWPT efficiency
has been calculated as the sum of the power received by indi-
vidual coils. In [48], a 6.78 MHz power combiner has been
reported with and efficiency of 85.7% capable of combining
power levels higher than 100W.

The dual-coil receiver architecture achieves 53% efficiency
at sub-10 mm separation, the tight-coupling region, demon-
strating a 48.2% and 21.6% higher WPT efficiency com-
pared to the symmetric large and small coils respectively,
as observed in Fig. 16. Nevertheless, the maximum efficiency
(at 1-3 cm separation for both coils) has been capped at
54% instead of the previously achieved 82.6% by the large
coil. This is attributed to the loading effect of the coils
affecting the mutual inductance and hence, the impedance
matching, resulting in frequency splitting due to detuning
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FIGURE 18. Measured WPT efficiency, in space, of the three-coil system
after empirically tuning the transmitter, C2.

FIGURE 19. Three port s-parameters of the proposed system with the
empirically selected C1 showing improved impedance matching at
6.78 MHz. (Legend shown in Fig. 17); test setup e from Fig. 5.

of the transmitter. Fig. 17 shows the three-port s-parameters
of the network at 1 cm separation, showing the maximum
WPT occurring at the odd and even modes instead of the
fundamental frequency. A relatively high reflection coeffi-
cient, S11 = −8 dB, is measured at 6.78 MHz explaining
the deterioration in performance.

In order to re-achieve resonance at 6.78 MHz, the value
of C1, the transmitter’s resonance capacitor, has been tuned
empirically to shift the even-mode frequency-splitting reso-
nance (feven), which can be calculated using (14), to 6.78.
As seen in Fig. 18, the empirically tuned three-coil system
achieves the highestWPT efficiency in this study, 90%, due to
the transmitter coil resonating at 6.78MHz after re-tuning the
capacitors in the WPT link previously affected by frequency
splitting. The efficiency is no longer capped by the geometry
of the smaller adjacent coil, demonstrating the benefits of
the larger second receiver, which is responsible for receiving
58.7% of the power. Finally, the frequency splitting effect,
previously endured by the larger coil, is mitigated by the iso-
lation from increased mutual inductance with the transmitter
due to the intermediate coil. Fig. 19 shows the s-parameters of

FIGURE 20. Measured WPT efficiency, on the user’s hand, of the three-coil
system after empirically tuning the transmitter, C2, showing the achieved
on-body WPT efficiency approaching the maximum achievable WPT in
space due to the improved impedance matching; test setup f from Fig. 5.

FIGURE 21. Three port s-parameters of the WPT system on the user’s
hand, showing 2 MHz (|S11| < 0.5) bandwidth due to the reduced coil
Q-factor. (Legend shown in Fig. 17); test setup f from Fig. 5.

the system after being tuned for improved impedance match-
ing in the tight-coupling region, resulting in S11 = −19.6 dB
at 6.78 MHz.

fodd =
1

2π
√
(L +M )C

, feven =
1

2π
√
LC

(14)

The dual-RX system has been evaluated in presence of the
human hand. Fig. 20 shows the WPT efficiency of the system
on the user’s hand. 83.8% efficiency, the highest observed
on-body WPT efficiency in this study is due to achieving
the frequency splitting resonance at 6.78 MHz at the shortest
transfer distance. This is attributed to the wide resonance
bandwidth observed at the input, Fig. 21, due to the reduced
Q-factor of the loaded coils. The short-link WPT efficiency
improvement in human proximity, discussed in the previous
section, re-manifests at 0.1 cm separation resulting in 30%
higher efficiency. Moreover, the inverse-proportionality with
separation stagnates between 0.2 cm and 1 cm as observed
with the 1:1 large coil on hand. A comparison of the proposed
system with reported state-of-art non-radiative wearable and
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TABLE 2. Comparison of the proposed textile WPT system with wearable WPT SoA.

flexible WPT systems is presented in table 2, demonstrating
the highest reported WPT efficiency both on- and off-body.

VII. CONCLUSION
In this paper, a compact dual-receiver WPT system is pre-
sented for maximizing the WPT efficiency under vary-
ing operation conditions, achieving separation-independent
operation in the over-coupling region. Detailed analytical
and experimental analysis of the frequency-splitting and
over-coupling phenomena are presented to overcome the
separation-dependent losses in WPT applications. A novel
application, wearable smart cycling gloves, is presented to
demonstrate efficient power transfer regardless of varia-
tion in coil-separation, misalignment and human-proximity
through a simple impedance matching technique. The pro-
posed dual-receiver system achieves a peak efficiency of 90%
and 82% in space and on-hand, respectively, a 40% WPT
efficiency improvement compared to standard 1:1 symmetric
coils. This is the highest reported WPT efficiency for an
on-body flexible wearable WPT system and the first inves-
tigation of the over-coupling problem in wearable WPT.

Although the presented system and design approach have
been demonstrated for wearable applications, with focus on
the effects of the human body being the WPT medium,
the proposed tuning method can be applied to dynamic
WPT applications where maintaining a certain level of
separation-independence is a requirement. The impact of
the transmitter coil’s Q-factor on the impedance matching,
as well as the coil’s bandwidth in human-proximity could be
utilized in designing separation-independent WPT systems
for industrial applications such as non-stationary WPT links,
where theWPTmedium is changing; eliminating the need for
additional feedback loops, adaptive matching networks, and
frequency-tuning circuitry.
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