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A wireless charger for low capacity thin-film batteries is presented. The proposed device consists of a nonradiative wireless resonant
energy link and a power management unit. Experimental data referring to a prototype operating in the ISM band centered at
434 MHz are presented and discussed. In more detail, in order to facilitate the integration into wearable accessories (such as
handbags or suitcases), the prototype of the wireless energy link was implemented by exploiting a magnetic coupling between
two planar resonators fabricated by using a conductive fabric on a layer of leather. From experimental data, it is demonstrated that,
at 434 MHz, the RF-to-RF power transfer efficiency of the link is approximately 69.3%. As for the performance of the system as a
whole, when an RF power of 7.5 dBm is provided at the input port, a total efficiency of about 29.7% is obtained. Finally, experiments
performed for calculating the charging time for a low capacity thin-film battery demonstrated that, for RF input power higher than

6 dBm, the time necessary for recharging the battery is lower than 50 minutes.

1. Introduction

In recent years, wearable electronics have gained much
research interest, with applications that range from health-
care monitoring [1, 2] to public safety [3, 4] and mobile
computing [5-7]. The design and fabrication of wearable elec-
tronics require that the embedding of electronic components
inside clothes and/or other wearable accessories must not
compromise the appearance and usability of the product. In
fact, in the fashion industry, any new wearable technology
must be useful, but also comfortable. Additionally, it must not
be intrusive to the user, who must be able to carry out his daily
activities without any movement limitation and/or additional
burden.

Considering these requirements, either near-field [8-13]
or far-field [14-21] wireless technologies may successfully
serve the purpose for both data and power transmission. Still,
to guarantee a seamless integration of electronic devices and
antennas in wearable and portable accessories, it is crucial
to select appropriate materials and fabrication techniques.
To this purpose, the use of nonconventional materials such

as textile materials, conductive threads, electrotextile fabrics,
and nonwoven conductive fabrics should be preferred.

Accordingly, some wearable antennas for far-field Wire-
less Power Transmission (WPT) links have been proposed in
the literature [15-17]. Among these, in [16], numerical data
referring to a multifrequency rectifying antenna (rectenna)
are reported: the multiband behavior is obtained by using a
slotted annular-ring microstrip antenna. The overall system
is a multilayer structure using two layers of pile, the Global
EMC shielding fabric for the conductive parts, a layer of
Kapton for the rectifying circuit, and a thermoadhesive layer
at each interface between pile and conductive fabric.

Additionally, in [17], two textile logo antennas fabricated
by means of a self-adhesive nonwoven conductive fabric have
been presented.

As for near-field WPT links for wearable applications, a
system using two resonators on a layer of leather has been
proposed in [22].

In this paper, starting from the prototype presented in
[22], a wireless battery charger for application in clothing
industry is presented. In more detail, the wireless resonant
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FIGURE 1: Proposed wireless charger. (a) Schematic representation: the link consists of a wireless resonant energy link and of a power
management unit. (b) Example of application: the secondary resonator is embedded into a leather bag, while the primary resonator is on

a pad where the bag should be placed on for charging the battery.

energy link (WREL) proposed in this work was exploited
for implementing a wireless charger [8, 9] for low capacity
thin-film batteries. The proposed system consists of (1) two
planar resonators that were optimized and fabricated to be
embedded in portable leather accessories and (2) a power
management unit (PMU).

Figure 1(a) shows a schematic representation of the
proposed WPT link, which exploits a magnetic coupling
between two planar resonators, namely, a primary resonator
and a secondary resonator. The former is embedded into
a pad and is connected to an external power source that
provides it with an AC input power, whereas the latter is
connected to the rechargeable battery by means of the PMU.
Figure 1(b) shows a sketch of a possible practical application:
the secondary resonator is embedded into a bag, while the
primary resonator is embedded into a pad where the bag
should be placed on for charging battery.

As will be detailed in the following section, for the
resonators fabrication, a self-adhesive nonwoven fabric was
used for the conductive parts, while a layer of leather was used
as support.

Numerical and experimental results referring to a pro-
totype working in the ISM band (433.05-434.79 MHz) are
reported and discussed.

The paper is structured as follows. Numerical and exper-
imental data obtained for the proposed WPT link are illus-
trated in Section 2. Section 3 describes each single block of the
PMU. Experimental results related to the proposed wireless
charging system, as a whole, are reported in Section 4. Finally,
conclusions are drawn in Section 5.

2. Wearable Resonators Geometry and Results

2.1. Resonators Geometry and Numerical Results. The pro-
posed WPT link is comprised of two identical resonators,
each one consisting of a distributed inductance loaded by
a lumped capacitor [22]. Figure 2(a) shows a sketch of a
perspective view of the configuration adopted for the WPT
link, while Figure 2(b) illustrates the resonator geometry.
From Figure 2(a), it can be noticed that each resonator
consists of an elliptical loop loaded by a smaller one. The two

Hsub

FIGURE 2: Geometry of the proposed wireless energy link: (a)
perspective view; (b) front view. It can be seen that the secondary
resonator is overlapped to the primary resonator.

resonators are rotated by 180° with respect to each other (on
the x- y plane), and they are also aligned with the center of the
external elliptical loop. Additionally, to tune the resonance
frequency, two lumped capacitors, C; and C,, are also used.

The geometry of the resonators was optimized, by means
of full-wave simulations, to obtain (1) an operating frequency
in the ISM band (433.05-434.79 MHz) and (2) an input
impedance of 50 Q. In the following, the main steps of the
design process are briefly described.

The starting geometry was a simple elliptical loop with a
major axis of 36 mm; a width of 2mm; and an eccentricity
close to zero, thus corresponding to a nearly circular geom-
etry. These initial values were chosen in order to obtain a
compact structure, suitable to be fabricated with the facilities
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FIGURE 3: Simulated reflection coeflicient of the single loop com-
pared to the scattering parameters of the WREL consisting of two
loops configured as in Figure 2(a).

at hand. To tune the resonance frequency in the ISM band, a
series 1.1 pF lumped capacitor was added.

The scattering parameters corresponding to this initial
geometry are illustrated in Figure 3, which shows (1) the
reflection coefficient of the primary resonator and (2) the
scattering parameters of the wireless resonant energy link, in
the configuration of Figure 2(a).

It can be seen that the resonance frequency, f;, of
the single resonator is approximately 427 MHz. It can be
also noticed that when the two resonators are coupled, the
resonance frequency f, splits into two different frequencies
(i.e., the magnetic resonance f,, and the electric resonance
f.) which correspond to two relative maxima of the power
transfer efficiency. From the coupled mode theory, it can be
derived that these frequencies are given by [23]

o= o
" (\/1+k))
@
P (i
- (Vi-k)

where k is the magnetic coupling between the two resonators.
In practical applications, k assumes small values, and the
two resonance frequency values are so mutually close that
by acting on the resonators parameters a bandwidth centered
at f, can be obtained where the link can be used for WPT
applications.

Starting from these results, the geometry of the resonators
was optimized in order to obtain a bandwidth suitable for
WPT applications around f, (i.e., flat transmission scattering
parameters in the frequency range between f,, and f,) and
in order to center f, at the center of the ISM band of interest.
The first step of the design process was the optimization
of the eccentricity (e) of the ellipse. In this regard, some
full-wave simulation results are illustrated in Figure 4(a); in

TABLE 1: Dimensions in millimeters of the geometry illustrated in
Figure 2.

Hyp Ly w R, L5} R, " h d

54.7 476 2.4 15.2 9.5 11.3 3.7 11.9 3.9

the frequency range of interest, the best results were obtained
for an eccentricity of about 0.87.

The design process was carried out by optimizing the
width (W) of the loop; the corresponding results are given
in Figure 4(b). The parameter W mainly influences the
distributed equivalent inductance and capacitance of each
loop and thus f,. As a consequence, a variation of W leads to
a shift of the entire useful bandwidth of the link. According
to full-wave simulation results, W was set at 2 mm.

Later on, in order to improve the flatness of S,; parameter,
the possibility of improving the matching at f,, by loading
the elliptical loop with LC distributed elements was inves-
tigated. Satisfactory results were obtained by loading the
external loop with a smaller loop. In Figure 5, the scattering
parameters obtained for the final geometry are compared
with the ones obtained for the simple elliptical resonators.
As shown in Figure 5(b), the transmission coefficient (i.e.,
S,; parameter) is higher than —3dB in the 263-582 MHz
frequency range, corresponding to a relative bandwidth of
approximately 75.5%. The geometric parameters of the final
geometry, simultaneously optimized by means of full-wave
simulations, are summarized in Table 1. After optimization,
the values of the lumped capacitors (C; and C,) are 6.8 pF
and 10 pE respectively.

2.2. Experimental Results. A prototype of the proposed WPT
link was fabricated by using an adhesive nonwoven con-
ductive fabric [24] on a layer of leather. Figure 6(a) shows
a picture of the two realized resonators, while Figure 6(b)
shows the setup adopted for experimental tests.

The conductive fabric has a surface resistivity of
0.04 Q/sq. With reference to the fabrication of devices for
wearable applications, this fabric has several advantages, such
as low cost, mechanical resistance, and no fraying problems.
This last feature makes it particularly suitable also for the
fabrication of complicated geometries [15, 17, 22, 25, 26].

As for the leather substrate, a layer with a thickness of
1.65mm and a relative dielectric permittivity (e,) of 3 was
used. The value of &, was determined by fitting numerical and
experimental results obtained for some simple rectangular
patches. As for the lumped capacitors, C; and C,, surface
mounted capacitors were used.

The S-parameters were measured through a vector net-
work analyzer R&S ZVA50: the obtained results are reported
in Figure 7. An overall good agreement can be noticed
between the measurement results and the numerical data
illustrated in Figure 5. In more detail, the measured trans-
mission coefficient is higher than —-3dB in the frequency
range 319-524 MHz, corresponding to a relative bandwidth
of about 48.6%. The slight degradation of the measured
performance with respect to the simulated one is most likely
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FIGURE 6: Picture of the fabricated prototype: (a) the two resonators; (b) measurements setup.
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FIGURE 8: Experimental results obtained for the power transfer
efficiency (1gp.rr) Of the proposed wireless energy link.

due to the SMA connectors, which do not allow a perfect
overlap between the two resonators.

With reference to the schematization shown in Figure 1,
by denoting by Py the power available from the source and
by Prr.ourt the power delivered by the secondary resonator to
the PMU unit, the RF-to-RF power transfer efficiency (#zp.rp)
can be defined as follows:

_ Preour _
HRE-RF = =

2
Paen * [Sa1] _ |821|2. 2)
Prean Prean

Figure 8 shows the power transfer efficiency calculated for
the proposed WPT link by using experimental data according
to (2). A maximum of 71.3% was obtained at 403.97 MHz.
It can also be noticed that #p g is higher than 50% in
the frequency range 318.70-523.67 MHz corresponding to a
relative bandwidth of approximately 48.7%. Furthermore, it
can be seen that, in the ISM band (433.05-434.79 MHz), the
proposed link exhibits values of #pp g higher than 69.3%.

3. Power Management Unit

To assess the feasibility of using the proposed WPT link for
implementing a wireless charger, a PMU that converts the
RF power received by the secondary resonator into a DC
power that can be directly delivered to a battery was also
designed. As can be seen from the schematic representation
given in Figure 9, the PMU consists of three major blocks:
(A) a voltage doubler rectifier, (B) a boost circuit, and (C) a
battery charger. A photograph of a prototype fabricated on a
double side FR4 board (relative dielectric permittivity equal
to 4.1 and thickness of 0.4 mm) is shown in Figure 10. The size
of the PMU board is 55 x 55 mm®.

In the following paragraphs, each single block will be
described in detail.

3.1. Voltage Doubler Rectifier. A voltage doubler rectifier was
used as RF-to-DC rectifier; the corresponding schematic rep-
resentation is reported in Figure 11. The design of the rectifier
was developed by means of the software NI AWR Design
Environment by National Instruments [27]; the design goals
were (1) to maximize the RF-to-DC conversion efficiency
(Mre.pc) and (2) to obtain an input impedance of 50 Q.

First of all, experimental tests were performed in order to
determine the input impedance of the boost converter which
is the load impedance of the rectifier (i.e., Z; o,p). This way,
a value of Z;yap of about 20kQ was derived. As for the
value assumed for Prp oyt which is the power delivered by
the secondary resonator to the rectifier, a value of 5dBm at
434 MHz was assumed. Considering that, from experimental
results, the RF-to-RF efficiency of the WREL link presented
in the previous section is equal to 69.3%, assuming a value
of 5dBm for Ppp oyr corresponds to assuming a value of
about 6.5 dBm for the power Pyp 1 delivered to the primary
resonator (see Figure 1), which is a reasonable value for WPT
applications.

As can be seen from Figure 11, an Input Matching
Network (IMN) consisting of two shunt varactors and a series
inductor was used to match the rectifier to 50 Q. The varactors
Cyar; and Cyagr, have a capacitance range of 0.65-2.5pF
and of 2.5-6.5 pE, respectively. They were exploited during
experimental tests to adjust the level of matching between
the wireless energy link and the rectifier. As for the inductor,
its value is 39 nH. The Schottky diodes are the HSMS-2820
by Avago Technologies [28]. The capacitors C; and C, of the
voltage doubler rectifier were set at 0.1 uE

The performance of the voltage doubler rectifier, in terms
of #jgp.pc»> Was experimentally evaluated. Measurements were
performed for different values of the load (Z;,p) and of
the input power at the rectifier (Pypoyr). The following
definition was used to calculate #pp.pc values:

2
Prect-out (VRect-OUT/ ZLOAD) 3)
HrRe-DC = P = P ,
RF-OUT RE-OUT

where V. our is the DC voltage at the output port of the
rectifier (see Figure 11). Experimental tests were performed
by using the Vector Signal Generator (VSG) R&S FSW26 to
generate the RF signal at the input port of the rectifier (i.e.,
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FIGURE 9: Schematic representation of the power management unit (see Figure 1(a)). In particular, the external lumped elements and the pins
connection used for implementing the boost circuit (a) and the battery charger (b) are illustrated.
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FIGURE 11: Schematic representation of the voltage doubler rectifier
used for rectifying the RF signal.

Pre.our)- Results are reported in Figure 12, which shows the
measured #pp_p Values as a function of the resistive load (R),
for different values of Pyp_oyrt- It can be seen that a maximum
of 54% was obtained for R = 3.3kQ and Pyp oyr = 10 dBm.
Furthermore, values of #zp.pc higher than 30% were obtained

for Pyp.our equal to 5 dBm and values of R in the range of 1-
22kQ.

3.2. Boost Circuit. 'The core of the boost circuit is the Texas
Instruments LM2767 switched capacitor voltage converter
[29]. This chip operates as a voltage doubler for an input
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FIGURE 12: RF-to-DC conversion efficiency of the rectifier as
function of the resistive load (R), for different values of the RF power
at the input port of the rectifier (Pgp our)-

voltage in the range of 1.8V to 5.5V and a supply current
of 40 yA. From specifications, the LM2767 guarantees an
operating efficiency greater than 90% with most loads.

In Figure 9(a), a schematic representation of the circuital
configuration adopted for implementing the boost converter
is shown. The working mechanism is as follows: a DC voltage
applied at the input pin (i.e., V+) is doubled at the output pin
(Vour)- In the intended application, V+ is the voltage at the
output port of the rectifier.

As recommended by the manufacturer, three lumped
capacitors with low ESR (Equivalent Series Resistance) were
used to maximize efficiency and reduce the output voltage
drop and voltage ripple. In particular, three 10 uF ceramic
capacitors were employed for Cs, Cq, and C,. The aim of
the Schottky diode D; is to prevent malfunctions caused by
possible internal latch-up.
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In Figure 13, the curves obtained for Vyp..our as a
function of Pyp oy for different resistive loads are compared
with the one obtained when the rectifier is connected with the
boost circuit (see Figure 9). This comparison demonstrates
the validity of the initial assumptions, and in particular that
rectifier sees the boost circuit as a resistive load of kilohms
order of magnitude.

3.3. Battery Charger. The battery charger, whose circuit dia-
gram is given in Figure 9(b), was implemented by using the
LTC4071 chip by Linear Technologies [30]. The main feature
of the LTC4071 is the charging of low capacity Li-ion or thin-
film batteries from very low current. For a correct operation,
the LTC4071 requires just two external lumped components,
namely, a resistor and a capacitor (see Figure 9(b)). The
aim of the capacitor is to decouple the VCC and the GND
pins; according to specifications (which recommend using a
capacitor higher than 0.1 yF), a 10 yF capacitor was used for
Cg. As for Ry, a resistor of 180 Q) was used.

The VCC pin is connected to the source, by means of the
series resistor Ryy; in presence of a system load, this must also
be connected to VCC pin, as shown in Figure 9. The battery
is connected to the BAT pin.

The LTC4071 chip has two different operation modes: the
“recharge mode” and the “user mode.” The recharge mode
allows recharging a battery connected between the GND and
the BAT pin; in this case, the power source is on and the
power provided by the source is used to recharge the battery.
In the user mode, the power source is off and the system load
connected to the VCC pin is powered through the battery. In
the user mode, the DC voltage on the VCC pin is controlled
by the ADJ pin; in this work, the pin AD]J is floating, which
corresponds to a voltage of 4.1V on the VCC pin.

The LTC4071 implements also a battery protection from
both overcharge and overdischarge. In particular, to protect
the battery, the voltage on the BAT pin (Vy,r) is monitored
and the power flow from the battery to the system load is
interrupted when V5, 1 is lower than a threshold voltage V; 5.
In turn, V}pp is set through an appropriate connection of the
pin LBSEL. More specifically, connecting the LBSEL pin to
ground corresponds to set Vg at 3.2V, while connecting
the LBSEL pin to VCC corresponds to set Vg at 2.7 V. As
for the protection from overcharge, when a source is present,
the battery charges until the battery voltage rises above the
low battery connect voltage (Vipc). Also Vi depends on
the state of the LBSEL pin, but its value varies with respect
to other parameters, such as charge current (for more details,
refer to [30]). In this work, the LBSEL pin was connected to
ground.

As for the battery, a THINERGY MEC201 by Infinite
Power Solutions (IPS), having a battery capacity of 0.7 mAh,
was chosen. In the following section, the experimental results
for the charging time are presented and discussed.

4. Wireless Charger for Thin-Film Batteries:
Experimental Results

The performance of the proposed battery charger consisting
of the WREL illustrated in Figure 6 connected to the PMU
of Figure 10 was experimentally investigated. In more detail,
experimental tests were performed in order to evaluate both
the total efficiency of the wireless charger (;or) and the
time necessary to recharge the THINERGY MEC201 battery
(tena)-

As for the total efficiency, g, we refer to the following
definition:

Pocour _ Vear “ Icuc
fror = P =7 p ) (4)
RE-IN RE-IN

where Vi, r and Iy are the charge voltage and the charge
current, respectively.

Referring to Figure 1, experimental tests were performed
through the VSG R&S FSW26 to generate the RF input
power (Ppppy)- The input port of the WREL, configured
as illustrated in Figure 6(b), was connected to the VSG by
means of a flexible coaxial cable, while the output port was
connected to the PMU by means of a 50 2 SMA connector.
As input RF signal, a 434 MHz sinusoidal signal was used.

Figures 14(a) and 14(b) show the results for #;or and
tcug respectively. From Figure 14(a), it can be seen that the
proposed wireless charger exhibits a maximum #q of about
29.7% for an RF input power of 7.5 dBm.

As for the charging time, experimental tests demon-
strated that values of Pyp 1y higher than 1.5 dBm are necessary
to recharge the THINERGY MEC201 battery.

Figure 14(b) shows results obtained for the charging time
(i.e., toyg) of the low capacity thin-film battery THINERGY
MEC201 as a function of the power delivered to the primary
resonator. It can be seen that, for Pyp  higher than 6 dBm,
the time necessary to recharge the THINERGY MEC201
battery is shorter than 50 minutes.
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FIGURE 14: Experimental results obtained for the proposed wireless battery charger: (a) total efficiency as function of the input power (Pgp.y)
at the primary resonator (see Figure 1); (b) charging time necessary to recharge the battery THINERGY MEC201 as function of input power

(Prp.1y) at the primary resonator (see Figure 1).

5. Conclusion

In this work, a wireless charger for low capacity thin-film
batteries was presented. The proposed device exploits a
nonradiative wireless resonant energy link for power trans-
mission. A prototype operating in the ISM band centered at
434 MHz was presented and discussed. The power link was
fabricated by using an adhesive conductive nonwoven fabric
on a leather substrate, thus resulting in a device suitable to be
embedded in wearable accessories (such as handbags). From
experimental data, it was demonstrated that the fabricated
power link exhibits a maximum of the RF-to-RF power
transfer efficiency of about 69.3%.

As for the battery charger, a total efficiency of approxi-
mately 29.7% was demonstrated.

It was also shown that, by providing an input power
higher than 6 dBm, a time charging shorter than 50 minutes
is required for recharging a thin-film battery THINERGY
MEC201.

Opverall, the obtained results demonstrate the feasibility
of using the proposed wearable WPT link for implementing
a wireless charger.
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