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Abstract

Distribution of wireless power charging field uniformly on a large area pad is critical for power
receivers, particularly for wearable devices, wherein small form factor coils are involved. Since
the receiver coil size is quite limited in these types of applications, the device is very sensitive
to the amount of field it could retain and hence, it needs special placement or snapping
mechanism to fix it at an optimum location for reliable wireless charging. In order to
overcome this limitation for the end-user, a dual-mode multi-coil power transceiver system
is proposed; utilizing resonance filtering to increase the amount of total power delivered
with the rather uniform spatial distribution. Two concentric coils; center one driven
by 6.78-MHz high-frequency driver (A4WP) and the outer larger one with a 200-KHz
low-frequency driver (Qi) with resonant blocker could transfer up to 50 mW standards com-
pliant flat power to a 13-mm radius 30-turns wearable receiver coil everywhere across an 8-cm
radius charging pad area without any alignment requirement or snapping. Two different
feedback topologies corresponding to each of the H-Bridge power drivers were also presented
as an automatic series resonance coil drive frequency lock mechanism, extracting peak powers
for each system individually from a standard 5 V-1A USB wall charger.

Introduction

The proliferation of wireless power transfer systems is quite noticeable these days in many
realms of our lives. There are multiple research problems that need to be addressed and
also many system and circuit level features that must still be improved in wireless power trans-
fer field, in order to attain wider market penetration. The efficiency of the system [1–3], dis-
tance optimization between the transmitter and receiver coils [1, 4], and as the most related
this work; uniform magnetic field distribution [5–7], on a charging pad are examples of cur-
rently on-demand research activities. Moreover, there are two competing wireless power trans-
fer standards on the scene; Qi and A4WP that the designers should carefully consider while
designing the corresponding electronics around their particular system. Performance of the
design may vary for each wireless power transfer standard. Both Qi and A4WP standards
have some advantages and disadvantages with respect to each other.

Qi standard was proposed by Wireless Power Consortium (WPC) and has a wide operating
frequency range of 87–205 KHz [8]. Qi standard compliant systems have high efficiency by
close-in inductive coupling [9]. Coupling coefficient for these closely coupled coil systems
must be close to 1, which is the maximum number for an ideal transfer case [10]. Thus,
the distance between the transmitter and receiver has to be just a few millimeters [9]. TX

coil of a typical Qi system usually has a much higher inductance value than competing
A4WP’s high-frequency TX coil. Hence the coil size and number of turns are usually much
larger than the other. The large coil of Qi sub-system, hence, has non-uniform field distribu-
tion decaying fast towards the center. One remedy to this drawback would be to introduce
more number of turns close to the center for enhanced coverage, but, this comes with a
cost of the weaker field close to the outer turns. Hence, a more attractive solution is needed
to cover large charging areas.

A4WP standard compliant systems, on the other hand, operate at 6.78 MHz Industrial,
Scientific, and Medica (ISM) band and the specified deviation tolerances of this center fre-
quency are just ± 15 kHz which is much narrower than Qi allowed frequency limits [11].
Tight frequency limits for A4WPmake the frequency control difficult because of environment-
dependent factors in the system [11]. Small form factor coils can be designed with relatively
high-quality factor [10] and the ripple performance of the output voltage of receiver is better
due to high frequencies. Despite these advantages of high-frequency operation, parasitic affects
limit the efficiency due to additional switching losses associated [12]. Magnetic fields gener-
ated by TX coil are strong in the central areas while it degrades at the outer boundaries moving
away from the charging coil in this high-frequency system.
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In order to increase the efficiency of a wireless charging sys-
tem, magnetic shielding is vital and widely used in most wireless
charging systems. They can be used under the transmitter coil,
above the receiver coil or both together. Ferrite sheet shows low
impedance to the magnetic field passing through it [13]. Loss
in magnetic field intensity decreases and coupling between trans-
mitter and receiver coils increases and hence the overall transfer
efficiency as elaborated in [14, 15]. The presence of the ferrite
sheet under the transmitter coil increases the inductance of the
transmitter coil, too. Magnetic shielding enhances the coupling
and as a result, reliable power transfer distance between transmit-
ter and receiver could increase. Effectiveness of the shielding
depends on the overall permeability and thickness of the magnetic
sheet.

Designing both Qi and A4WP compliant combo system is an
active research topic to exploit the benefits of both. Each power
receiver device belonging to a particular wireless charging stand-
ard needs a transmitter which should resonate along with the
same standard specifications. There is a significant amount of
effort underway to combine different standards with full compati-
bility on the receiver side or even on the transmitter side. In [16],
both 200 kHz and 6.78 MHz supported transmitters and receivers
are studied. This system is developed to negotiate negative inter-
actions between the 200-kHz and the 6.78-MHz pieces. This par-
ticular system works dual-band. Two 200-kHz and 6.78-MHz
supported transmitters transfer the energy to two 200-kHz and
6.78-MHz supported receivers, respectively. This particular sys-
tem is effectively dual-TX and dual-RX topology, whereby it puts
multiple constraints in the receiver device, which has to be
extremely small for the target wearable applications. In [17–19],
trade-offs with respect to different wireless power standards
have also been studied. In [12], both low and high-frequency
effects were studied just paying attention to the receiver side to
improve the reception. In most of the cases, the main motivation
in combining dual-mode transmitter coils is to reach a universal
charger device that can charge any receiver. The work in this
study targets the dual system for rather a different purpose;
namely, getting more and uniform power to a small receiver
coil across a wide charging pad area. In this case, the special
receiver side design is a wideband circuit which has no series or
parallel resonant element for the low-band; treating the received
combo signal at both the low- and high-frequency band as the
full charging resource.

Small wearable device charging targeted in this work is a par-
ticularly hard task to implement because of the small form factor
receiver coils involved. Suggested wireless charging systems
require larger receiver coils to collect the energy of the generated
magnetic field. However, the size is quite limited in these types of
applications. Hence, the coupling would be weak and efficiency
would be low to maintain charging voltage levels larger than
even the threshold levels of the rectifier. Research done in the
field recently shows that the size, cost, and efficiency are all tightly
related and must all be considered carefully in wearable devices
[11, 20, 21]. It is particularly hard to drive the small form factor
receiver coil since the transmitted power level changes wildly
according to the placement of receiver (RX) coil on a relatively
large charging pad. Large transmitter (TX) coil does not generate
equal magnetic field strength across all the regions along this pad.
Hence, the coupling factor k and the power delivered to the load
changes depending on the location of the small receiver.
Uniformity of generated magnetic field, hence, becomes a quite
key design consideration not to end up with partially working

design. An additional important design criterion for small form
factor receivers is then; the total amount of spatially uniform
power that could be delivered. Most of the wireless charger
research provided above review addresses this particular issue by
either proposing a unique multi-section area optimized coil
design or going multi-coil overlapping structures. In both cases,
however, the major drawback is the loss associated with the
regions corresponding to the superposition of out-of-phase sig-
nals. This paper has investigated a rather different approach,
namely; superimposing uncorrelated orthogonal signals, one low
and one order of magnitude higher frequency.

In this work, a Qi and A4WP compliant combo power transfer
system for small form factor wearable device applications is pre-
sented. The combo system has not only helped the total amount
of power that could be transferred but also assured spatial char-
ging uniformity across the wide charging pad which resulted in
more comfort in user experience. Design trade-offs in relation
to concurrent multi-driver co-centric coil design as well as per-
formance enhancement due to the proposed resonant filtering
technique were all discussed in detail along with the measure-
ments from the actual design prototypes. In the small central
space of a large low-frequency coil, a well-tuned high-frequency
coil system can yield a significant boost in the overall power trans-
fer level if the cross-loading losses between the coils were avoided.
Extending the transmitter coil of the low-frequency system
towards the center for more areal coverage in a single-frequency
system could not yield the same level of improvement as an add-
itional separate high-frequency coil resonance transmitter could
do in the same small space left. This work implemented just a
simple resonance filter to reduce cross-coupling of these
co-centric coils and enhance the proposed benefits of a combo
system. Moreover, in order to extract the maximum amount of
power from each of the driver sub-systems, two separate analog
and digital feedback loops were proposed, keeping each of the
transmitter systems in their corresponding resonance lock regard-
less of their mutual interaction and variable load conditions.

The paper is organized as follows: the section “Implementation
of combo wireless charger system” goes through the circuit details
of the proposed combo system. In the section “Experimental
results” the experimental results of a prototype of the proposed
technique were presented along with the similar performance
results from the experiments with the existing stand-alone individ-
ual Qi and A4WP charging circuits. The section “Conclusion” con-
cludes the paper and the section “Future work” mentions some
future work that may improve the particular combo system further.

Implementation of combo wireless charger system

Coil design

In order to get uniform magnetic fields in a wide range on the
charging pad, low frequency and high-frequency sub-systems
were combined allowing both transmitters operate concurrently.
This is done by co-centric placement of the A4WP transmitter
coil inside of Qi transmitter coil, whereby uniform magnetic
field density can be obtained. Since the Qi coil operates at a rela-
tively lower frequency, it can be large and outside; while A4WP
coil is placed at the center. A4WP transmitter coil generates strong
magnetic fields at the center of the structure and Qi transmitter
generates a strong magnetic field near the outer windings. The
magnitude of the magnetic field at a point X distance away
from the center of a current-carrying loop with radius R depends

Wireless Power Transfer 117



on the amount of current flowing as well as the distance between
the wire and the point which is expressed by;

B = m0IR
2

2(K2 + X2)3/2
, (1)

where B is the magnitude of the magnetic field, μ0 is the perme-
ability of air, I is current, K is the coil radius, and X is the distance
between the point and the coil center. Hence, (1) implies that
stronger magnetic fields were expected near the winding as the
coil gets larger.

In the combined system, multi-coil structure determines the
mutuality of transmitter coils, magnetizing inductances, effi-
ciency, conduction, and switching losses. A special arrangement
of coil inductance of transmitters as well as their interaction
affects quality factor (Q). The quality factor in its most general
simple form is given by,

Q = vL
R

, (2)

where ω is the operating frequency in terms of radians per second,
L is the inductance of transmitter coil and R is the effective series
resistance value. Equation (2) implies that A4WP transmitter coil
may not need as high of inductance to reach high-quality factor
numbers because of already high frequency of operation. In con-
trast, Qi transmitter coil must have higher inductance and hence it
needs a larger area. In order to decrease the losses in the system,
series coil resistance R value must decrease and one of the ways to
achieve this is using LITZ wire. LITZ wire is a simple combination
of thinner interwoven wire threads that prevents skin effects,
especially, for 6.78-MHz operation. However, for the required
turn ratios, it would occupy a larger volume than single wire
coil and proximity effects would be more dominant for
6.78-MHz operation. While this option was more appropriate
for the transmitter coils, low power and low charging pad area
requirement of wearable devices made single-core Polyurethane
Enamel Wire (UEW) option more attractive solution on the
receiver side for such space limited case. Initial transmitter spiral
coil approximate inductances in the air are calculated from
Wheeler formula for flat coils which is approximated by;

L = N2K2

8K + 11w
, (3)

K = Di + N(w+ s)
2

, (4)

where N is number of turns in the coil, K is related to physical coil
dimensions and derived from (4), Di is the inner diameter of the
coil in mm, w is the wire diameter in mm, and s is the distance
between windings in mm. According to (3) and (4), increasing
the number of turns and inner diameter are the most effective
ways to get larger inductances. The structure with the correspond-
ing ferrite substrate thickness is also simulated in EM tool ADS as
shown in Fig. 1. The effective Qi inductance value variation with
frequency, while having concentric A4WP coil in the center is
also shown in the same figure.

After the construction and concentric placement, an imped-
ance meter measurement is conducted to obtain exact numbers

to determine the fine-tuning high-voltage capacitance amount
needed for the series TX resonance.

The final A4WP transmitter coil of this design has 10 turns,
12 mm inner radius, and 19 mm outer radius. The inductance
of this particular coil is 4.7 μH. Larger Qi transmitter coil on
the other hand has 20 turns, 26 mm inner radius, and 40 mm
outer radius. The inductance of this outer coil is designed to be
around 40 μH. The wires used in both transmitter coils had the
same diameter of 0.6 mm. Various coil structures can be designed
according to the target system specification. In this design, char-
ging of rather small size devices is targeted, so the transmitter pad
could not be as large in area, too. In order to improve the transfer
efficiency, a ferrite sheet is placed underneath the transmitter
coils. After insertion of the ferrite layers, the final measured
inductance values for both coils were reported to be 7.65 μH for
A4WP coil and 71.2 μH for Qi coil. The large discrepancy
between the measured inductance values and the
Electromagnetics (EM) simulated values was attributed to the
ideal ferrite material permeability assumptions in simulations
not matching to that of the real magnet used during the experi-
ments. These final measured inductance values were considered
while tuning the driver circuit capacitances for resonance. The
small receiver coil on the other hand has 30 turns with a total
outer diameter of 15mm and wiring width of 1mm. The single-lane
thickness of the coil is very small and the coil has multilayer struc-
ture winding to reach a large inner diameter. By utilizing a wire
whose diameter is 35-AWG (American wire gauge) (∼0.15mm), a
small form factor receiver could be obtained. Thanks to large turn
ratio, the total inductance value was measured to be 19.5 μH in
this RX coil. Although the resultant series RX coil impedance was sig-
nificantly higher in the order of multiple Ohms, it is not the limiting
factor since the total power to be transferred was rather limited by
the coil size. The RX circuit is just a simple parallel resonance
tuned only for high-frequency mode by slightly changing the coil
inductance to match the parasitic diode device capacitance, which
did not impact the reception of the low-frequency signal at large.
Following the resonant tank is low-parasitic Schottky Diode full-
wave rectifier that drives 100Ω load experimental load along with
a 1-μF smoothing capacitor.

Combo driver circuit structure

The block diagram for the output stage of the proposed main
combo wireless power transfer system is shown in Fig. 2. The sys-
tem involves two drivers working at the order of magnitude dif-
ferent frequencies driving two independent co-centric coils
simultaneously in series resonance. Although the overall combo
system was to be supplied from the same standard 5-V USB
adapter, two individual driver circuits of both systems were also
implemented separately with the possibility to optimize each of
them independently. This is done as such to be able to compare
performances of all three cases; Qi only, A4WP only and combo
system; each optimized independently for maximum power trans-
fer to the same exact target receiver load. A4WP subsystem was
optimized to be working at 6.78 MHz and the other one is at
the higher end of Qi standard at around 200 kHz. The receiver
in the system designed as a wideband receive coil without any res-
onance capacitor to be able to receive both frequency signals and
feed them into 0.25-V single Schottky rectifier followed by the
load. Combining signals before rectification has two-fold benefits;
first, it reduces the loss associated due to diode drop. Second and
more important, it is rather an addition of the two signals directly
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rather than an excess of rectifier drop type of combining. There
were two main issues to be resolved in this particular combo
scheme.

First, the loss associated is due to mutual loading of each TX

coils since they are placed one inside the other. The loading on
the Qi system due to high-frequency A4WP system was left
quite limited by choosing the 6.78-MHz coil inductance practic-
ally highest possible and hence the series resonance capacitor is
minimal. In addition to reducing the loading effect on the Qi

transmitter, this would help the self-quality factor of the original
high-frequency mode. In order to prevent the reverse leak of
power from the 6.78-MHz coil back into the 200-KHz Qi trans-
mitter as a loss, the proposed system implements a blocking par-
allel resonance through L6.78 and C6.78MHz. In this case, the
parallel resonance blocking inductance was chosen minimum

possible with respect to the coil inductance of the Qi system to
minimize the loss in that side due to impedance division.

The second issue in this particular combo system is that the
resonance can now be altered by not only the load variation but
also, with the physical variation and placement of the company-
ing sister driver system. However, automatic independent feed-
back loops around each of these two systems assure continuous
resonance at each path regardless of any process, load, tempera-
ture, component or placement variations. The resonance control
loop proposed for low-speed Qi sub-system is quite different
than the resonance control loop for A4WP sub-system; both of
which were separately studied and experimented with.

The schematic diagram of the Qi control loop is shown in
Fig. 3. There is no clock source in this circuit; the series resonance
of the driver load is included as a part of feedback oscillator

Fig. 1. The 3D EM modeling of the proposed concentric dual-band inductors.

Fig. 2. Combined wireless power transfer system block diagram with blocking filter.
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utilizing a single fast high-gain comparator in the feedback.
Feedback sense path is a wideband low gain inductive sensor
with very low resistive gain (Rgain) which yields enough loop
gain only at the resonance frequency and hence force the loop
into peak gain resonance oscillation point. This analog feedback

loop adjusts itself automatically tracking any load or environmen-
tal changes continuously. The only drawback is that the frequency
of the operation is not set precisely and depends on many of the
factors mentioned above. However, this does not pose a serious
problem for the Qi standard which has a rather large operating

Fig. 3. Qi sub-system analog automatic-tracking reson-
ance lock loop.

Fig. 4. High-speed A4WP sub-system resonance lock loop.
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frequency range, unlike A4WP standard frequency allocation. In
this feedback loop, the DC common mode of the comparator is
set by heavy filtering of both positive and negative outputs not
to leave a chance for any stable latch-up lock condition without
oscillation (in regular mode of high-frequency oscillation condi-
tion, both common modes ideally sit around mid-supply).

Schematic diagram of the high-frequency loop is shown in
Fig. 4. Due to high-speed operation associated, an analog loop
self-oscillation method proposed above cannot catch up with
using low-cost active components. It is implemented using the
digital feedback lock mechanism proposed in [11]. A 6.78-MHz
Pierce crystal oscillator is employed as a signal source in this
case due to stringent frequency accuracy requirement. The simpli-
city, low-cost nature, and frequency stability made such a design
an attractive choice.

A simple inverter buffer sharpens the waveform into a switch-
ing power driver stage directly which is shown to be single-ended
conceptually for simplicity. This buffer and the network in the
actual implementation and measurements were rather fully differ-
ential H-bridge drivers, directly driving it in resonance through a
waveform generator. The whole 6.78-MHz system operates from
the same 5-V USB supply. The load for the driver is a series res-
onance formed by the primary charging coil Ltx, a fixed series
capacitor Cs and a series of back-to-back diodes that are used

as tuning elements. The receiving side, which is a parallel reson-
ance in the final design at 6.78 MHz, is just a fixed 470 Ω resistor
for the time being to be able to characterize the frequency
response of the transmitter independently. It should be noted
that this design procedure holds true since the secondary Rx
coil is extremely small relative to the Tx coil and hence may
not load it significantly different when replaced by the resonance
capacitor and the following rectifier. The tuning of the tank is
done through high voltage DAC feedback. The current in the pri-
mary coil is sensed through another almost no cost printed circuit
board (PCB) trace coil and the signal drives a peak detector dir-
ectly. A source follower N-type Metal-Oxide-Semiconductor
(NMOS) device with a large resistor and a large capacitor is
used as a peak detector to retain the peak of the sensed signal
from the primary driver coil. The peak detector output is digitized
by a low-cost low pin-count microcontroller that implements
peak search algorithm in order to continuously keep the loop
around the maximum signal level which corresponds to reson-
ance. The gain of the sense path is adjusted through the size
and number of turns of this particular sense coil which is built
as a spiral PCB inductor to fit into the dynamic range of the
microcontroller Analog to Digital Converter (ADC). In order to
maximize the tuning range with a given varactor diodes Dx and
Dy, instead of using limited 5 V that was available as the

Fig. 5. (a) The bode diagram of Q factor of parallel LC
filter by varying internal resistance of the inductor. (b)
The bode diagram of Q factor of parallel LC filter by
varying inductance value and capacitance value
according to the resonance condition at 6.78 MHz.
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microcontroller supply, the design steals some tiny amount of
current from the large resonance tank swing and generates up
to 20 V reverse bias voltage to the diodes through a high voltage
resistive control DAC. This is particularly important since the sys-
tem itself as a power management circuit cannot expect to employ
another power subsystem to generate the needed boosted supply
level. It should be noted that in order not to impact the tank at
these tap points, the first element used was a large value insula-
tion resistor (Rx). The bias voltage is regulated with a simple low-
cost Zener diode. If the 8-bit sense code from the microcontroller
is all zeros then the control voltage is maximum defined by this
Zener diode Z1. If on the other hand, all ones, then the last
NMOS device in the chain assure that the tuning voltage can
go down all the way close to zero by pulling down all the binary-
weighted resistor string along the low-voltage controlled analog
Digital-to-Analog Converter (DAC). Hence, a self-contained
high voltage biasing scheme assures a maximum range with min-
imal quality factor degradation due to loss of resonance. Similarly,
in order not to add any extra parasitic capacitance at the tuning
node, another insulation resistor Ri is utilized. The value of this
resistor is not critical and it should be placed right at the tuning
point to avoid even the PCB routing capacitances to the tank.

Optimization of parallel LC filter

After Qi transmitter and A4WP transmitter are optimized indi-
vidually, the output stages were combined together driving each
at resonance with the proposed parallel resonance blocking filter.
This filter is needed to prevent power loss due to the leakage
inductance between transmitter coils. The way of blocking the
6.78-MHz signal wave on the 200-kHz circuit is to add a low-loss
parallel resonance LC filter in series. When parallel LC combin-
ation resonates at 6.78 MHz, it theoretically poses high impedance
to any coupling at 6.78 MHz. In fact, the internal resistances of
components decrease the quality factor of the filter and the overall
impedance of this parallel tank is lowered. Hence, quite low-
effective series resistance (ESR) filter components were needed
to get the best out of the proposed blocking technique with a
higher Q-factor. The higher the Q-factor, the lesser is the damp-
ing and the rejection becomes more effective without undesired
losses caused by this enhancement filter itself. According to equa-
tion (2), higher inductance ensured better filtering due to high Q.
On the other hand, the inductance value of the non-radiative filter
must be very low to prevent power loss on Qi driver circuit. This
discrete filter inductor behaves as a voltage divider and causes a
drop in the peak voltage level reaching the main radiation coil.
Graph of the Q factor values with effective coil impedance is
shown in Fig. 5(a).

The filter was tuned manually first time around to fit it best at
the target center frequency to minimize the loss of A4WP trans-
mitter leakage into Qi network. After the parallel LC filter compo-
nents were tuned, the Qi transmitter has to be compensated for
resonance once more because of the change in the impedance
of the filter. The final component values and other parameters
after iterative tuning and optimizations in the circuit are provided
in Table 1. La4wp and Lqi coil inductance values are the final values
after addition of a ferrite shield the test prototype system. The
system-level design start strategy in determining the initial coil
inductance values was to maximize the inductances while keeping
a decent amount of capacitance not to leave the resonances sen-
sitive to the tuning-knob and other PCB level parasitics on the
PCB. High-frequency system had another constraint; self-
resonance, which was the main limitation in the coil size and
number of turns. Large inductance with a larger number of
turns would yield more filed density if the source is current

Table 1. Optimized component values for the proposed combo system

Symbol Parameter values

Ca4wp 76 pF

La4wp 7.6 μH

Cqi 7 nF

Lqi 68 μH

C6.78 MHz 95 pF

L6.78 MHz 4.7 μH

ESRL6.78 MHz 3 mOhm

Fig. 6. Experimental prototype of the proposed combo system on a ferrite shield.

Fig. 7. The measured total RX power with respect to the position of receiver coil for
all three types of transmitters.
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limited (in the proposed system source is USB travel charger with
1-A and 5-V output and hence the main strategy was to maximize
the inductances).

As depicted in equation (5), the overall target of the network in
this Qi driver path was to pose a low impedance for the switching
power transistors at 200-KHz Qi operation frequency, while at the
same time blocking the 6.78 MHz coupling from the concentric
A4WP coil. Equation (5) below defines the target load character-
istic for the Qi series transmitter impedance network which is first
time tuned to the center frequency experimentally including all
the parasitic elements on the PCB. After production, any external
variations, such as component variations and exact physical loca-
tion of the load are expected to be compensated by the proposed
live feedback tuning mechanism.

ZL + ZC + ZL6.78MHz × ZC6.78MHz

ZL6.78MHz + ZC6.78MHz

= 0. (5)

Experimental results

The proposed combo wireless charging system with 6.78 MHz
parallel resonance blocking filter has been implemented and char-
acterized in measurements. Figure 6 shows the picture of the ini-
tial experimental prototype of the proposed combo system on a
ferrite shield.

In the experimental study, the receiver coil is moved from −70
mm to +70 mm over the centered transmitter coils along the
X-axis coordinates and the total transferred power was measured
at a constant resistive load RO of 100Ω. This measurement is
repeated separately for all three systems; namely, the mentioned
combo system, A4WP only system, and Qi only system in order
to obtain spatial power transfer map for each design. A waveform
generator is used to tune each of the sub-systems independently to
their best resonance point with the load, in order to reach an
apple-to-apple best obtainable performance comparison for all
three cases. The resulting spatial power graph chart is shown in
Fig. 7. It may be observed in this measurement figure that the

Fig. 8. (a) The measured output voltage and transmitter coil
currents without parallel LC resonant filter. (b) With the block-
ing resonant filter in place.
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proposed combo system could achieve significantly higher power
transfer than A4WP system alone and again more power than
Qi system alone around the central regions of the charging pad.
A more attractive feature of the combo system is that this particu-
lar level of received signal is well maintained across a wider range
than each individual system alone. It effectively combined the best
characteristics of the two distinct sub-systems thanks to the simul-
taneous operation, which provided stable RX power levels across
the mentioned large charging pad scan area. It should be empha-
sized that in order to reach a fair comparison, the 5 V source for all
three designs was kept the same to be a realistic 5 V-1A USB travel
charger unit. Each system was supplied from this limited source
and each was independently optimized to provide the highest pos-
sible power transfer to an identically loaded receive coil.

Parallel LC resonant blocking filter effect is shown in Figs 8(a)
and 8(b). The final rectified DC output voltage is measured as
1.907 V on the 100Ω load and it corresponds to 36.36 mW
power transfer in the system without parallel LC filter when
tuned for maximum possible signal level.

Adding the resonant blocking filter and re-tuning the system
increases the final rectified output voltage level to 2.113 V,
increasing the total transferred power level to 44.64 mW.
Adding the particular resonant filter reduced the power loss
and increased the total amount of transferred power level
approximately by 23%. Moreover, 6.78 MHz noise reduction in
ILqi was visible from the difference in Figs 8(a) and 8(b) oscillo-
scope measurement plots; resulting in a better EMI performance
as well.

Finally, in order to demonstrate the added value of more and
spatially stable robust power distribution to small form factor
wearable devices across the pad, the amount of power that
could be transferred is plotted in Fig. 9 as a function of receiver
coil size for the mentioned 30-turn Schottky rectified receiver
design. It is quite clear that extracting the useful amount of
power, for coil radiuses below 10 mm is a challenging task.
Hence, any improvement in the amount of power that could be
transferred to the device with a limited size is considered to be
a value.

Conclusion

This work has introduced a dual-transmitter, single-receiver,
combo wireless power transfer system for small size wearable
devices. The comparative study of the current competing charging

standards was also involved in measurements to be able to draw
fair conclusions regarding the performance of the proposed sys-
tem. It has been shown that the combo design with blocking res-
onant filter could provide not only more power in comparison to
standard methods but also, yielded a more uniform power trans-
fer profile with much wider spatial coverage without any snap or
lock mechanism in place. A critical feature of the comparison
technique is that the system was supplied from the same limited
5 V standard USB wall charger power source in a similar pad
area arrangement, which also implied an apple-to-apple compari-
son. The work suggested that utilizing the simultaneous Qi and
A4WP transmission carefully with precision analog resonance
loops could result in performance improvement. In addition to
main combo charger idea, many circuit-level techniques such as
low frequency oscillating auto-tuning loop as well as a high-speed
digital feedback loop were all introduced as critical circuit build-
ing blocks of the proposed scheme. The low-frequency analog
loop finds the exact resonance automatically for Qi subsystem,
while a digital detection loop changes a special varactor trim-cap
around the loop to maintain auto-resonance.

The performance of the proposed system is also compared
with the prior literature and the performance metrics belonging
to these arts are presented in Table 2. The efficiency of the pro-
posed system is relatively low due to the large transmitter pad
area intended for user comfort. The target of this particular appli-
cation is rather wide-area uniform power distribution; hence the
efficiency was not a stringent design criterion.

Future work

Although the co-centric coils were carefully designed and opti-
mized for the particular design, there can be more effort to
improve the combo power transfer by exploiting rather two-
dimensional coil designs. The current design did utilize only pla-
nar coils, which helps the transfer efficiency for the individual sys-
tems but hurt the combined one. There is a chance that by
changing the center A4WP coil structure to rather multi-layered
turns and hence leaving less metallization on the path of Qi fields,
power transfer efficiency could further be improved.
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Fig. 9. Measurement results for output power versus 30-turn fixed coil radius.

Table 2. Performance comparison with respect to various other studies in the
literature

Literature
Operating
frequency

Rx coil
size
(mm)

Output
power
(mW)

Efficiency
(%)

[22] 8.3 MHz 13 28.3 50

[23] 742 KHz 19 33 85

[24] 13.56 MHz 10 NA 73.46

[25] 13.56 MHz 10 NA 27.7

[26] 3.5 MHz 12.5 1.05 30.97

This work 230 KHz +
6.78 MHz

13 44.64 15
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