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Wireless Power Transfer With Concurrent
200-kHz and 6.78-MHz Operation
in a Single-Transmitter Device

Dukju Ahn and Patrick P. Mercier, Member, IEEE

Abstract—This paper proposes a wireless power transfer (WPT)
transmitter that can concurrently operate at 200 kHz and 6.78 MHz
in order to simultaneously power two receivers operating with dif-
ferent frequency standards. Unlike a dual-resonant single-coil de-
sign, the use of two separate coils decouples the design for one
frequency from the other, enabling independent selection of induc-
tance and Q-factor to simultaneously maximize efficiency at both
frequencies. The two coils then support separate coil drivers, en-
abling concurrent multistandard operation. Dual-band operation
is achieved in the same area as an equivalent single-band design
by placing a low-frequency coil within the geometry of a high-
frequency coil, where the outer diameter of inner coil is sacrificed
only by 1.2 cm in a 12.5 X 8.9-cm? design. Circuit analysis is pre-
sented to identify the eddy current between the two Tx coils and
its associated loss, after which an eddy-current filter design is pro-
posed. To validate the proposed design, a dual-mode transmitter,
along with two receivers designed at 6.78 MHz and 200 kHz, re-
spectively, have been fabricated. At 25-mm separation, the system
is able to simultaneously deliver 9 and 7.4 W with efficiencies of
78% and 70.6% at 6.78 MHz and 200 kHz, respectively.

Index Terms—Dual band, inductive power transfer, multistan-
dard, resonant power transfer, wireless charging, wireless power.

I. INTRODUCTION

IRELESS power transfer via resonant or nonresonant
W near-field magnetics is now accepted as a viable method
to power many kinds of devices, including portable consumer
electronics [1]-[4], electric vehicles [5], [6], and biomedical
implants [7]-[9]. Given the convenience of charging mobile
devices, such as smartwatches, smartphones, and laptops, wire-
lessly, there has been a much recent activity from industry to
incorporate such technology into commercial products. Indus-
try leaders have, thus, proposed wireless powering standards
to ensure compatibility amongst differing products. However,
there are currently three incompatible standards in use today
that are managed by three separate organizations: the Alliance
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for Wireless Power (A4WP), the Wireless Power Consortium
(WPC), and the Power Matters Alliance (PMA) [10]-[12].

Unfortunately, the operating frequency of each standard dif-
fers. For example, the A4WP standard [10] proposes to use a
6.78 MHz + 15 kHz carrier frequency, while WPC [11] and
PMA [12] use frequency ranges of 110-205 and 110-300 kHz,
respectively. One advantage of wireless charging was conceived
as the ability to simultaneously charge multiple receivers using a
single transmitter, because family members in a house typically
have multiple phones and laptops from different manufacturers.
However, with different frequency standards for each receiver
device, a single power transmitter cannot conventionally charge
incompatible receivers simultaneously. Thus, there is a need to
develop a single transmitter which can accommodate multiple
receivers operating with different standards, and therefore, at
different frequencies.

Although recent work has aimed to transfer power and data
at separate frequencies, in some cases using multiples coils,
such techniques have not been applied to multistandard wire-
less charging. The study in [13], for example, proposed a dual-
frequency wireless power/ wireless data system for implantable
electronics. The two Tx coils, one for power and another for data,
are placed orthogonal to each other in the transmitter in order to
prevent interference between the two coils. Although this was
effective for power and data transmission to one receiver, this
cannot be applied to a multireceiver use-case, because the re-
ceiver would also need to be equipped with orthogonal coils,
which is not feasible in most portable devices that have thin,
planar geometries. The study in [14] proposed a multifrequency
inductive power transfer system, which amplified both the fun-
damental and the third harmonic generated by a full-bridge
inverter in order to transfer power to a receiver at both frequen-
cies. This study was, however, intended only for single-receiver
operation, and cannot operate at both 200 kHz and 6.78 MHz.

On the other hand, the studies in [15] and [16] employed
a single resonator with lumped impedance matching to enable
wireless power transfer at two distinct frequencies. Specifically,
[15] operated at 6.78 and 13.56 MHz, while [16] operated at 11
and 36 MHz. In these cases, the proposed single-coil approach
has the advantage of less crosstalk over a two-coil solution.
However, it is generally difficult to achieve high efficiency using
asingle coil, especially if the two frequencies differ significantly
from each other. For example, the A4WP standard operates
at 6.78 MHz, which is 33 times higher than the 200 kHz for
WPC/PMA. As will be discussed in Section II, the required
value of Tx inductance, and therefore, the coil size and number
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of turns, for efficient power delivery varies significantly with
operating frequency. Thus, a coil designed for 6.78 MHz will
operate with degraded efficiency at 200 kHz. On the receiver
side, the study in [3] proposed a dual-band receiver coil which
was tuned for operation at both 100 kHz and 6.78 MHz. The
receiver can be powered by any one of the three wireless power
standards. However, receiver coils often have more strict size
constraints than the transmitter, limiting achievable efficiency.
For example, the 100-kHz coil in [3] is placed inside the 6.78-
MHz coil with a gap between them, limiting the outer diameter
of the 100-kHz coil, which thereby limits the coupling with
the transmitter. On the other hand, implementing the dual-band
capability into a transmitter, which has more generous volume
than the receiver, would allow a more compact receiver with
tighter coupling for higher overall efficiency.

In this paper, we propose to use two separate Tx coils which
can be individually designed for each frequency: 200 kHz and
6.78 MHz. This enables concurrent dual-frequency operation
with high efficiency. To minimize the increase in coil volume, the
200 kHz coil is embedded within the geometry of the 6.78 MHz
coil. The receiver design is not altered by the concurrent oper-
ation, and thus, existing designs can still operate correctly with
the proposed transmitter. To understand the loss components
and trade-offs, exact circuit analysis for the system is presented,
and a corresponding efficiency-boosting filter is designed and
fabricated. It is demonstrated that the efficiency degradation due
to the multifrequency support is in between 1.3% and 4.2% for
various power levels.

This paper is organized as follows: Section II describes the
challenges of using a single coil or a coil with adjustable induc-
tance, specifically for the 200-kHz and 6.78-MHz frequency
bands, Section III describes the proposed multifrequency trans-
mitter and its analysis, Section IV presents implementation de-
tails, while Section V discusses measurement results. Finally,
conclusions are drawn in Section VI.

II. CHALLENGES OF DUAL-BAND OPERATION

To understand the challenges of dual-band operation, this sec-
tion will first outline a circuit model for wireless power transfer,
then discuss the parasitic effects of adopting a multiband strat-
egy. The presented circuit analysis is based on the well-used
general circuit model of a wireless power transfer system shown
in Fig. 1. In this circuit, the effect of coupling between the Tx
and Rx is abstracted as a reflected resistance R,..q [20]

Rt = KwLrxwLrx /(R + Rrxparasitic)
= k*wLrxwLrx/Rrx (1

where Ltx is the inductance of the transmitting coil Lrx is
the inductance of the receiving coil R is the receiver load
resistance, RRxparasitic 18 the parasitic resistances in receiver,
Rrx = Ry, + Rrxparasitic» and k is the coupling coefficient
between Ltx and Lyx. The R,.q resistance is connected in
series with the Tx coil Ltx. The Tx inverter (or power am-
plifier), which is modeled as a voltage source Vg, is loaded
by the reflected resistance R..s and some parasitic resistance
Rrxparasitic. Note that capacitive tuning on the transmitter side
can be incorporated for resonant operation, but is not shown
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Fig. 1. Circuit model of basic wireless power-transfer system. The effect of
receiver is abstracted as a reflected resistance R,.q. The R,.q should be in
appropriate range for the efficient operation of a Tx inverter.

here for simplicity. For high efficiency and high output power,
Rtxparasitic should be designed to be as small as possible, while
R,en should be designed as a compromise between maximum
power transfer (when matched to Rrxparasitic), and maximum
efficiency (when R.cq > Rrxparasitic) [17], [18], [20]. Since
the power dissipated at R,.q is equivalent to the power trans-
ferred to receiver, efficiency can be calculated as

chﬂ RL
RTXpa‘rasitic + Rreﬂ RL + RRXparasitic
k*(wLtx /Rrxparasitic) (WLrx /Rrx)
1+ k?>(wLrx /Rrxparasitic) (WLrx /Rrx)
Rr
x )
RL + RRXparasitic

Ui

@

This implies that the efficiency can be high despite the low
coupling k between the Tx and Rx, so long that the resis-
tances in the Tx and Rx coils are low compared to their re-
active impedances. In other words, (wLtx /RrXparasitic) and
(wLrx/Rrx ) compensate for the low coupling coefficient.

Since k and receiver parameters wLgx /(Rrxparasitic + R )
are roughly constant across frequency in practical designs, the
reflected resistance is directly proportional to wLyx. This im-
plies that a different value of Lyx is required for each oper-
ational frequency w to ensure appropriate reflected resistance.
For example, an inductance value of 1.2 pH is ideal for op-
eration at 6.78 MHz in this study, as a coupling coefficient of
0.1 and a receiver quality factor Qrx of 10, results in a re-
flected resistance is 5.1 €2, which is considerably higher than
an Rrxparasitic Of 0.5 £ (comprising the parasitic resistance of
the power MOSFET, transmitter coil, and PCB pattern traces).
This setup results in a Tx efficiency of 5.1/(5.1 + 0.5) = 91%.
However, for 200-kHz operation with the same Lyx, Qrx, and
k, the reflected resistance is only 0.15 €2, which is now com-
parable to the parasitic resistances. Assuming these parasitics
are optimistically scaled to 0.1 €2 at 200 kHz, the Tx efficiency
would be no greater than 0.15/(0.15 + 0.1) = 60%. As aresult, it
is important to design the Tx inductance Lrx to the appropriate
value for each operational frequency. For this reason, a single Tx
coil, even if coupled with an ideal dual-band resonant matching
network, which in theory can enable concurrent operation, has
difficulty achieving high efficiency, especially as the separation
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Fig. 2. Measured Tx coil Q-factors at two different frequency bands. The
high-inductance coil is suitable for low-frequency operation, whereas the low-
inductance coil is suitable for high-frequency operation.

between the two frequencies increase. For example, to increase
the reflected impedance at 200 kHz, an Ltx of 24 uH would
be ideal in this study, as it would produce several ohms of re-
flected resistance for increased efficiency and sufficient output
power. While further increases to the inductance value could
be made in both the 6.78-MHz and 200-kHz transmitters to in-
crease the efficiency, the larger associated reflected resistance
would serve to decrease the achievable transmitted power which
is not necessarily desirable.

The Q-factor of a given Tx coil is also affected by the
operational frequency. As shown in Fig. 2, the Q-factor of
smaller inductors is generally maximized at higher frequencies
(6.78 MHz), whereas that of larger inductors tends to be maxi-
mized at lower frequency (200 kHz). Since it can be shown that
the efficiency and power transfer capabilities of wireless power
transfer links both increase with Q of the constituent coils [18],
and given the analysis presented in the preceding paragraph,
it is desirable to operate high-frequency coils with smaller Tx
inductance and low-frequency coils with larger Tx inductance.

Unfortunately, it is difficult to design coils with variable in-
ductance or design matching networks with two resonant fre-
quencies, especially when one of the desired operating frequen-
cies is 30 times higher than the other. For example, it should
be possible in theory to use a switch inserted into a tap point
in the inductor to dynamically select the appropriate amount
of the desired inductance for time-sequenced dual-band oper-
ation, as was presented in [18]. However, unlike [18], which
operated at a single frequency, the switch parasitics in multifre-
quency operation limit the effectiveness of this technique. For
example, Fig. 3 illustrates a Tx schematic which has a switch
to disconnect the 200-kHz Tx coil. Unfortunately, the typical
parasitic capacitance of a high-power MOSFET is on the order
of ~100 pF, which easily (and unintentionally) resonates with
the lower frequency coil. To illustrate, a 19-pH Tx coil designed
for operation at 200 kHz resonates at 3.7 MHz with the 100-pF
parasitic capacitor. Thus, at 6.78 MHz, the reactive impedance
of the 100-pF capacitor is much lower than that of the 19-uH
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Fig. 3. Tx which has a switch to disconnect the 200-kHz Tx coil, when
6.78 MHz is in operation. Unfortunately, the 200-kHz coil is not easily discon-
nected due to the parasitic capacitance of switch.

inductance, and therefore, effectively shorts the 19-yH Tx coil
into the 6.78-MHz power path. Once the 19-1:H 200-kHz Tx coil
is shorted to the 6.78-MHz path, it behaves as an eddy-current
loop for the 6.78-MHz transmitter, since the two Tx coils are
closely packed within a single Tx device. SPICE-level coil sim-
ulations indicate that the efficiency is degraded from 89.2% to
57%, when a parasitic capacitance of 100 pF is introduced.
Another drawback of Tx coil selection using a switch is that
only one frequency can be activated at a time. Thus, although
the Tx charging pad area is often wide enough to accommo-
date multiple receivers, only one receiver can be charged if the
frequencies of each receiver are different. For these reasons,
switch-tuned dual-band operation is not considered further.

III. PROPOSED CONCURRENT DUAL-BAND WIRELESS
POWER TRANSMITTER

To enable concurrent dual-band frequency operation with
high efficiency, the proposed transmitter is implemented with
two separate coils Lg 7sys and Logok, appropriately sized for
maximal efficiency at 6.78 MHz and 200 kHz, respectively. As
illustrated in Fig. 4(a), each coil features shunting and/or block-
ing filters to reduce coupled losses. Here, an auxiliary resonant
tank Lp —CF is added in series with the 200-kHz stage, and is
tuned to a resonant frequency of 6.78 MHz. This tank then acts
as a filter whose impedance is high at 6.78 MHz, which helps
to minimize both the undesired crosstalk from the 6.78-MHz
power carrier to 200 kHz-power transistors, and the eddy cur-
rent losses of the 6.78-MHz transmitter through the 200-kHz
path. The C5yg is then tuned to compensate for the sum of
Logoxr and Lp. Similarly, capacitors C 7s3s, Which are nomi-
nally required in the 6.78-MHz path for resonant operation, act
as a high-impedance filter to the 200-kHz inverter, minimizing
losses during 200-kHz operation. The following subsections
present analytical expressions to determine the parameters of
the circuits in Fig. 4.

A. 6.78-MHz Operation Mode

The low impedance of C\ss and Cy)yy¢ in the 200-kHz out-
put network behaves as an eddy current loop for 6.78-MHz
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Fig. 4.
coil analysis.

carrier, if the Lp — Cp filter is not used. The required
impedance value of the Lr — Cr tank can be determined by
analyzing the circuit of Fig. 4(b). Impedance Zt shown in
Fig. 4(b) is the total impedance along the eddy current loop,
which consists of Lg||Cr, Caoors Coss + Cshunt> Cpara, and
the parasitic resistance of Log. Fig. 4(b) can be characterized
by the following Kirchoff’s voltage law expressions:

(jWng - jw - + RTX) Irx + jkiwy/Le.7s Lrx Irx
+jkrxwy/ Ls.7s L2ooIepYy = Vs

Jkiwy/Lg.7s LexItx + <jWLRX - jﬁ + RRX> Irx
+jkswy/Laoo LexIgpy =0

jkrxwy/Le.7s LaooIrx + jkawy/Lrx LaooIrx

+ (jwL2oo + Z1)Igpy =0 3)

where w is the 6.78-MHz operating frequency, krx, ki, and
ko are the coupling coefficients between the coils, and Itx,
Irx, and Igpy are the coil current phasors. Simplifying (3) at
resonance yields

R L
( X ) Itx + ki *X Trx

[ Le.78 | Lrx
Irx +k Irx
Loy *V Laoo

(a) Proposed dual-band wireless power transmitter which can simultaneously power two receivers of different frequency standard. (b) Circuit model for

Zr
+ (1 + ) Iepy =0 4)
JwLago

where Qrx = wLrx/Rrx. By solving (4), we can obtain
Itx /Irx, which indicates how much Tx driving current is
required to deliver a given amount of current across receiver
load

Itx
Irx

- — uJLzoo + kQQRX +‘] LRX . (5)
k1 Qrx ( krx —1 JrjvJLzoo) Lrx

Equation (5) indicates that the required driving current de-
pends on Zr.

1) Operation without Ly — Cr Filter: Now suppose that the
Lp — Cfp filter is not used. Then, Zr is the sum of impedances
of Cy00%, Coss + Cshunt» and the parasitic resistance of Logog .
Capacitance C,s, Which is the parasitic capacitance of the
MOSFET switches, is typically higher than 100 pF. In addi-
tion, Cypyyy 1S needed to suppress the high voltage interference
from 6.78 MHz. Assuming the minimum value of C\4 is 100 pF,
its impedance at 6.78 MHz is —j235 €2, which is one fifth of
the impedance of wLogg; = 71080W . The parasitic resistance
of Logox, which is the real part of Zr, is typically a few ohms.
That means the real and imaginary parts of impedance Zy are
small compared to w Logog, i.€., |Zr| < wLago. Thus, (5) be-
comes
~_ k3Qrx + j1 Lgx ©)

k1 Qrx <%I€TX - 1) Lrx

This implies that the required Tx driving current is increased
by a factor of 1/(1 — (k2 /k1)krx), if the Ly — Cf filter is not
used. This matches intuition, since a significant portion of the
magnetic field from the driving current is cancelled by the mag-
netic fields stemming from the resulting eddy currents. A high
level of Tx driving current for a given received power implies

Itx

Irx
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Fig. 5. Simulated current waveforms with and without the Lp — Cp filter.
Without the high-Z filter, higher Tx driving current is required due to severe
eddy currents that cancel the magnetic field. The eddy currents are scaled by a

factor of \/m .

higher ohmic losses in the Tx coil and MOSFETsSs, which reduces
efficiency. A thicker coil would then be required to withstand
high resonant current and heat generation. Moreover, constituent
semiconductor switches and passive components would need to
withstand higher voltage and current ratings, which increase
fabrication cost and often further increase parasitics. Since the
two Tx coils Lg.7sas and Loggx are closely placed within a
single transmitter device, the krx value can be as high as 0.4—
0.6, meaning that the driving current should be approximately
doubled to transfer the same power.

The eddy current can be directly found by solving Igpy /ITx
from (4)

Iepy _  kiks@rx +jkrx  [Lrx 7
Irx w%jﬂ(] +k3Qrx + 71V La2oo

In (7), if Z is small, the jkrx and j1 become the dominant
terms and the phase of Igpy with respect to Itx is opposite.

2) Operation with Lp — Cp Filter: However, if the Lp —
Cr filter is used, then Zt > wlsqy is satisfied and Equation

(5) simplifies to
Irx . 1 | Lrx
p— . 8
Irx J k1Qrx V Ltx ®)

This is equivalent to the case, where there are no eddy current
paths (i.e., see Equation (8) in [19]). Therefore, it is desirable
to set the impedance Zt to be high as compared to wLsgg in
order to prevent eddy currents, and therefore, maintain a low Tx
driving current. Doing so will prevent excessive ohmic losses
at the Tx coil, while also limiting the otherwise necessary high
voltage or current stress in the Tx devices.

To illustrate these findings, Fig. 5 shows simulated current
waveforms across three separate conditions, all for equal amount
of received power (set by adjusting the Tx driving current). The
eddy currents are scaled by a factor of /Logo/Lrx to better
visualize the contribution of the eddy current on the magnetic
field cancellation with respect to the Tx driving current. The
blue circle curves with the “no filter” label illustrate the case
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where the L — C¥ filter is not used and the eddy current flows
through Logor — C200r — Cshunt- It can be seen that the eddy
current/gpy is high and that the Tx driving current ITx is twice
the amplitude of the high impedance cases. On the other hand,
the “w. filter” labels using red diamonds indicate that the Tx
driving current is small and the eddy current is suppressed.

In practice, however, there exists a parasitic capacitance Cpara
within Lo . For example, the measured parasitic capacitance
of a 24-pH, 7 cm x 10.5 cm coil is 9.5 pF. The Tx currents,
when this parasitic is incorporated into the simulation model,
are shown as the yellow triangular curves in Fig. 5. Although the
eddy current is slightly increased compared to the zero-parasitic
case, this eddy current does not significantly degrade the effi-
ciency. The notable change is that this small eddy current is now
almost in-phase with the Tx driving current, thereby reinforc-
ing the magnetic field generated from Tx driving current, not
cancelling it. As a result, the required Tx driving current, I7x,
with filter, with Cj, 4.4, is the lowest amongst all three presented
simulations. Note that “no filter with C,,,,” is essentially the
same as “no filter without C},.,,” because Cy,ary is connected
in parallel with Cyynt and Clog if the Lp — Cp filter is not
used, and since Cypyune and Cigg is much larger than Cl,,yy, the
effect of Cpara is negligible when Ly — C is not used. For the
example presented in Fig. 5, the simulated coil efficiencies of
no filter, with filter, and with filter and C},, are 83.2%, 89.2%,
and 88.6%, respectively. Note that while the inclusion of Cl,,;,
helps to reduce the Tx driving current, it does slightly degrade
efficiency, in this case by less than 1%.

The phase change of the eddy currents can be analyzed from
(7) by setting Zt = 1/(jwC,ara) assuming that the Lp — Cp
impedance is sufficiently high

k1koQrx + jkrx Ltx

_ & ,
B Qux +j (1 ¢ ) V Laoo

Iepy

€))

Itx

Here, weeir = 1/4/L200Cpara is the self-resonant frequency
of Logox. If weerr > w, Igpy is close to being in-phase with

Itx. The self-resonant frequency should not be lower than
6.78 MHz to prevent the field-cancelling eddy current.

3) Efficiency Versus Filter Impedance: Although the eddy
current is significantly suppressed by the proposed high-
impedance filter, the power loss across the eddy current path still
needs to be investigated, since the real part of the impedance of
the eddy current path is now high. To evaluate the contributions
of each loss component, the overall resonator efficiency 7 based
on the derivation in [19] can be rewritten as

Rpx [Irx|”
Rrx [Irx |* + Rex [Irx|* + Re(Zr) |Iepy |’
Rgrx
Rrx |Irx /Trx|* + Rrx + Re(Zr) |Tepy /Trx |
(10)

where Rrx |Itx /Irx|? and Re(Zt)|Igpy /Irx |* are the rel-
ative power loss at Tx coil and eddy current path, respectively,
with respect to the power delivered to receiver. The Igpy /Irx
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Relative losses for the unit received power
vs. impedance (Z1 = RitjRy)
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Fig. 6. Calculated losses for each coil and total coil efficiency, plotted with
respect to Ry (both real and imaginary part of Zr is set to Ry, because filters
with high real part tend to have high imaginary part). The filter impedance
should be high compared with w Lo to minimize both the eddy loop loss and
Tx coil loss. With 11.2 gH and 47 pF, an Ry /w Lo value of 25 is obtained.

can then be calculated as
_ J(krx — jk1kaQrx)
IRX K OQgrx (%kTX ] +jZ7T> Lsoo

Iepy _ Lrx

(1)

wLago

If the high-impedance filter is used (with |Zr| > wLso),
the relative power loss in the eddy current path Re(Zr)
Iepy /Irx | can be modeled as

ktx + ki ki QRx Lrx

212  Zx [
kl QRX w? L3

2
Iepy

Re(Zt) =~ Re(Zt) (12)

RX Lo

In practice, k% is higher than k% k3 Q% in (12). Therefore,
it is desirable to reduce kpx as much as possible to minimize
power losses in the eddy current path. Section IV-A will discuss
the coil design that addresses this concern in more detail.

Note that (12) also indicates that the magnitude of impedance
Z should be large in order to reduce the power loss in eddy
current loop, as was also discovered in the preceding section.
Even if the impedance is dominated by the real part of Zr,
Equation (12) predicts that the power loss is inversely propor-
tional to the resistance, which nicely matches intuition since the
eddy current is inversely proportional to the resistance, while
the power loss is proportional to resistor and to square of eddy
current. Note that this trend is valid only when |Zr| > wLaqo -
At very low filter impedances, a lower impedance yields higher
efficiency because the eddy current does not dissipate ohmic
power due to low parasitic resistance.

Fortunately, the employed L — Cp filter can produce a high
impedance near resonance. Measurement result of an imple-
mented Ly — Cp filter indicates that a 10-uH carbonyl core
inductor and 47-pF capacitance produces 25874 + j23900 2
at 6.78 MHz, which is more than 25 times larger than wLogg.
The selection of the 11.2-H value will be discussed in Section
IV-B.

To illustrate the effectiveness of the proposed Ly — Cr fil-
ter, Fig. 6 shows the calculated losses for each loss component
using (5), (10), and (11), along with the achievable wireless
power transfer efficiency based on measured parameters from an

5023
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Fig.7. Calculated losses, if the impedance Z7 consists of mainly inductance.

With 10-uH Ly, the X7 /wLoggr value of only 0.47 is obtained. The eddy
current is not completely suppressed and Tx loss is high.

experiment setup. When Ry is equivalent to the parasitic resis-
tance of Ly, which is 8.3 €2 in this example, the normalized
impedance is 8.3/(wLagor) — 1/128. At this low impedance,
the Tx coil losses are high because the Tx current is high for
a given received power due to severe eddy currents. As Ryp is
gradually increased, Tx coil losses are reduced. The eddy loop
loss is very high when Ry is approximately half of wLapgs. At
this middle impedance point, the eddy current is not completely
blocked while the real part of Zr, which dissipates power, is
large. Hence, the filter impedance should not be near w Lo -
At high impedance, the eddy current is heavily suppressed and,
therefore, both the Tx losses and eddy loop losses are mini-
mized.

It is difficult to obtain the desired high impedance if Cr is
not used. For example, the measured impedances of the 11.2-
pH Lp with and without C'p are 22538 + j25412 and 4.4 +
j477 Q, respectively. The normalized impedance of j477 € with
respect to wLygoy is only 0.47. Fig. 7 illustrates the calculated
losses, when the impedance Zt mainly consists of inductance
Ly and an 8.3-() parasitic resistance from Loy . At higher filter
impedances, the eddy loop losses can be lowered and the total
efficiency can be higher than the case of Fig. 6. However, it is
not practical to implement such high impedance by only using
Lp, because high Ly degrades the efficiency in the 200-kHz
mode, increasing the system volume and voltage stress across
C500%- When the normalized impedance of the pure inductor is
0.47 as in this case, the eddy current is not sufficiently blocked
and the Tx coil loss is twice that of Fig. 6.

In summary, the 6.78-MHz operation requires an eddy cur-
rent blocking filter in the 200-kHz output network to minimize
losses, and the proposed Ly — Cr can provide the requisite
high impedance for efficient operation. Note that although the
200-kHz receiver is not present in the analysis of Section III-A,
its presence causes little impact on 6.78-MHz mode efficiency.
This is discussed in the Appendix.

B. 200-kHz Operation Mode

When the 200-kHz power carrier flows through Lo, eddy
currents flow through the Lg 750 — Co.7sm — Co.73012 path.
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Fig.8. Equivalent model at 200-kHz operation. The parasitic resistance of L
does not significantly degrade the 200-kHz mode efficiency because reflected
resistance is larger.

However, this eddy current is small because Cg 7337, wWhich
is inherently needed to provide resonant operation and out-
put matching, behaves as a high-impedance filter at 200 kHz.
Moreover, the inductance of Lg 7g3; is also small. Follow-
ing the similar procedure as outlined by (5)—(8), and knowing
that Zp = 1/(]“*1106,781\1) = —j7950 > W' * Lg 730 = 1.59Q
, where ' is 2w x 200 kHz, the 6.78 MHz path is seen as a
nearly open-circuit network by the 200-kHz power carrier sig-
nal. Therefore, any additional filter beyond the inherent 6.78-
MHz resonant tuning is not necessary for the 200-kHz operation
mode.

Although the Lp — C¥ filter appears in series with the load,
and thus, should slightly increase losses, in practice the addi-
tional losses are not significant. Fig. 8 illustrates the equivalent
model of the 200-kHz transmitter when the filter is included.
At low frequencies, the impedance of C' is very high and al-
most all current flows through Ly, which contributes a small
parasitic resistance at 200 kHz. The measured inductance and
parasitic resistance of Ly are 9.6 yH and 0.116 2 at 200 kHz,
respectively. The 0.116-(2 parasitic resistance degrades the effi-
ciency in the 200-kHz mode only by 1.3%, since the reflected
resistance from the receiver to Loggy is 7.6 € and the series
loss of Laggy is 0.28 2. The measured total system efficiency of
200-kHz mode with and without the L —C filter are 70.2%
and 71.5%, respectively.

IV. IMPLEMENTATION
A. Tx-Coil Design

The two Tx coils can be arranged in two different manners—
coplanar or vertically stacked. The placement selection is a
trade-off between 6.78-MHz efficiency, 200-kHz efficiency, and
physical device size. Table I and Fig. 9 compare the two possible
Tx structures. The 200-kHz Tx coil can be best coupled to its
receiver if the 200-kHz Tx coil is vertically stacked over the
6.78-MHz coil. However, this lowers the efficiency at 6.78 MHz
since this increases the coupling between the two Tx coils krx
exacerbating eddy current losses. Moreover, the 6.78-MHz coil
cannot be tightly coupled to its receiver, because the distance
between the 6.78 MHz Tx and Rx is now increased. The vertical
thickness of the overall Tx device becomes also bulky. On the
other hand, the 6.78-MHz mode performs best if its Tx coil is
placed outside of the 200-kHz Tx coil in a single plane. Here,
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the eddy current loss is minimized and the Tx-to-Rx coupling is
maximal. However, the efficiency at 200 kHz is sacrificed due
to the limited outer diameter of the 200-kHz Tx coil. In fact,
the outer radius of the 200-kHz Tx coil is 6 mm smaller than
that of the 6.78 MHz coil in this case. As a result, the efficiency
at 200 kHz is degraded by 1.5% as shown in Table I, and the
allowed lateral misalignment range of the 200-kHz mode is
slightly narrower (by 6 mm) as will be shown in Section V.

The coplanar configuration can also be built in two different
ways: inner 200 kHz—outer 6.78 MHz coils, or inner 6.78 MHz—
outer 200 kHz coils. The former case is preferred, as the sac-
rificed outer radius of the 200-kHz coil is only 6 mm since
the 6.78 MHz coil has a lower number of turns. Instead of a 6-
mm sacrifice, placing the 6.78-MHz coil inside the 200-kHz coil
would sacrifice the outer radius of the 6.78-MHz coil by 20 mm,
which is not acceptable due to low efficiency as shown in Ta-
ble I, and would further make the coupling between 6.78-MHz
Tx and Rx too sensitive to lateral misalignment and vertical
separation.

Based on this analysis, the fabricated Tx coils used in this
work employ a coplanar design with the 200-kHz coil packed
within the 6.78-MHz coil, as shown in Fig. 10. This enables the
thinnest possible design, and as an added benefit, the current
rating of the Ly filter inductor can be relaxed, since the eddy
current is the lowest in this configuration.

The 200-kHz and 6.78-MHz coils are built using 20-AWG
and 16-AWG solid wires, respectively. The wire gauge of the
6.78-MHz coil can be thick because it requires only two turns
and smaller volume. On the other hand, the wire gauge of the
200-kHz coil should be thinner, because it requires 13 turns
and occupies large volume. Otherwise, a thicker wire with 13
turns would reduce the inner diameter, thereby degrading the
inductance value and receiver coupling performance.

B. Lp—Cp Value Selection

The equivalent impedance of the Lp —Cp resonant tank at
wo = 1//LrCr =27 x 6.78 MHz can be found by looking
at the input impedance of the parallel resonant LC tank, as given
in (13)

Zr = (wolLr)’/Rp — j1/(wCr) (13)
where Rp is the parasitic resistance of L. While a larger Ly
can achieve a higher impedance for superior performance in
the 6.78-MHz mode, such a choice would degrade efficiency
at 200 kHz, because the large inductance also increases the
parasitic resistance in series with the 200-kHz Tx coil, as shown
in Fig. 8. Fig. 11 shows this trade-off. The capacitor is selected
such that resonance occurs with selected inductor value. The
selected value of Ly and C'r is 11.2 pH and 47 pF, respectively.
A toroid carbonyl core with a 3.3-cm outer diameter is used to
wind Lp. The ac flux density inside the core is estimated as
26.6 G, which is ten times lower than the allowed limit. The
measured impedance at 6.78 MHz is 25900 + ;23900 €. As
desired, the magnitude of this impedance is 35 times higher than
wlogor at 6.78 MHz.
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TABLE I
COMPARISON OF COPLANAR AND VERTICALLY-STACKED TXS

6.78-MHz mode parameters

200-kHz mode parameters

Tx configurations kfr < k t kot Eddy loss per Tx loss per Efficiency ko Efficiency
unit Rx power unit Rx power

Coplanar, 6.78 MHz outer 0.47 0.12 0.129 0.047 0.019 87.1% 0.129 79.2%

Coplanar, 6.78 MHz inner 0.39 0.071 0.142 0.068 0.043 83.6% 0.142 80.7%

Vertically-stacked, 2 mm separation 0.65 0.111 0.142 0.073 0.017 85.2% 0.142 80.7%

Vertically-stacked, 5 mm separation 0.54 0.099  0.142 0.068 0.022 85.2% 0.142 80.7%

t Coupling coefficients are extracted by HFSS full-wave electromagnetic simulation. Simulated S-parameter matrix is converted to Z-parameters, which
contain self and mutual inductance, from which the coupling coefficient is extracted. The procedure is similar to Section V-A in [13].

200 kHz Tx

6.78 MHz Tx

/

ky=0.12

Receiver

200 kHz Tx

6.78 MHz Tx
Ky=0.111 ~
0.099

(b)

Fig. 9. Possible Tx configurations. (a) Coplanar. (b) Vertically-stacked.

6.78 MHz coil (Lg.7sm)

Fig. 10. Fabricated Tx coils: one coil for each operational frequency. Each
coil can be designed for maximum efficiency for its own frequency, and enables
concurrent operation. Because one coil is within another Tx coil, the overall
size of coils is not increased.

C. Power Converters

The 6.78-MHz path employs a current-switching Class-D
inverter for the coil driver. This topology achieves a higher effi-
ciency at high frequency, since the output parasitic capacitances
of the MOSFETS can be absorbed by C 75172. FDMC86106L.Z
MOSFET transistors are used due to their low parasitic ca-
pacitance and on-resistance. The input voltage to 6.78-MHz
inverter is 12 V at full load. The 6.78-MHz receiver employs

Efficiency vs. LF inductance

[{e]
N

©
© O

| 4678 MHz
| 200 kHz

Efficiency (%)
® o ©
2 O

Desig;\ point

2 4 8 16 32
LF inductance (uH)

Fig. 11.  Simulated efficiency versus Ly filter inductance. The selection of Ly
value is a trade-off between 6.78 MHz and 200 kHz.

Fig. 12.  Measurement setup. There are two Rx coils, each with different
frequency, on Tx coils. The nominal distance between Tx and Rx is 25 mm.

PMEG2015EA rectification diodes also for their low parasitic
capacitance. On the other hand, the 200-kHz path employs
a zero-current switching half-bridge inverter with FDD3860
MOSFETs chosen due to their low on-resistance. The input to
the 200-kHz inverter is 21 V at full load. The 200-kHz receiver
uses MBRA320T3G rectification diodes.

V. MEASUREMENT

The developed measurement setup is shown in Fig. 12. For ini-
tial prototyping purposes the coils are wound around Plexiglass
fixtures, which also serve to support the coils. In this setup the
distance between the Tx and Rx coils are 2.5 cm. The developed
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TABLE II
SYSTEM PARAMETERS

6.78 MHz 200 kHz

Ly

Cr

Chara

Cshunt

Cao0k

Lagok

Lg.7sm
Lrx200
Lyrxe.78
Co.78M
Co.7802

ki 6.78 M system
ko 6.78 M system
ki, 200k system
ko, 200k system
krx

Load

Rx coil size

11.2 uH + 444 Q 9.6 pH + 0.116 Q
47 pF
9.5 pF
330 pF
19 nF
239 uH + 83 Q 239 pH + 0.28
12 pH+0.323Q
28.3 uH + 0.614 Q
4.4 nH 4+ 0.958 Q
2nF
440 pF
0.144
0.144
0.182
0.182
0.44
10.5 V, max 0.8 A 6V, max 1.2 A

7.1 x 5.7 cm 7.8 x 6.6 cm

setup resembles a wireless charging pad for cellular phones, in
which the Tx coil is embedded within a Tx charging pad and the
receivers are placed on top of the charging pad. Charging pads
are typically larger than receivers to accommodate multiple re-
ceivers, as described in each specification document [10], [11].
The advantage of the proposed Tx is that any two receivers of
different frequency standards can be simultaneously charged by
a single piece of Tx hardware with minimal efficiency degrada-
tion, when supporting multiband operation.

The Tx boards are powered by bench-top dc power supply,
while the Rx boards have full-bridge rectifiers and power load
resistors, which can withstand up to 25 W. The voltage across
the dc load resistors are recorded to measure the power deliv-
ered to load. Table II summarizes the system parameters. The
coupling coefficients are measured using a vector network ana-
lyzer, which produces S-parameter matrix. The same method as
described in the footnote of Table I is used to extract measured
coupling coefficients from S-parameter. The measured krx in
the experimental setup is similar to the electromagnetic simula-
tion results in Table I, while k; and ks for 200 kHz is measured
to be slightly larger than simulation, since the outer dimension
of the fabricated 200-kHz receiver is slightly larger than the
simulation model due to fabrication tolerances.

Measured transient waveforms of the Tx inverters and Rx
loads are shown in Fig. 13, during a concurrent power delivery
experiment. It can be seen that the measured interference from
the 200-kHz channel to the 6.78-MHz load or vice versa is
very small during concurrent operation. To verify that minimal
cross-talk occurs, it was observed that the 200-kHz load voltage
is zero when only the 6.78-MHz Tx is operating and vice versa.

The calculated, simulated, and measured efficiencies across
varying loads are presented in Figs. 14 and 15. The end-to-end
efficiency of the system can be computed by multiplying the
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efficiencies of the Tx inverter, Tx-to-Rx coil power transfer,
and the rectifier. To compute and simulate the Tx-to-Rx coil
efficiency, the coils are first modeled as RLC circuits using
parameters extracted from measurement, and the coupling co-
efficients between coils are extracted by the method presented
in [13]. Equation (10) is then used to calculate the efficiency.
The efficiencies of the Tx inverter and rectifier are difficult to
simulate due to the lack of a spice model of the discrete com-
ponents. Instead, inverter efficiencies are directly measured,
which are 92.9% and 91.5% for the 6.78-MHz and 200-kHz
inverter, respectively. The rectifier efficiency is estimated by di-
viding the output load voltage by the sum of forward voltage
drop and output load voltage. In this manner, the 6.78-MHz
and 200-kHz rectifier efficiencies are found to be 91.7% and
89.6%, respectively. It can be seen in Figs. 14 and 15 that the
measured efficiency matches well with the simulated/calculated
values.

Fig. 14 shows the end-to-end efficiency at 6.78 MHz operating
in several different modes. The “standalone” 6.78-MHz mode
is measured by disconnecting the 200-kHz Tx board from the
200-kHz Tx coil. The “concurrent” 6.78-MHz mode is measured
when the 200 kHz is simultaneously operating with Ly — C
filter. At full load, the efficiency of the 6.78-MHz path in stan-
dalone mode and concurrent mode is 81.8% and 78.8%, respec-
tively. The efficiency drops due to simultaneous operation with
the 200-kHz standard are 3% and 4.2% at full and light load,
respectively. In the “no filter” mode, the 6.78 MHz path is tested
with the 200-kHz Tx board connected, but the Ly — C filter is
removed and the two remaining terminals are shorted by a wire.
The resultant eddy current changes the effective inductance and
resonant frequency of the 6.78-MHz Tx, and therefore, the res-
onant capacitors are adjusted to bring the resonant frequency
back to 6.78 MHz. The measured efficiency in this mode is
70.4%, which is 8.4% lower than the concurrent mode with the
LF—CF filter.

Measured results of the 200-kHz path over the different op-
erating modes are shown in Fig. 15. The “standalone” 200-kHz
setup is measured by disconnecting the 6.78-MHz board, remov-
ing the Ly — C¥ filter, and retuning Cyggy. The “concurrent”
200-kHz setup is measured, when the 6.78 MHz is simultane-
ously operating and the Lr — C' filter is connected. It can be
seen that the efficiency of the 200-kHz mode is almost the same
with or without the Ly — CF filter. The efficiency differences
between “‘standalone” and “concurrent” are 1.3% and 4% at full
and light load, respectively. The concurrent setup without the
Lyr — Cp filter is also tested, but the efficiency is not plotted
since it was measured to be the same as the “standalone” mode.

The presented measurement results are summarized in Ta-
ble III for the 6.78-MHz path by describing the required Tx-coil
current and resulting efficiency in the standalone mode, as well
as the concurrent modes with and without the Ly — C filter.
The Tx-coil currents of the three configurations are set to deliver
the same amount of power to the receiver. It can be seen that
Tx current is at least 2 times larger when the eddy currents are
not blocked, which matches the predictions when comparing
(6) and (8) with krx = 0.44. It can be concluded that eddy cur-
rent blocking is essential to improve the efficiency and reduce
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Fig. 13.  Measured waveforms showing simultaneous operation. One frequency operation does not affect the other frequency mode. (a) 1 ps/div (b) 40 ns/div.
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Fig. 14. 6.78-MHz efficiencies. The efficiency degradation from standalone
mode due to concurrent operation is less than 4.2%. The efficiency degradations
are severe, when eddy current is not blocked by L — C filter.
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Fig. 15.  200-kHz efficiencies. The efficiency degradations due to concurrent
operation are less than 4%.

the driving current requirement of a dual-mode wireless power
transmitter.

The developed system is also tested for operation versus lat-
eral misalignment. Fig. 16 summarizes the measured efficiency
results. It can be seen that the concurrent operation does not
significantly affect the efficiency versus lateral misalignment. It
can be noted that the 6.78-MHz path can accommodate a wider
lateral misalignment, since the 6.78-MHz Tx coil has a larger
diameter than the 200-kHz Tx coil. As shown in Fig. 16, the
power transfer efficiency is nearly constant if the misalignment
is small. This is possible because under small misalignments,

90
80

70

E 60

E 50

g

E 30
20 ++6.78M Standalone -#-6.78M Concurrent
10 _A 200k Standalone  -4-200k Concurrent

00.0 1.0 2.0 3.0 4.0 5.0
Lateral offset from center of Tx (cm)
Fig. 16. Measured efficiencies versus receiver misalignment from Tx center.

It can be seen that the concurrent operation does not degrade the allowable range
of lateral misalignment.

R,.cq is very high compared to Ryx parasitic, and therefore, the
efficiency equation of (2) asymptotically approaches a constant
value as R,.g is increased. For example, the coupling coeffi-
cients at 200 kHz for zero-offset and 2-cm offset are simulated
to be 0.163 and 0.127, respectively. However, the reflected re-
sistances R,.q are 20 and 10 times larger than the Rrxparasitic
in zero-offset and 2 cm-offset conditions, respectively. There-
fore, such moderate misalignment does not significantly degrade
efficiency. However, as misalignment continues to grow, for ex-
ample to 4 cm, the simulated coupling coefficient at 200 kHz
becomes 0.054, and thus, the R,.q is at most 2.2 times larger
than R7x parasitic, resulting in an efficiency drop.

Table IV summarizes the performance of the developed sys-
tem in comparison to prior art. The proposed design achieves
high efficiency with concurrent delivery of power to two re-
ceivers operating at different standards-compliant frequencies.
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TABLE IV
PERFORMANCE COMPARISON

Frequency mode Standard Power (W)  Efficiency (%)  Distance (mm)  Multiband capability =~ Multiband support location

This work 6.78 MHz A4WP 9.0 78 25 Yes Tx side

200 kHz WPC/PMA 7.4 70.6
[3] 6.78 MHz A4WP 5 48-58 n/a Yes Rx side

144 kHz WPC/PMA 5 72
[2] 140 kHz WPC/PMA 5 70 5 No n/a
[15] 13.56 MHz n/a n/a 80 50 Yes Tx and/or Rx

6.78 MHz A4WP n/a 801

 Coil-to-coil efficiency only.

VI. CONCLUSION lepy =~0 lepvRx Crxzoo

This paper has demonstrated a dual-frequency wireless power
transfer transmitter module that can simultaneously power two
receivers operating at either 200 kHz, which is in the range of the
WPC/PMA standards, or 6.78 MHz, which is supported by the
A4WP standard. Achieving dual-band support, especially when
the desired frequencies are an order of magnitude apart, requires
careful consideration of parasitics, coil design, and eddy-current
paths. While in principal, it is possible to design a single coil
that operates with a dual-resonant matching network, the coil
performance changes significantly over frequency, and thus, itis
difficult to efficiently operate at two distinct frequencies. Alter-
natively, reconfiguring the coil via explicit switches suffers from
significant parasitics that prevent efficient dual-band operation.

To overcome these challenges, this paper developed a two-
coil, dual-band system that enables concurrent operation. Ana-
lytical expressions predicting the eddy-current losses associated
with the two-coil system were presented, along with a filter de-
sign that minimizes such losses. A prototype was designed and
fabricated, showing measured concurrent dual-frequency oper-
ation with minimal interference in each band. A consequence of
enabling the dual-band support is the reduced efficiency com-
pared to a design that maximizes the efficiency for a single-band
only. However, the proposed design minimizes this degradation
to be between 1.3% and 4.2% under various conditions through
careful analysis, a novel circuit topology, and thoughtful pa-
rameter selection. Although there are two coils in the proposed
Tx device, the overall coil size does not increase since the two
coils are placed within each other on the same plane. The pro-
posed coil structure and filter design allows each Tx coil to be
designed for the maximum efficiency at their respective target
frequencies, enabling high end-to-end efficiency even during
simultaneous dual-band operation.

APPENDIX

The parasitics of the 200-kHz Rx can also behave as an addi-
tional eddy-current loop for the 6.78-MHz signal. Fortunately,
this eddy current does not contribute significant losses, since the
coupling coefficient between the 6.78-MHz Tx and the 200-kHz
Rx in this work (0.182) is weaker than the coupling coefficient
between the 6.78-MHz Tx and the 200-kHz Tx (0.44). More
importantly, the coupling coefficient between the 200-kHz Rx
and the 6.78-MHz Rx is very weak (simulation predicts the cou-
pling of 0.06), implying that the magnetic field cancelation at
6.78-MHz Rx due to the 200-kHz-Rx eddy current is minimal.

Parasitics,
low-Z

Irx  Crxers
k4
Vs — Lrxers  RRX
Le.7sm
RTX ITX

Fig. Al.  Effect of the 200-kHz Rx on the 6.78-MHz operation. The 200-kHz
Rx behaves as a weak eddy current loop; however, its impact is minimal due to
weak ko and krx .

Fig. Al can be used to analyze these cross-coupling effects.
The analysis is similar with Fig. 4(b) and its subsequent equa-
tions except the changes of notation. The 200-kHz Tx Loy is
now equipped with eddy blocking Lp — Cp filter, and there-
fore, decoupled from the system. Since the 200-kHz Rx is not
equipped withan L — Cp filter, the required Tx driving current
can be evaluated using (6), which states that Tx driving current
is increased by a factor of 1 /(1 — (krx /k1)ke) with changes in
notation. Using numerical values representative of the geome-
tries involved in this work, the Tx driving current is increased
by only 8%. As a result, the impact of the 200-kHz receiver
on the 6.78-MHz Tx is small. Measurement results during 6.78-
MHz operation also indicate that the efficiency with and without
the presence of the 200-kHz Rx is nearly the same: efficiency
decreases from 78.9% to 78.8%, a degradation of only 0.1%.
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