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Abstract—Wireless power transfer (WPT) via near-field mag-
netic coupling is an enabling technology for many applications
including consumer electronics and electric vehicles. A few WPT
standards have been established with frequencies ranging from
kHz to MHz. MHz operation offers smaller size and higher
tolerance to coil misalignment, and kHz operation offers higher
efficiency and higher power rating. This paper presents a WPT
architecture with new transmitter and receiver topologies that are
reconfigurable for dual-band operation. On the transmitter side,
we developed a novel architecture based on the reactance steering
network (RSN) which can seamlessly compensate an arbitrary
load impedance for radio-frequency (RF) power amplifiers. It can
transmit power at two frequencies (kHz and MHz range) with
decoupled power modulation. On the receiver side, we developed
a reconfigurable dual-band rectifier that can achieve a power
density of 400 W/inch® at both 100 kHz and 13.56 MHz with
very low component count. A dual-band reconfigurable WPT
system comprising a dual-band transmitter and multiple dual-
band receivers has been built and tested. The RSN-based dual-
band transmitter can efficiently and simultaneously deliver 15 W
of power to multiple receivers at both 100 kHz and 13.56 MHz.

Index Terms—dual-band wireless power transfer, reactance
steering network, high frequency power conversion.

I. INTRODUCTION

Wireless power transfer (WPT) through near-field magnetic
coupling is an enabling technology for many applications
ranging from consumer electronics to electric vehicles [1]-[4].
A few WPT standards have been established (e.g., AirFuel, Qi)
with frequencies ranging from hundreds of kHz to a few MHz.
These standards may merge and may cover many frequency
domains in the future. In general, there is a fundamental
tradeoff between kHz operation and MHz operation in WPT:
MHz operation enables long distance power transfer and
better robustness against coil misalignment [5], while kHz
operation offers higher efficiency and higher power transfer
capability [6]. Both kHz and MHz WPT standards will co-exist
for a long period of time [7]. High performance transmitters
that can power multiple receivers at different frequencies, and
high performance receivers that can receive power from a
variety of transmitters are the main focus of this paper.

Fig. 1 shows a demo system at Princeton Powerlab where a
dual-band transmitter simultaneously powers a 5 W Raspberry
Pi at 13.56 MHz and powers a 20 W monitor at 100 kHz.
Fig. 2 shows the coil placement diagram. The transmitting
coils and the receiving coils may be loosely coupled or closely
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Fig. 1. A dual-band wireless powered desktop at Princeton Powerlab. The
system simultaneously powers a 5 W Raspberry Pi at 13.56 MHz and a 20
W monitor at 100 kHz. The full desktop is completely wireless: it is wireless
powered and wireless connected to the Internet.

coupled. The load impedance on the transmitter side may
change across a wide range. The transmitter needs to maintain
high performance at both kHz and MHz, and the receivers
may need to receive power from multiple frequencies (i.e.,
one receiver is compatible with multiple standards).

Transmitter solutions for WPT at 100 kHz are mature.
Full-bridge-inverter-based topologies are widely considered as
popular options at 100 kHz. For MHz operation, maintaining
resistive load for high frequency inverters (e.g., Class-E [8]) is
critical to achieve high efficiency and high power rating. There
exist many design techniques that can compress load resistance
variation for single-switch MHz inverters [9]-[11]. However,
for reactance variation, the most commonly-adopted solution
is to use a separate tunable matching network (TMN) [12].
[13] presents a variable reactance rectifier which helps to
address the challenge from the receiver side. The additional
passive components and switching devices in these designs
increase the volume, reduce the efficiency and increase the
cost. Moreover, the resolution of these compensation methods
depends on the number of components used in the matching
network. Precise and seamless reactance compensation is not
achievable, especially with significant reactance variation.
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Fig. 2. Coil placement of a dual-band WPT desktop with multiple receivers
operating at different frequencies with different power ratings.

Similarly, receiver solutions for WPT at 100 kHz are
mature. Synchronous rectified full-bridge topology can offer
high efficiency and high tolerance to impedance variation.
For MHz operation, Class-E based receifier topologies are
highly competitive as they offer high performance with low
component count and low electromagnetic interference (EMI).
Since the receivers are usually co-packaged with portable
devices or in electric vehicles with size and thermal limits,
low component count and small size are highly preferred [14].

This paper presents a dual-band WPT architecture with
novel solutions on both the transmitter side and the receiv-
er side. On the transmitter side, we developed a reactance
steering network (RSN) based dual-band transmitter which
can independently modulate the power transmitted at two
frequencies [15]. Instead of merging two independent single-
frequency transmitters together, the RSN architecture reuses
the components and creates mutual advantages at two frequen-
cies to improve the performance. The RSN mechanism ensures
high performance operation of the Class-E inverter across a
very wide load impedance range. On the receiver side, we
deveoped a reconfigurable dual-band receiver that can maintain
high performance at both frequencies with very low com-
ponent count. The receiver functions as a synchronous half-
bridge rectifier at 100 kHz, and functions as two series-stacked
Class-E rectifiers at 13.56 MHz. The two active switches
and many passive components are reused at both frequencies.
The transmitter and the receiver are merged as one WPT
system that can operate at two frequencies while maintaining
high performance. The prototyped RSN transmitter can deliver
15 W of power to multiple dual-band receivers with >70%
efficiency at 13.56 MHz, and >80% efficiency at 100 kHz
with significant coil misalignment.

The remainder of this paper is organized as follows: Section
II provides an overview of the dual-band WPT system. The
topology and operation principles of the RSN-based dual-band
transmitter are presented in Section III. Section IV introduces
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Fig. 3. Block diagram of a dual-band WPT system comprising one RSN

transmitter and multiple dual-band reconfigurable receivers with different
coupling coefficients.

the topology and operation principles of the reconfigurable
dual-band receiver. Section V presents the prototype and
experimental results, including detailed theoretical analysis
and measured results of the dual-band transmitter and receiver.
Finally, Section VI concludes this paper.

II. DUAL-BAND MULTI-RECEIVER WPT SYSTEM

Fig. 3 shows the block diagram of the proposed dual-
band WPT system with a RSN based transmitter, and mul-
tiple reconfigurable dual-band receivers. The RSN transmitter
comprises two LF dc-dc converters operating at kHz (e.g.,
100 kHz), two HF inverters operating at MHz (e.g., 13.56
MHz), a RSN, a LF transmitting coil, and a HF transmitting
coil. The receiver side comprises an active dual-band receiver
and multiple single-band rectifiers. The two dc-dc converters
modulate the inputs of the HF inverters, and simultaneously
drive the LF transmitting coil at 100 kHz. By modulating
the voltage amplitude and the phase of the two HF inverters
following a “reactance-steering” approach [15], the two HF
inverters see pure resistive load. The dc-dc converters also
drive the LF transmitting coil as a phase-shift full bridge,
transferring power at both LF and HF simultaneously.

Each of the function block in the RSN transmitter can be
implemented in multiple ways: the LF inverters can be imple-
mented as Class-D or full-bridge inverters; the low-pass filters
at the output of the LF inverters can be implemented as L-
networks or m-networks; the HF inverters can be implemented
as Class-E, Class-F or Class-® inverters; the RSN can be
implemented as a three-port LC network or other three-port
network types. The LF and HF transmitting and receiving coils
are standard coils tuned for nominal coupling coefficients. The
two half-bridges drive the LF coil, and the HF inverters drive
the HF coil. The power delivered at the two frequencies can
be modulated independently.

The receiver developed in this paper is a dual-band recon-
figurable receiver that can function at either 100 kHz or 13.56
MHz. A single dual-band receiver can be reprogrammed to
function at either frequency, and multiple receivers working at
different frequencies can be placed in adjacent to each other
while all maintaining high performance. The transmitter sees
the impedance of all receivers operating at two frequencies
with their power adds together.
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Fig. 4. Schematic of an example dual-band transmitter comprising a RSN,
two Class-E PAs, two buck converters and two transmitting coils.

III. DUAL-BAND RSN TRANSMITTER

Fig. 4 shows the schematic of an example implementation
of the RSN based dual-band transmitter with two half-bridge
LF inverters, two LC low pass filters, and two Class-E HF
inverters. The two half-bridge inverters and the two low-pass
filters function as two buck converters that modulate the inputs
of the two Class-E inverters. The two Class-E inverters are
loaded with a LC resonant network including an inductive
branch j X and a capacitive branch —jX . The two half-
bridge inverters also drive a low frequency coil as a full bridge
inverter. The power transferred at the two frequencies can be
individually modulated depending on the load conditions.

A. High Frequency Operation of the Dual-Band Transmitter

Detailed operation principles and design guidelines of the
RSN architecture have been presented in [15]. As illustrated
in Fig. 5, the main concept of the RSN architecture is to split
the power flow in a two-branch L-C network to compensate
the load reactance variation seen by the HF transmitter. With
accurate amplitude and phase modulation, the load impedance
of the two HF inverters can be maintained pure resistive across
a very wide load impedance range. The core function block of
the RSN architecture is the three terminal network comprising
73X, and —j X . The input impedance of the transmitter coil
is (Zyz = Ryy + jX¢z). The phase and amplitude of the output
of the two HF inverters, (Voelw®c, Viei~®r), should be
precisely controlled depending on the load impedance:

o If Z,, is resistive, the two HF inverters equally share
power and both see pure resistive load;

o If Z,, is inductive, the system steers power towards the
capacitive branch. The capacitive element —j X is used
to compensate the inductive load Z;,;

o If Z,, is capacitive, the system steers power towards the
inductive branch. The inductive element j X is used to
compensate the capacitive load Z;,;

« By adjusting the ratio between V7, and V-, and the phase
difference between ®; and ®, the reactance used for
compensation at each branch can be precisely controlled
to maintain resistive load for both HF inverters.

The RSN can be implemented in many different ways.
Compared to a conventional tunable matching network with
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Fig. 5. Simplified block diagram of the RSN architecture. This architecture
has six input variables: D¢, Dy, ¢, 01, &, ®,, and independently drives
two coils at two frequencies.

discrete compensation elements, the proposed RSN architec-
ture has the following advantages:

« It can seamlessly compensate an arbitrary load impedance
range and maintain pure resistive load;

« It requires very few additional component compared to a
conventional TMN design;

o It has smooth transient behavior without mode-switching
spikes or harmonics;

¢ The dc-dc converters in the RSN architecture can be used
to drive a LF transmitter with no additional components.

The power modulation of the RSN architecture is achieved
by adjusting the amplitude of the dc-dc converters, or tuning
the phases of the HF inverters.

Online impedance estimation enables maximum efficiency
tracking and maximum power point tracking for WPT. The
load impedance can be rapidly estimated without using current
sensors. Based on the analysis in [15], the input power of the
two inverter branches, P and Pr, are

Py = VE(Riz—Krc(Rix COQS)((ALC)_XLT sin(Arc)))
(RthOB(ALC)+XtrSIH(ALC))) - (D

2X2

VE(RME KLC

Pr =

The ratio of the power delivered by the two branches is:

Py No(fe - 7o (Riz cos (ALo) + Xig sin (Arc)))
Pc "np(Ryy — Kpo(Res cos (Arc) — X sin (AL(CZ)))).

Here 7 and nc are the efficiencies of the two dc-dc
converters. Eq. (2) indicates that the load impedance R,
and X, are closely related to the input dc power ratio £ yom

for a given 1y, ng, Kro, and Apc. % can be easﬂy
measured from the dc-dc converters with simple circuit and
low cost. Fig. 6 shows the relationship of the input dc power
ratio P, /P and input impedance Z;, = Ry, + jXi» when
Krc = 1 and Arc = 90°. The load resistance can be
estimated with the total load power P;, + Pc and the voltage
amplitudes. Assume the efficiencies of the two inverters are
the same, the load input impedance Z;, can be estimated with
Py, /Pc. With different 17, and 7n¢, the one-to-one mapping
relationship can be found through experiments.
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Fig. 7. Schematic of the dual-band transmitter with a phase-shifted full bridge
LF transmitter, and a RSN-based HF transmitter. The two high frequency
inverters look like two high impedance loads for the full bridge inverter.

B. Low Frequency Operation of the Dual-Band Transmitter

One way to implement the two dc-dc converters is to build
them as two buck converters with two half-bridge inverters
(Fig. 5). The two half-bridge inverters can drive a LF coil as a
phase-shifted full bridge, while at the same time modulate the
dc voltages M¢ and My, for the HF inverters. The LF power
transfer is controlled by the phase of the two LF inverters 6,
and 0. The output Mj, and M are controlled by Dy and
D¢. Fig. 7 shows the schematic of the dual-band transmitter
with the RSN high frequency transmitter shaded. Here 17, and
X, are the resistance and reactance of the low frequency coils.
In this circuit, ()1 and Q5 operate as one phase-shifted half-
bridge, and Q3 and ()4 operate as the other phase-shifted half-
bridge. The duty ratios of of the two half-bridges modulate
M and My, and the phase difference between the two half-
bridges modulates the power output of the LF transmitter.

Benefiting from the low pass filters at the output of the dc-
dc converters and the input inductors of the Class-E inverters,
the LF transmitter and the HF transmitter are well-decoupled
from each other. 8- and 67, modulate the LF transmitter, but
have no impact on M¢ and My, and thus have no impact
on the HF transmitter. Similarly, -~ and ®; modulate the
HF transmitter, but have no impact on the LF transmitter.
When D¢ and Dy, are adjusted to modulate M and My, ¢
and 6, should be changed accordingly to maintain the power
levels of the LF transmitter. Similar to [3], the two overlapped

TABLE 1
PARAMETERS OF THE EXAMPLE DUAL-BAND RECTIFIER

Crl
500 pF

CrQ
500 pF

Cry
20 uF

Cpo
20 uF

Lo
1.2 uH

Lg
1.2 uH

transmitter coils and the related resonant tanks are optimally
tuned for 100 kHz and 13.56 MHz, respectively.

IV. DUAL-BAND RECONFIGURABLE RECEIVER

In many application scenarios, a wireless power receiver
may need to be compatible with multiple standards. The
receivers also need to be compact and efficient with low
component count. A full bridge synchronous rectifier can work
at both high frequencies and low frequencies. However, the
square-wave harmonic contents of the full bridge rectifier raise
concerns for many portable applications. It is also difficult to
drive the high side switch of a full-bridge rectifier. One can use
Class-E rectifiers at high frequencies to reduce the harmonic
contents, but the inductance of the chock inductor is large and
is usually not acceptable.

Fig. 8 (a) shows the topology of a dual-band reconfigurable
receiver. The rectifier comprises two switches ()1 and @Q;,
two shunt capacitors C; and C,2, two RF chock inductors,
two filter capacitors, and one switch Qs for HF/LF mode
selection. The dual-band rectifier can either work in the kHz
range (e.g., 100 kHz), or work in the MHz range (e.g., 13.56
MHz), depending on if Qg is on or off. The parasitic capac-
itance of the diodes are absorbed into the shunt capacitors.
Table II lists the component values of the proposed dual-band
reconfigurable rectifier.

Fig. 8 (b) and (c) illustrates the operation principles of the
proposed rectifier in HF and LF, respectively. If switch Qg
is kept on, the rectifier functions as two Class-E half-wave
rectifiers stacked in series. The rectifier receives power from
the high frequency coil (i.e., 13.56 MHz). If switch @ is kept
off, the rectifier functions like a Class-D rectifier and receives
power from the low frequency coil (i.e., 100 kHz). As shown
in Fig. 8 (c), the RF chock inductors (Lsq and Lyo) can be
considered as short, and the shunt capacitors (C,; and C,5)
can be considered as open. (5 can be implemented as a low-
speed switch in the controller IC. The frequency gap between
100 kHz and 13.56 MHz is large enough to size this inductor,
so that it looks like a short at 100kHz.

Fig. 9 (a) and (b) show the simulated voltage waveforms
of ;1 and Q.2 working at 13.56 MHz and 100 kHz, re-
spectively. At high frequencies, the rectifier function as two
Class-E rectifiers stacked in series and the waveform of the
voltage across the switches is half-wave sinusoidal. At low
frequencies, the rectifier function as one Class-D rectifier and
the voltage across the switches is rectangular. In 100 kHz
operation, the shunt capacitors may resonate with the RF
chock inductors, resulting in a high frequency ripple at V...
One can reduce the oscillation by using a small C. at the
cost of higher distortion at 13.56 MHz or using a small Ly at
the cost of higher ac current across the inductors. Fig. 9 (c)
and (d) show the simulated voltage waveforms of the current



l l Lt Lfl |
Ccri== Qrlj= ==cfl Cri== Qrl =L cn Qrl ==cf1
o T T ¥R i —E] —E]
Qs
EE RL @Tirvc Qs is On EER'- @Tirec Qs is Off EE RL
13.56MHz 100kHz
LF HEF
Coil Coil Lf2 cn Lf2 e L cn
(kHz) (MHz)
Qr2 Qr2 Q2
|| €r2 11.Cr2
1I f
() (b) ©
Fig. 8. Circuit topology of a dual-band rectifier: (a) full schematic of the dual-band rectifier, (b) schematic of the transmitter when it operates at high

frequency with Qg kept on, (c) schematic of the transmitter when it operates at low frequency with Qg kept off.

and voltage of the mode selection switch at 13.56 MHz and
100 kHz, respectively. The dashed lines are the dc output
current and dc output voltage, respectively. The peak current
flow through )7 and @5 is twice of the dc output current.
The voltage across the mode selected switch is same as that
of the switch @),., which can be used to choose the current and
voltage rating of the switch.

Fig. 9 (e) and (f) shows the simulated results of the total
harmonic distortion and the ratio of the switch peak voltage to
the output voltage (the voltage stress of )1 and ()3), and the
input impedance of the dual-band rectifier with different C,.
values. The THD and the switch voltage stress can be reduced
by increasing the C). value. However, a higher C, will reduce
the input resistance of the rectifier, which may increase the
conduction loss of the receiving coil, the RF chock inductor,
and the switches on the receiving side.

The design principles of the dual-band rectifier are:

e The shunt capacitor C. should be designed depending
on the THD requirement, voltage stress, and the ac self-
resistance of the receiving coil;

o The model selection switch Qg should be implemented
as a low-speed switch with low on-resistance. Its voltage
rating is the same as the two high speed switches @Q,;

e The inductors should be designed so that they function
as RF chock inductors at high frequencies and function
as shorts at low frequencies;

o The ouput filter capacitor C'; should be big enough to
eliminate the output voltage ripple.

At high frequencies (e.g., 13.56 MHz), the optimal duty
ratio of the switches in the dual-band rectifier depends on
the load impedance. Fig. 10 (a) and (b) show the optimal
duty ratio and voltage stress of the switches for a range of
Ry. The optimal duty ratio decreases as Ry, increases. Since
the dual-band rectifier function as two series-stacked Class-E
half-wave current-driven rectifier, the voltage stress of each
high frequency switch is only one half of the voltage stress
of a conventional Class-E current-driven rectifier. For low
frequency operation, the voltage stress of the two switches
is identical to that of a half bridge rectifier. Fig. 10 (c) and
(d) shows the simulated total harmonics distortion (THD) of
the dual-band rectifier and the full bridge rectifier operating at
13.56 MHz. As expected, the dual-band reconfigurable rectifier
works as two series-connected Class-E rectifiers and offers
significantly lower THD than a full bridge rectifier.
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Fig. 9. (a) simulated drain-to-source voltage of @, at 13.56 MHz, (b)
simulated drain-to-source voltage of @, at 100 kHz, (c) simulated current
waveform of the mode selection switch Qg at 13.56 MHz, (d) simulated
voltage waveform of the mode selection switch Q) g at 100 kHz, (e) simulation
total harmonic distortion and the ratio of the switch peak voltage to its output
voltage, (f) simulated rectifier input impedance.

Comparing to a system with two separate rectifiers, the
advantages of the proposed dual-band rectifier include:

1) Higher efficiency, lower voltage stress, and lower har-
monic distortion than a full bridge rectifier at 13.56 MHz.

2) Higher efficiency and Qi compatibility at 100 kHz (drive
a low frequency coil with two half-bridge inverters).

3) Very low component count (the dual-band system has the
same component count as a push-pull Class-E rectifier).

4) Simple sensing, control and gate drive circuitry. The HF
and LF sensing and control circuitry, as well as the mode-
selection switch can be implement in a single chip.
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In summary, the proposed dual-band rectifier is a promising
candidate for future practical design where high performance
and low component count are needed. The key principles of
this rectifier is to merge high efficiency low frequency rectifiers
(e.g., Class-D) with low distortion high frequency rectifiers
(e.g., Class-E), without increasing the component count and
the device stress. When designing this rectifier, the LF rectifier
and HF rectifier should be jointly optimized so that they share
the same loss budget when delivering the same amount of
power with the same thermal limit.

V. EXPERIMENTAL VERIFICATION

Fig. 11 shows a prototype dual-band WPT system com-
prising a 100 kHz transmitter, a 13.56 MHz transmitter, a
100 kHz receiver, and two 13.56 MHz receivers. The dual-
band transmitter is shown in Fig. 12. The component values
of the dual-band transmitter are listed in Table II. The input
inductors of the two Class-E inverters, Ly and Ly, are
designed to resonant with the shunt capacitors, C's ¢ and
Cs,1,, following the method described in [11]. The resonant
frequency of the output tank of the two Class-E inverters,
Loc and Cy.c, Lo and Cp r, are 13.56 MHz. The two
HF switches are implemented as GaN transistors (GS66504B).
The output capacitance of the two HF switches (about 60 pF)
are absorbed into the shunt capacitors C's,c and Cg, 1. Fig. 14
shows the ZVS operation of the HF switches with Z;, (=
14 — 526 §2). The system delivers 10 W with and without
RSN at 13.56 MHz.

A 100 kHz receiver and a 13.56 MHz receiver are designed
and tested to evaluate the performance of the dual-band
transmitter. The dual-band rectifier shown in Fig. 13 is used
as the 100 kHz receiver when (g is on and as the 13.56 MHz
receiver when @) is off, respectively. The diameters of the
HF coil and the LF coil are 10 cm and 20 cm, respectively.
The distance between the transmitting coil and the receiving

Fig. 11. The prototype dual-band WPT system with a RSN transmitter, a
pair of HF coils, a pair of LF coils, and three reconfigurable receivers.

Inductive Branch LF Coil
Dc-Dec Converter @, N\ / 100 kHz
—
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Fig. 12. The dual-band transmitter with an inductive branch, a capacitive
branch, a microcontroller (TT F28069), and a reactance steering network.
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Fig. 13. The active dual-band rectifier with two GaN transistors, the mode
selection and bootstrap driving circuits. The power density is 400 W/inch?.

TABLE I
PASSIVE COMPONENT VALUES OF THE DUAL-BAND TRANSMITTER.

Ly o Lo,c Csc Coc Crgrsn Cq Ly
200nH 1650 nH 260 pF 83 pF 397pF 20uF 10 uH
Ly Lo,L Cs,L Co,.. LRrsn Co Lo
200nH 1650 nH 260 pF 83 pF 350nH 20uF 10 uH

coils is 2.8 cm. The maximum horizontal misalignment is
5 cm. Fig. 15 shows the measured end-to-end efficiency of the
100 kHz WPT system the 13.56 MHz WPT system with and
without using the RSN. As shown in Fig. 15, the system with
the RSN achieves higher efficiency than the system without
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the RSN across the entire misalignment range. With the
higher load reactance, (e.g., at the misalignment of 5 cm), the
efficiency improvement is up to 13%. Note the low efficiency
of the HF operation under the large misalignment is caused by
the high ESR of the HF coil. The LF coil also interacts with
the HF coil at 13.56 MHz, which further decrease the system
efficiency with large misalignments.

Fig. 16 and Fig. 17 show the experimental results with the
LF and HF systems working together. The prototype dual-band
WPT system can independently controlling the output power
of the LF transmitter and HF transmitter. The power delivered
by the LF transmitter is controlled by the duty ratio Dy, D¢,
and the phase shift 87, and 6. The power delivered by the HF
transmitter is controlled by the intermediate voltage My, Mc,
and the phase @7, and ®¢. The operation of the two frequency
bands are independent from each other with negligible cross-
coupling effects. As shown in Fig. 16, by keeping Dy, D¢,
®;, - as constants, and modulating the phase difference
between 6 and ¢ form O to 27, the power transferred at
100 kHz (Po_LF) can be modulated between 0 W to 20 W,
and the power transferred at 13.56 MHz (Po_HF) can be kept
constant at 10 W. Similarly, as shown in Fig. 17, one can
keep the power transferred at 13.56 MHz constant at 10 W,
and modulates the power transferred at 100 kHz from 0 W
to 15 W by changing the duty ratio of the LF inverters. The
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Fig. 15. Measured end-to-end efficiency of the dual-band WPT system as

a function the coil misalignment. The radius of the HF coil is 5 cm, and the
radius of the LF coil is 10 cm.
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Fig. 16. The system can maintain a constant power for the high frequency
coil (Po_HF) and modulate the power of the low frequency coil (Po_LF).
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Fig. 17. The system can maintain a constant power for the low frequency

coil (Po_LF) and modulate the power of the high frequency coil (Po_HF).

measured efficiencies of the HF and LF transmitters working
together are shown in Fig. 16 and Fig. 17, respectively. When
delivering 10 W of power at 13.56 MHz, and delivering 20 W
of power at 100 kHz, the system reaches a maximum end-to-
end efficiency of 77.7%.

Fig. 18 (a) shows the estimated transmitting coil input
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Fig. 18. Experimental results with the coil misalignment changing from 0

cm to 5 cm: (a) estimated R¢z and X¢z, (b) duty cycle ratio Dy /Do and
phase difference Ay with online impedance estimation.

impedance Z;, = R;,+jX;,. Here the impedance variation of
Zy, 1s created by tuning the coil misalignment from 0 cm to
5 cm. Fig. 18 (b) shows the control parameters of the power
ratio based control. Here D /D¢ is the ratio of the duty cycle
of the L branch and the C branch buck converter. Ay is the
phase difference between the driving signal of the L branch
switch @7, and the driving signal of the C branch switch Q¢.
The control parameters are selected from a look-up table.

In order to further improve the system end to end efficiency,
a dual-band rectifier implemented with GaN switches is built
and tested (Fig. 8). Note the dual-band rectifier used in the
previous experiment employs the passive diodes. Fig. 13 shows
the synchronous rectifier. Here the effective dimension of
the active rectifier is about 1.8 cm x 1.3 cm. The driving
and auxiliary circuitry are included. Based on the analysis
in Section IV, the shunt capacitors of the dual-band rectifier
Cr1 and Cig are 500 pF and the ratio Vjeqi/V, is about 1.82
(Fig. 9). The maximum dc output voltage of ¢),; and Q.2
(Vps=40 V) is about 22 V and the maximum output power
is 20 W at 13.56 MHz. A low cost and low on-resistance
MOSFET ECHS8420 is used as the mode selection switch
Qs. The RF chock inductors L,; and L,5 are chosen as
1.2 uH which behave as high impedance (about 102j 2) at
13.56 MHz to block the high frequency current (reduce the
ac power loss). They behave as short at 100 kHz. Fig. 19
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Fig. 19. The active dual-band rectifier and measured waveforms: (a) drain-

source waveform at 13.56 MHz, (b) drain-source waveform at 100 kHz.

(a) and (b) show the experimental waveforms for the dual-
band rectifier when working at HF and LF, respectively. The
measured waveforms closely match with simulations in Fig. 9
(a) and (b). The ringings on the rectifier input voltage at
100 kHz is caused by the inductors Ly, and Ly used for
high frequency rectification.

Fig. 20 (a) shows the measured dc-dc efficiency of the
WPT system with active and passive rectifiers at 13.56 MHz,
respectively. Fig. 20 (b) shows the measured system efficiency
of the active and passive dual-band rectifier when they are
working at 100 kHz. The efficiency of the dual-band WPT
system with the active rectifier is significantly higher than that
of the system with passive rectifier across the full power range.

VI. CONCLUSIONS

A dual-band WPT architecture targeting multi-receiver ap-
plications with significant coil misalignment and load variation
is presented in this paper. This architecture is developed based
on a novel reactance steering network (RSN) that can pre-
cisely compensate an arbitrary load reactance by dynamically
steering the reactive power between two inverter branches.
We developed the theory of RSN and presented a design
method that can cover an arbitrary reactance variation range.
This paper also presents the topology and operation principles
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of a dual-band reconfigurable rectifier that can achieve high
performance at both 100 kHz and 13.56 MHz. The dual-band
transmitter and the reconfigurable rectifier are experimentally
verified by a dual-band WPT system that can efficiently
and independently power multiple 100 kHz and 13.56 MHz
receivers with significant coil misalignment and load variation.
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