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Wireless power transfer from a single transmitter to multiple receivers has broad applications in con-
sumer devices and industrial systems. However, current approaches for achieving selective wireless power
transfer among multiple receivers rely on complex tuning schemes, which suffer from reduced efficiency
when there are slight deviations from the optimal operating point. Here, we generalize prior analyses
of PT-symmetric wireless power transfer to the case of multiple receivers and show that the asymmet-
rical energy distribution arising from operation in a bistable region can solve such problems. Using a
system with three equally distant receivers, we experimentally demonstrate wireless power transfer to a
selected receiver with 65% efficiency and 99% selectivity without any tuning of the transmitter, achieving

localization of 83% of the total energy at the target.
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I. INTRODUCTION

Wireless power transfer (WPT) has experienced a resur-
gence of interest over the past decade with the rise of
electronic products such as mobile devices, electric vehi-
cles, and healthcare sensors [1,2]. Among various types
of WPT systems, selective WPT from a single transmit-
ter to multiple receivers is of particular scientific and
commercial interest because it can enable simultaneous
charging of many devices [3-9]. Various approaches have
been demonstrated for selective WPT, such as using trans-
mitter arrays to localize a magnetic field at a target
receiver or adjusting the frequency of the input signal
to match the resonant frequency of the target [10—12].
While these approaches can effectively suppress electro-
magnetic interactions with devices not in use, the need
for external feedback and control mechanisms increases
the complexity of circuit implementation [2,8,9,13—19].
Furthermore, because the optimal circuit configuration
depends on the coupling strengths between the transmitter
and the receivers [1,3], these systems suffer from reduced
efficiency and selectivity when there are slight deviations
in the operation conditions, which must be compensated
by active tuning of the system.
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Recently, the concept of parity-time (PT) symmetry
has gained significant interest as a way to realize robust
WPT systems [20-25]. PT symmetry describes systems
that are invariant under joint parity and time reversal oper-
ations [26,27]. The existence of an exceptional point in
the eigenfrequency spectrum of the system separates the
response into phases in which P7 symmetry is unbro-
ken and then spontaneously broken, which can lead to
unprecedented phenomena in a variety of physical sys-
tems [28-31]. In electronics, PT-symmetric circuits can
be implemented by incorporating a gain element in the
transmitter to serve as the time-reversed counterpart to the
loss in the receiver [32—36]. When combined with non-
linear gain saturation, such a circuit oscillates naturally at
one of its eigenfrequencies without an external driving sig-
nal, allowing it to automatically track an optimal operating
point across a wide range of system parameters [28,37,38].
Previous works have demonstrated strongly coupled P7-
symmetric circuits that provide WPT with nearly constant
efficiency in the presence of variations in the distance
between the transmitter and receiver [20,21,39]. However,
the generalization of PT-symmetric WPT to systems with
multiple receivers and the development of a mechanism
to achieve selectivity among the receivers have yet to be
demonstrated.

In this paper, we show that bistability in the mode selec-
tion dynamics of a nonlinear P7-symmetric circuit can be
exploited to realize selective WPT with high efficiency.
We demonstrate that the bistability provides access to
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eigenmodes in which energy is asymmetrically localized
in a subset of receivers detuned from the initial oscillation
frequency of the system, leading to suppression of losses
in both the transmitter and the remaining receivers. Using a
system with three receivers, we experimentally implement
a WPT system with transfer efficiency of 65% to the target
receiver and selectivity of 99% among other receivers.

II. THEORY

A. Enhanced wireless power transfer in bistable
PT-symmetric circuit

To understand how bistability enables high-efficiency
selective WPT, we first analyze a two-level PT-symmetric
circuit. Figure 1 shows a comparison between conven-
tional magnet resonant power transfer circuits and bistable
WPT. In the conventional WPT system shown in Fig. 1(a),
frequency tuning of either the transmitter or receiver res-
onator is needed to reach a maximum WPT efficiency
[2,40]. In contrast, we demonstrate that the power transfer
in a bistable circuit avoids such a requirement. To achieve
a bistable circuit, the source at the transmitter is replaced
by a nonlinear saturable gain element as demonstrated in
Fig. 1(b). As previously demonstrated in Refs. [20,39],
energy injected by the gain element enables the circuit to
self-oscillate and—despite the existence of more than one
possible mode—settle at a single frequency w through a
mode selection process.

To describe the bistable WPT circuit with coupled mode
theory, the self-resonant frequency is set to be w; and net
gain rate from single transmitter is gnet. The gain at the
transmitter g, is equal to g — 19, where g; is the equiv-
alent gain rate at the amplifier and y is the intrinsic loss
rate at the load. The self-resonant frequency is w; and the
loss rate is y; at receiver j, where y; =y + vjo. Y 18
the loss at load and y;¢ is the intrinsic loss at receiver.
k1j = wkij/2 is the coupling rate between the transmitter
and receiver j. For a WPT model with one receiver, the
dynamics can be described as [41—43]

ar) _ (iwr+ gt —iki a 1)
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where a; is normalized oscillation amplitude at transmitter
or receiver j, such that |a; |* is the stored energy, and a; is
the time derivative of a;.

Note that yj9|a;|* is the power dissipated in the trans-
mitter and y»|a,|? is the power dissipated in the receiver.
The WPT efficiency in the steady state can be expressed as
[20]
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FIG. 1. Comparison between conventional and bistable WPT

circuits. (a) Conventional schematic. The source wave with fre-
quency w; is generated and connected to the source coil with
resonant frequency of w,; the load coil with self-resonant fre-
quency of ) is coupled to the source coil with coupling rate
k (d). (b) PT-symmetric scheme. Power is generated at the source
coil with resonant frequency w;; the receiver with resonant fre-
quency w, is coupled to the source coil with coupling rate « (d).
(c) Efficiency with detuning of w; — w;. The blue curve indi-
cates a conventional scheme with w; = w)}, while the red curve
indicates the PT-symmetric scheme. The black dot indicates the
working condition in other PT-symmetric WPT circuits. The
arrow indicates that the WPT efficiency drops with mode switch-
ing at the boundary of the bistable region. The receiver and load
are perfectly matched.

where B = |ay|?/(la1|* + |az2|?) is the fraction of energy
localized in the receiver. Equation (2) indicates that
localization of energy in the receiver (8 — 1) provides
enhanced efficiency.
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Here, we show that a high value of B8 can be obtained
with large frequency detuning |w; — w;| at the boundary
of the bistable region. To reach the bistable region, strong
coupling where x12 > (2 + gnet)/2 should be satisfied.
The eigenfrequencies that represent modes of the system
can be derived from Eq. (1). With the strong coupling con-
dition, two real eigenfrequencies w,; and w_ representing
two modes coexist.

The energy distribution 8 can be obtained by calculating
the corresponding eigenvectors a; and a, at the two eigen-
modes w., which are the relative oscillation amplitudes of
the transmitter and receiver:

aix  —lyy —ignet + @1 — @
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To show how the WPT efficiency changes with detuning in
such a system, w; and coupling rate «, are initially fixed.
By gradually tuning the self-resonant frequency w; at the
receiver, B can be obtained. Figure 1(c) shows the the cal-
culated efficiency as a function of the detuning w; — w,.
The system satisfies PT symmetry when the resonant fre-
quencies are matched w; = w; such that the amplitude dis-
tribution is equal, 8 = 0.5. Remarkably, bistability allows
the system to access a region where the amplitude at the
receiver exceeds that of the transmitter, § > 0.5, resulting
in even higher efficiency. When the detuning w; — w, goes
beyond this region, the system spontaneously switches to
a different mode where 8 < 0.5, resulting in low transfer
efficiency.

The degree to which energy can be localized in the tar-
get receiver is limited by the width of the bistable region.
Assuming that g; can be arbitrarily large, the boundaries
of the bistable region are given by

\/K12(8)/22 + K332 = 20v3k3, — 8y + ks
42 /N2

b
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(4)

where w; . is the upper bound and w, _ is the lower bound
on w;. Such behavior persists in systems with multiple
receivers (n > 2) as described in the next section.

B. Selective wireless power transfer with multiple
receivers

In the multireceiver WPT model, bistable behavior still
exists and can lead to high-efficiency selective WPT. A
schematic of the system is shown in Fig. 2(a). With the
same parameters as in Eq. (1), the dynamics of the system

can be described as
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For simplicity, there is no coupling between each receiver.
The WPT efficiency to the selected receiver associated
with resonator 2 is

_ V2L
ya(1/B = 1/a) + yio/a’

n (6)

where B8 = |a2|?/(lai|* + Zj:z la;1*) is the fraction of
energy in the target receiver and o = |a»|?/|a;|? is the ratio
of energy in the target receiver to that in the transmitter.
High efficiency can be achieved in the bistable region with
B — 1 when the selected receiver’s resonant frequency is
tuned.

Analysis is done by setting all the self-resonant fre-
quencies and coupling coefficients between transmitter
and each receiver to be equal initially. Then we tune the
selected receiver with self-resonant frequency w,. The
behavior of the system can be visualized by initially setting
the parameters w;/(27) = w3/(2n) =+ = w,/2nw) =
1 MHz, g = 1.592 x 10° s7!, ky; = 1.5 x 10° s7!, 39 =
3.98 x 10° s7!, 3 = 1.592 x 10* s7!, and y;, = 1.194 x
10* s~1. Thus strong coupling is satisfied as kj; = k12 >
(g1 — y10+ 12)/(2+/(n — 1)). By gradual tuning of the
selected resonator’s resonant frequency w;, the evolution
of the system’s real eigenfrequencies Re(w) represent-
ing different modes can be depicted as in Fig. 2(b). For
the single-receiver model when n = 2, two eigenmodes
w4 that track the tuning frequency w, are presented. For
higher-level system with multiple receivers, where n > 2,
new modes that are insensitive to w, are introduced. The
mode with eigenfrequencies wy close to w, corresponds
to the bistable mode where high-efficiency selective WPT
happens.

To explain why the bistable mode suppresses the other
modes in the multireceiver system, Fig. 2(c) plots corre-
sponding growth rates of different modes, —Im(w). Grow-
ing modes —Im(w) > 0 compete to access the gain while
the decaying modes —Im(w) < 0 vanish in the steady state
[20,44]. According to Fig. 2(c), with sweeping of w;,, the
highest growth rates are dominated by mode w., which
indicates that the system will self-oscillate at one of these
frequencies. In contrast, the remaining modes either are
decaying or have lower growth rates. Thus, these modes
are not selected by mode competition.

When the system is initialized with w; > w, the gain
rate at eigenfrequency w_ is the highest, and therefore
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FIG. 2. Analysis of bistable multireceiver WPT system. (a)
Setup of selective WPT. (b) Real part of eigenfrequencies. Red
and blue lines are modes when n = 2, dashed gray lines are
modes introduced when a second or third receiver is presented.
(c) Growth rate —Im(w). (d) Fraction of energy distributed on
the selected receiver.

the mode with eigenfrequency w_ is selected as the oscil-
lation frequency [37,44]. As w, gradually decreases, the
region where w, < w; is then reached. Adiabaticity causes

the system to continue to oscillate at w_ even though the
growth rate of w, is larger [45,46]. This region corre-
sponds to selective WPT as w_ closely tracks w,. How-
ever, beyond a certain threshold, the growth rate of the
mode with eigenfrequency w_ becomes negative, and the
system nonadiabatically transitions to w,, which is the
mode with the highest growth rate. Figure 2(d) shows evo-
lution of energy localized at selected receiver 8 with tuning
of w,. It is observed that a high selectivity can be obtained
with large detuning € = w; — w; at the boundary of the
bistable region.

Figure 3(a) shows the electronic setup for the selective
WPT system. As shown in this figure, the gain element
is achieved by the negative impedance converter by con-
necting R,, R,, and R, to the amplifier. Here we further
evaluate the energy distribution behavior with tuning of w,
by simulation of magnetic field in Fig. 3(b). With the ini-
tial setup when w, = w; at state O as described in Fig. 2(b),
the energy distributed in all the receivers is equal, and the
total energy in the receivers is the same as the energy in
the transmitter (8 = 0.167 and « = 0.333), as depicted in
the left-hand panel of Fig. 3(b). With tuning of w,, § and
o will continue to increase until the system reaches the
boundary of the bistable region, point 4, where w, is 0.52
MHz. This state as shown in the center panel of Fig. 3(b)
has the highest selectivity (8 = 0.89 and o = 9.64) with
n, = 0.72. Upon leaving the bistable region, the system
undergoes an abrupt transition to the state shown in the
right-hand panel of Fig. 3(b) where the efficiency of WPT
to the selected receiver suddenly drops to n, = 0.03.

Figure 3(c) shows the bistable region as a function of
«1; and the corresponding transfer efficiency to the selected
receiver. These results show that the width of the bistable
region increases with «1; and that the transfer efficiency
to the selected receiver is highest at the boundaries of the
region.

III. EXPERIMENTAL RESULTS

We experimentally demonstrate selective WPT using
a system of three receivers. The coils are designed by
using copper wire (1 mm in diameter) wrapped around a
3D-printed, acrylonitrile butadiene styrene (ABS)-plastic
support. We modify the setup used to characterize bistabil-
ity by using a five-turn transmitter coil with dimensions
60 x 10 x 5 cm, which has a measured inductance of
23.7 uH. The receiver coils are wrapped with dimen-
sions of 20 x 10 x 5 cm. The gain element is achieved
by an operational amplifier (LM6171, Texas Instruments)
in negative impedance converter configuration with resis-
tances R, = R, = R, = 67 €, resulting in a small-signal
negative resistance of —67 Q. The receiver coil is termi-
nated with resistive load of 3300 €2 in parallel with series
variable capacitors (GZN60100, Sprague Goodman Elec-
tronics) with range given in Table I. With such inductance

044076-4



HIGH-EFFICIENCY SELECTIVE WIRELESS POWER...

PHYS. REV. APPLIED 18, 044076 (2022)

(@) (c) 1,
R =-RR/R, 0.0 0.2 0.4 0.6 0.8
1.6
K, .8 :E
A %gaég cz R,
Kis : §
p— <« L ;EC £ R3 g
c | L ) I
T [
R Lo to I
§ R, ] %} §L47§ CT A,

and capacitance, the resonant frequency of the transmitter
is initially fixed to be w;/(27) = 1.01 MHz.

The receivers are placed at a distance of 3 cm from the
transmitter using a foam separator as shown in Fig. 4(a).
To achieve selective WPT, we initialize the system such
that all of the receivers have the same resonant frequency
w; /(2mw) = 1.28 MHz. We then decrease w, by increasing
the value of C,, steering the system to oscillate along the
lower bistable branch w_ to localize the energy at selected
tuning receiver.

The system’s oscillation frequencies with tuning of w,
are shown in Fig. 4(b), measured by using an oscillo-
scope (Picoscope 6402D, Pico Technology) and extracting
the peak of the fast Fourier transform spectrum. When
wy/(2m) is decreased from 1.28 to 0.643 MHz, the oscil-
lation frequency of the system w_/(27) gradually tracks
wy/(2m), decreasing from 0.923 to 0.6397 MHz. With con-
tinuing tuning when w;/(27) is smaller than 0.643 MHz,

TABLE I. Circuit parameters for selective WPT.
Parameters Values
Ra> Rb> Rn 67 Q2
Ry, R3, Ry 3300 @
Ly 23.7 uH
Lz,L3,L4 23.9 MH
G 0.5 nF
C, 0.65-2.6 nF

1.0
K, (10°s7)

(b) A/m A/m A/m
20 100 3
o‘ A o‘ 0‘
FIG. 3.
PT-symmetric and detuned configurations. (c) Efficiency of selective WPT 1, as a function of «y; and w,.

Circuit setup and simulations. (a) Circuit setup for selective WPT. (b) Plots of magnetic field distribution for the

the system exits the bistable region. Thus, a sudden sys-
tem oscillation frequency shift from 0.6397 to 1.04 MHz
is observed as described in the theory, representing the
system mode shifting.

The evolution of the voltages in the transmitter and
receivers, and the efficiency of power transfer to each
receiver, are shown in Fig. 4(c). The time-averaged power
delivered to the load is directly calculated as Py ave =
V3 s/ R2> With V2 being the root mean square of the
voltage, while the time-averaged power dissipated in the
transmitter is obtained by integrating the product of the
instantaneous voltage and current, obtained using a current
probe (CT1, Tektronix), over one cycle. Initially, the sys-
tem is at the mode indicated as point O where all receivers
have the same self-resonant frequency. The voltage in the
transmitter at this state is V' ;s = 9.582 V, and the voltage
in each receiver is measured as V; ;s = 3.06 V. However,
as w, /(2m) is decreased from 1.28 to 0.643 MHz, the volt-
age in the target receiver V5 s increases while the voltage
in the transmitter Vs and the other receivers is sup-
pressed. At the boundary of the bistable region, V5 s is
about 18 V and hence twice V| ;s and 13 times higher than
the voltage in the other receivers. This state corresponds to
a transfer efficiency of 65% to the target receiver, which
is 6.2 times higher than the initial state. The selectivity
of power transfer, defined as the ratio of power deliv-
ered to the target receiver to the power delivered to all of
the receivers, is 99% with 80% of the total power being
delivered to the target receiver. When the tuning shifts the
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FIG. 4. Experimental setup and results. (a) Image of the setup
for selective WPT. (b) System oscillation frequencies as a func-
tion of w,. Solid blue line shows the experimentally measured
frequency and dashed blue line the theoretically predicted eigen-
frequencies. (c) Experimentally measured voltage and transfer
efficiency at the jth resonator as w, is decreased. Dashed red
line shows the theoretically predicted transfer efficiency 7, to the
target receiver.

operating point outside of the bistable region, the voltage
in the target receiver drops below 1 V while the voltage at
the transmitter is at 9 V, resulting in a WPT efficiency to
the selected receiver n, < 1%.

IV. CONCLUSION

We theoretically and experimentally demonstrate effi-
cient and selective WPT using bistability in a self-
oscillating system. The bistability allows the system’s
oscillation to track the resonant frequency of a strongly
coupled receiver as it is detuned from the rest of the sys-
tem, enabling energy to be selectively localized at the
target while suppressing dissipation elsewhere. We suc-
cessfully achieve an efficient WPT system that does not
require any active frequency tuning and also circumvents
impedance matching issues.

Future work will be needed to address the potential
sensitivity of the system to variations in the operating con-
ditions. Because the scheme requires operating near the
boundaries of the bistable region, a small decrease in the
coupling strength may cause the system’s oscillation fre-
quency to abruptly transit to a different branch, resulting
in low transfer efficiency to the target receiver. This sensi-
tivity can be mitigated at the expense of slightly reduced
efficiency by limiting the degree of detuning as a func-
tion of the coupling strength. Methods to determine the
width of the bistable region for more complex configura-
tions may be useful for this task. Furthermore, the design
of amplifiers is important to achieve high overall effi-
ciency (including dc-to-ac conversion losses), particularly
for high-power systems. In this regard, class-E and switch-
mode amplifiers with high-power input have been used to
improve the efficiency of high-power WPT systems [39].
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APPENDIX: CORRESPONDENCE WITH CIRCUIT
ANALYSIS

Consider an inductively coupled single-transmitter, mul-
tireceiver parallel RLC WPT system. The voltages and
currents are related as

Vi Ly My - My\ /(I

Vs [ M L 0 I

L =iw . . , (A1)
: : : 0

Vn Mln 0 Ln IL,n

where Mj; is the mutual coupling between transmitter and
receiver j and L; is inductance of coil with number j. V;
is the voltage and /;; is the current flowing through the
inductor ;. Kirchoff’s laws for the WPT circuit with one
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transmitter and one receiver can be given as
Vi
]L,l + ]T + ia)C1 V1 = 0,
1

V-
Ly + — 4 iwCyV, =0,
R,

Vi
IL,n + 1? + len Vn = 07 (A2)

n

where C; is the capacitance and R; is the resistance of resonator j .  is the resonant frequency of the system. Eliminating
V, by combining Egs. (A1) and (A2), we obtain

—iwL; + %:le —iwMi> e —ioM,,
—iwMy, —iwl, + %;sz T 0
: : . 0
. . iRy
—iwM,y, 0 .. —iowL, + _j+lCanw (A3)
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]L,2 0
Ip 0

(

To simplify Eq. (A3), the self-resonant frequency and loss ~ Equation (A4) reduces to
of the n-level system of two RLC oscillators are given
as w; = 1/,/L;C; and y; = 1/(2R;C;). The amplitude g,

can be related to the current flowing through the inductor i(w) — Cf)) + Snet ‘ —IK12 e —iK1n
a; =1.;\/L; /2. ky; = My;/\/LiL; is the coupling coeffi- —iK12 (o —w) =y -+ 0
cient between transmitter and receiver j and w/2m is the : : 0
oscillation frequency of the system. Equation (A3) can be —ikyyw .
—= 0 —iK1y — Vn
thus converted to
aj 0
—2iy1w+a)2—wf —ikjpw L —ik1,w ay 0
4y +2iw 2 2 . —
—ikjpw 72iy2w+w2—w§ . 0 : :
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