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Abstract
While wired-power-transfer devices ensure robust power delivery even if the
receiver position or load impedance changes, achieving the robustness of wireless
power transfer (WPT) is challenging. Conventional solutions are based on additional control circuits for dynamic tuning. Here, we propose a robust WPT system
in which no additional tuning circuitry is required for robust operation. This is
achieved by our systematically designing the load and the coupling link to be parts
of the feedback circuit. Therefore, the WPT operation is automatically adjusted to
the optimal working condition under a wide range of load and receiver positions.
In addition, pulsed oscillations instead of single-harmonic oscillation are adopted
to increase the overall efficiency. An example system is designed with the use of a
capacitive coupling link. It realizes a virtual, nearly-ideal oscillating voltage source
at the load site, giving efficient power transfer comparable to that of the ideal wiredconnection scenario. We numerically and experimentally verify the robustness of the
WPT system under the variations of load and coupling, where coupling is changing
by our varying the alignment of aluminum plates. The working frequency and the
transferred power agree well with analytical models. The proposed paradigm can
have a significant impact on future high-performance WPT devices. The designed
system can also work as a smart table supporting multiple receivers with robust
and efficient operation.
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1

Introduction

The concept of wireless power transfer (WPT) was patented by Tesla about 100 years ago
[1]. Ever since, researchers and engineers have been investigating methods for improving
WPT technologies in terms of efficiency, power, transmission distance, human safety,
and adaptive tuning [2, 3, 4, 5, 6]. Recently, WPT technologies have been widely used in
many applications including consumer electronics [7], biomedical implants [8, 9], industrial
applications, and electric vehicles [10, 11]. A typical WPT system consists of a highfrequency ac generator, a transmitter, and a receiver that is separated from transmitter
and connected to the electrical load [2]. Energy is transferred from the transmitter to
the receiver via a wireless link using either inductive coupling (magnetic field) [2, 3, 4]
or capacitive coupling (electric field) [11, 12, 13, 14]. The optimal power transfer occurs
when the frequency and load are chosen to ensure the conjugate match of the source and
load impedances. However, in practical applications, variations in working conditions
such as the receiver position (coupling strength) and load resistance are inevitable, and
cause the system to deviate from optimal operation [4]. Thus, a WPT system optimized
for a nominal working condition may not function optimally when the working conditions
change. Conventionally, this challenge is addressed by adding control circuits to sense the
operating state and tune the system to maintain optimal conditions [4, 15, 16, 17, 18], but
such circuits add to the cost and complexity of the system. Therefore, a radically new
method to achieve the system robustness without any additional tuning under system
variations is highly demanded for WPT devices.
Recently, a parity-time symmetric system consisting of coupled resonant circuits with
gain and loss was shown to enable wireless power transfer that is robust to variations in
coupling through self-tuning of the system’s oscillation frequency [19, 20, 21]. However,
the implementation of a gain circuit relied on negative-impedance converters, which exhibit significant losses during low dc-to-ac power conversion [20, 22]. This results in a low
end-to-end transfer efficiency when the total power supplied to the generator is accounted
for, including the dc power dissipated by the amplifiers. A more recent study of on-site
WPT showed that robust transfer can be achieved with a generic amplifier to generate
oscillations at the load directly [21]. The realization reported in Re. [21] uses resonant
time-harmonic oscillations, which are generated through interactions between the amplifier and the load. This resonant approach, however, results in unavoidable inherent losses
as it either requires consumption of dc power to bias the amplifier in the linear region,
or results in conversion of energy into higher-order harmonics of the resonant frequency.
The design of a robust yet nonresonant WPT system that can efficiently transfer pulsed
signals (e.g. square wave) could enable increased overall efficiency for practical nonlinear
amplifiers. In this work, we propose and realize a robust and efficient on-site WPT system
working in the nonresonant pulsed regime. While the self-oscillating comparator-based
relaxation oscillator has been known for nearly a century [23, 24], the WPT system proposed here is a modified one where the wireless link and the load are designed to be parts
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of the oscillator’s feedback circuit. This topology provides the advantage of detecting
the receiver and automatic initiation of wireless power transfer. This is different from
the earlier solutions which use self-oscillating circuits to enhance robustness [25, 26, 27],
where feedback is present inside the generator and oscillations are sustained even without
the receiver. Moreover, on one hand, the self-oscillating nature ensures system robustness (i.e., the WPT system automatically adjusts itself to the optimal working condition
although the load resistance and the receiver position vary over a wide range). On the
other hand, the pulsed oscillations from the switched circuits working in a highly nonlinear regime guarantee that, within a certain range of operation conditions, the proposed
system can achieve high end-to-end power-transfer efficiencies, approaching the efficiency
of the ideal case in which the load is directly connected to an ideal voltage source with
zero internal resistance. The robust and efficient operations are demonstrated numerically
and experimentally with a capacitively coupled WPT system.

2

The pulsed self-oscillating WPT system

The conventional WPT system and the self-oscillating WPT system are compared in
Fig. 1, with capacitive WPT as an example. In conventional devices, the generator
(oscillator), transmitter and receiver are functionally distinct. The utility power is first
converted to high-frequency ac power by use of an oscillator since dc or 50-60-Hz power
cannot be effectively transferred via free space. Next, the output power is delivered
from the transmitter to receiver through capacitive coupling elements. The operating
conditions of the generator are determined by its circuitry, therefore, the transferred
power changes with the variation of the load and the receiver positions. Conversely, in
the proposed self-oscillating WPT paradigm, the load and the wireless power link are parts
of the positive-feedback loop, forming a unified oscillator circuit. The high-frequency ac
power is therefore directly generated at the load position, as shown in Fig. 1(b). The
feedback loop passing through the coupling capacitance and the load determines the
oscillation frequency by itself. In this way, feedback of the distributed oscillator maintains
the optimal condition without any additional tuning circuitry.
As a first conceptual test to demonstrate the proposed principle, we suggest a selfadaptive WPT system in the pulsed regime [see Fig. 2(a)]. In this system, an operational
amplifier [28] is used to work as a switch to generate pulse oscillations. The two identical
parallel-plate capacitors Cp provide a wireless link for transferring energy to the load
RL , as well as a positive feedback loop to maintain self-oscillations. Example oscillations
from simulations (LTspice IV, same for the following simulations) are shown as solid
lines in Fig. 2(b). In such a configuration, if the receiver is absent, the feedback loop is
disconnected, therefore there is no oscillation. However, when the receiver is brought back
and the system satisfies the oscillation condition, the WPT operation will be restored.
This property brings a significant advantage of automatic receiver detection which greatly
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Figure 1: Comparison between the conventional and proposed WPT systems. (a) In conventional systems, the high-frequency ac oscillation is formed in the oscillator (generator)
and then transmitted to the load through a capacitive wireless link. (b) In the proposed
WPT system, the wireless link and the load are parts of the feedback circuit. The whole
system forms a unified oscillator and the oscillating power is directly generated at the
load.
reduces standby losses.

2.1

Analytical solution of the pulsed self-oscillating WPT system

The analytical solution for the proposed WPT system in Fig. 2(a) is derived on the basis
of the assumption that the operational amplifier is ideal. When the system operates, the
same current i is passing through C0 , Cp , and RL , from Kirchhoff’s current law. Therefore,
we obtain two voltage relations; namely, Vo − V3 = V2 − V1 and V2 = (Cp + C0 )V1 /Cp . We
also obtain the master equations of the WPT system
V3 − V2
dV1
=
,
dt
RL
d(Vo − V3 )
V3 − V2
.
Cp
=
dt
RL
C0

(1)
(2)

Together with the initial conditions when the output voltage Vo switches from positive to
negative supply voltage (VCC to VEE ), we obtain time-dependent voltage solutions (see
Section A in Supplemental Material [29] for details) as

VCC 
(1 + βγ)e−t/τ − 1 ,
γ
C0
V3 (t) = − V1 (t) − VCC ,
Cp
V1 (t) =

(3)
(4)

for the first half period (0 ≤ t < T /2), where β = R1 /(R1 + R2 ) is the voltage division
factor, γ = 1 + 2C0 /Cp is a dimensionless factor indicating the coupling strength, τ =
C0 RL /γ is the characteristic time, and we have adopted VEE = −VCC for symmetric
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Figure 2: The proposed WPT system based on a self-oscillating circuit and its theoretical performance. (a) The WPT system with variable definitions. The feedback loops
at inverting (-) and noninverting (+) terminals of the operational amplifier make the
output oscillate, driving the energy wirelessly to the load. (b) Voltage oscillations from
simulations (solid lines) and analytical solutions of V1 and V3 in Eqs. (3) and (4) (dashed
lines). (c) Analytical power ratio Pr as a function of Cp /C0 and β. The dashed yellow
line indicates the boundary of the oscillation regime. The system operates closer to the
ideal wired-connection case when the configuration is further away from the boundary.
The horizontal dashed black line is for β = 0.2.
operation. For the second half period (T /2 ≤ t < T ), the solution can be found by simply
changing VCC to VEE and t to t − T /2. Both V1 and V3 change exponentially, following
the charge and discharge processes of the capacitors, and they are plotted in Fig. 2(b) as
dashed curves (blue for V1 and red for V3 ), complementing the simulation results. The
oscillation period T is then obtained as
T = 2τ ln

1 + βγ
,
1 − βγ

(5)

through the switching condition V1 (T /2) = βVEE . However, the condition V1 (t → ∞) <
βVEE must be satisfied to support oscillations. This gives the oscillation condition
β < 1/γ.

(6)

As long as the system parameters satisfy this condition, power will be wirelessly delivered
to the load, meaning that the proposed WPT system is robust.
5

The average power delivered to the load can be calculated by 1/T
which results in

2
VCC
1 + βγ
Pavg =
× 2βγ ln
.
RL
1 − βγ

RT
0

(V3 − V2 )2 /RL dt,
(7)

2
We notice that the first term P0 = VCC
/RL is the power consumed by the load if we
were to connect the load directly to the ideal voltage source VCC with wires having zero
impedance. Thus, the value of P0 provides a very good performance reference and we
define a power ratio

Pavg
1 + βγ
Pr =
= 2βγ ln
,
(8)
P0
1 − βγ

to measure how well the WPT system performs compared with the direct wired connection.

2.2

Robustness of the pulsed self-oscillating WPT system

From Eq. (8), we highlight that Pr is not a function of the load resistance RL , meaning
that the power ratio is robust against the changes of the load. Figure 2(c) shows the
analytical contour plot of Pr as a function of Cp /C0 and β. As we can see, the power
ratio Pr is bounded by the oscillation condition in Eq. (6). When the system parameters
(Cp /C0 , β) move away from the boundary, Pr increases and can reach 0.99 for small β.
High values of Pr mean that the performance of the proposed WPT system is comparable
to that of the wired connection. More importantly, with constant β, Pr is insensitive for
large Cp /C0 , indicating that we can obtain efficient and robust WPT with high Pr for a
broad range of plate capacitances (i.e., for varying coupling strength such as the transfer
distance). For example, if we choose β = 0.2, we can achieve Pr > 0.9 when Cp /C0 > 1.23.
Actually, the simplifying assumption of identical plate capacitors is not necessary, and
the system is still robust when they have different capacitances. For this general case,
the master equation (2) is slightly modified and similar results and discussions follow
(see Supplemental Material for details). The generalized oscillation period, oscillation
condition, delivered power, and power ratio still have the same form as Eqs. (5)−(8),
but with generalized characteristic time τ 0 = C0 RL /γ 0 and generalized dimensionless factor γ 0 = 1 + C0 /Cp,left + C0 /Cp,right , where Cp,left (Cp,right ) is the coupling capacitance
connected to the inverting (output) terminal of the operational amplifier. The slightly
modified dimensionless factor γ indicates that the asymmetric coupling capacitances from
misalignments have a negligible effect on the system operation. Figure 3 shows the analytically calculated Pr,general as a function of Cp,left /C0 and Cp,right /C0 when β = 0.2.
As we can observe, when the two plate capacitances deviate from each other (being still
larger than C0 ), the change of the power ratio is relatively small, indicating that the proposed WPT system is robust against misalignments. This is of great advantage in WPT
applications as misalignment of the receiving plates will not significantly affect the WPT
operation.
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Figure 3: Analytical plot of the generalized power ratio as a function of Cp,left /C0 and
Cp,right /C0 when β = 0.2. The dashed yellow line indicates the boundary of the oscillation;
that is, 1/γ = 0.2 from Eq. (6). The solid black line shows the position where the two
plate capacitors have the same capacitance.
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Figure 4: (a) The conventional WPT system for comparison. (b) Comparison of the two
power ratios against coupling Cp for the same system parameters. Simulation results are
from the circuits made of nearly ideal operational amplifier.

2.3

Comparison with the conventional WPT system

We compare the robust operation of the proposed pulsed self-oscillating WPT system
with the operation of a conventional WPT system, which is schematically shown in
Fig. 4(a) [30]. This conventional WPT system serves as a good basis for comparison
because the difference between it and the proposed WPT system is only in the location
of the wireless link and the receiver, just as the difference shown in Fig. 1. For such a

7

conventional WPT system, the power ratio similarly defined as Eq. (8) is found to be
Pr,conv =

2Cp RL
Tconv
tanh
,
Tconv
2Cp RL

(9)

where Tconv = 2C0 Rf ln[(1 + β)/(1 − β)] is the oscillation period of the generator (see
Supplemental Material for details). This power ratio is a function of the load RL , indicating less robustness against load variations, compared with the load-independent one for
the proposed WPT system. Moreover, in Fig. 4(b) we plot the two power ratios against
the change of the coupling capacitance Cp when we use the same system parameters
R1 = 1 MΩ, R2 = 3.9 MΩ, C0 = 10 pF, and RL = 1 kΩ in both WPT systems and
Rf = 100 kΩ for the conventional WPT system. It is clear that the proposed pulsed
self-oscillating WPT system provides better robust operation than the conventional one.
The power delivery of the proposed self-oscillating WPT system is comparable to that of
the wired connection for coupling larger than 20 pF, which, for example, corresponds to
a transfer distance of 8.8 cm for underwater WPT when the capacitors are realized on
the basis of metal plates with area 5 × 5 cm2 . In our particular experiment, the transfer
distance is limited by the oscillation condition in Eq. 6 as a larger transfer distance (corresponds to small Cp ) may fail the oscillation. The low power ratio of the conventional
system is due to the fixed oscillation period of the generator. When Cp is small, capacitors
can be easily charged. Therefore, the WPT operation lasts for only a very short time in
each half period. Indeed, this power ratio can be increased by decreasing the feedback
resistance Rf . However, the decrease of Rf will increase the parasitic loss (which does
not exist in the proposed WPT system) and drastically diminish the maximum overall
efficiency of the conventional WPT system.
We emphasize that, in principle, the proposed pulsed self-oscillating WPT system can
work for any value of the load resistance and plate capacitance as long as the oscillation
condition (6) is satisfied. In actual implementations, this means that energy can be
transferred to any load with any distance and misalignment between the metal plates
within the boundaries set by Eq. (6).

3

Experimental demonstration of the power-transfer
robustness

We experimentally demonstrate the robustness of the proposed WPT system with a specific operational amplifier (TL051CP). The experimental setup is shown in Fig. 5(a) with
the system parameters R1 = 1 MΩ, R2 = 3.9 MΩ, C0 = 4.7 nF, and VCC = −VEE = 12V .
The wireless link is realized with two pairs of aluminum plates with width w = 30 cm
and length L = 50 cm. Each pair of plates is separated by distance d = 0.1 mm (in
experiments, it is fixed with paper sheets with relative permittivity r = 1.4) to provide
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Figure 5: Experimental demonstration of the robustness against load variation. (a)
Experimental setup. The capacitive wireless links are made of aluminum plates. (b) The
working frequency is inversely proportional to the load resistance. (c) Power ratio versus
load resistance. The measured value drops when the load resistance decreases. The inset
shows the experimental voltage oscillations when RL = 1.5 kΩ.
the plate capacitance in the nF range, which is appropriate for the parameters of the selected operational amplifier. The transfer distance can be increased by use of high-speed
switching devices instead of the general-purpose operational amplifiers used in this experimental demonstration. The three characteristic voltages Vo , V2 , and V3 are measured
with a high-speed oscilloscope [31]; then the data are processed to determine the oscillation frequency f = 1/T and the power ratio. The robustness of the WPT system is
demonstrated by our varying both the load resistance RL and the receiver position (the
plate capacitance Cp ).

3.1

Robustness against load resistance

We first demonstrate the robustness with respect to changes of the load resistance RL . The
capacitance of the aluminum plates is measured to be 18.1 nF. In theory, this configuration
should work for arbitrary RL values. In practice, the lower bound of RL is defined by
the maximum oscillating frequency supported by the selected operational amplifier, which
is approximately 400 Ω for our device. Therefore, we vary RL from 470 Ω to 4.7 MΩ,
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and the measured frequencies are shown in Fig. 5(b). It is clear that the experimental
and simulation results [32] agree very well with each other and the frequency is inversely
proportional to RL , following the analytical black line given by Eq. (5). In calculating the
power ratio, we note that the magnitude of the Vo swing is less than the feeding voltages
due to the internal voltage drop within the selected operational amplifier, as shown in
the inset in Fig. 5(c). Therefore, to give results comparable to the analytical solutions,
we calculate the power ratio by Pr0 = Pavg /P00 where P00 = Vm2 /RL and Vm is half of
the measured peak-to-peak voltage of the output, representing a dc voltage source with
magnitude Vm . The corresponding power ratios from experiments and simulations are
shown in Fig. 5(c). They agree well with the analytical solution with an exception for low
RL values. The system works robustly for load variations of three orders of magnitude.
The load-dependent Pr from measurements comes from the finite slew rate of the selected
operational amplifier, which prohibits instant switching of the output voltage Vo ; see the
inset in Fig. 5(c). The resulting trapezoidal shape of the output affects the shape of V3
and reduces the power delivered to the load. While this power reduction is negligible for
low frequencies (corresponding to large load resistance), it becomes noticeable when the
oscillating frequency increases (load resistance decreases).

3.2

Robustness against receiver positions

We next demonstrate the robustness with respect to changes of the receiver position. We
modify the overlap area by sliding the top plates, as shown in the inset in Fig. 6(a). The
plate capacitance Cp is therefore a linear function of the overlap distance l; the measured
capacitances are shown in Fig. 6(a) when we change l from 10 to 50 cm. We perform
the experiments with five load values (i.e., 1, 3.3, 10, 33, and 100 kΩ). The measured
frequencies and power ratios are shown in Figs. 6(b) and (c) as symbols, while the lines
are obtained from the analytical solutions Eqs. (5) and (8). As we can observe, the WPT
system operates robustly while the receiver position is changing. For a fixed load, the
working frequency is almost constant, while the power ratio increases with increase of
l. The measured power ratio Pr is lower than the analytical expectations, especially for
smaller load resistance 1 kΩ and 3.3 kΩ. This is again due to the finite slew rate of the
selected operational amplifier, the same as discussed in the previous subsection. These
results are consistent with the aforementioned ones in Fig. 5.
Moreover, the robustness of the WPT system is also experimentally demonstrated by
our moving and rotating the receiving part while the WPT system is on (see supplemental
material for details). For visualization, two LEDs, accompanying the load, are glowing
while the position of the receiving part changes. It is also noted that this WPT system
can detect the receiver by itself and automatically start up. When the receiver is absent,
the feedback loop is open and there is no oscillation, and thus no power generation and
transfer. However, when the receiver returns, the oscillations restart automatically and
power is wirelessly transferred to the load, indicating by reglowing of LEDs (see the
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supplemental videos).

3.3

Efficiency of the proposed WPT system

In the proposed WPT system, there is no inevitable loss in the output resistance of the
generator (such as Rf in the conventional WPT system shown in Fig. 4) as this output
resistance is now the useful load itself. In our example realization, the dissipation losses
in R1 and R2 are negligible, and parasitic losses occur only in the wireless link and
the operational amplifier acting as a switch, which are also present in all conventional
systems. If we observe the overall efficiency, which is defined as the ratio between the
power consumption in the load and the total power taken from the utility source, i.e., η =
Pavg /Pin , we obtain a maximum overall efficiency of 36.7% in our demonstration prototype.
The moderate overall efficiency is due to the comparably large parasitic losses in the
selected operational amplifier. On the other hand, we can calculate the efficiency without
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Figure 7: Efficiency of the proposed WPT system (both simulation and experiment
results) and the conventional WPT system (simulation results) without counting the loss
in the selected operational amplifier.
counting the loss in the operational amplifier; that is, η 0 = Pavg /(Pavg + 2PCp + PR1 + PR2 ),
where PCp , PR1 , and PR2 are the losses in the plate capacitor Cp and the two resistors R1
and R2 , respectively. This efficiency is higher than 90% (maximum 94% in the experiment)
for a broad range of load resistances, as shown in Fig. 7. Therefore, further increase of
the overall efficiency can be realized by reducing the parasitic losses in the operational
amplifier, such as choosing alternative low-loss (and high-slew-rate) operational amplifiers
or designing the amplifier topology using other efficient switching devices. In addition,
the efficiency η 0 (excluding the losses inside the operational amplifier) for the conventional
WPT system [Fig. 4(a) with Rf = 100 kΩ] is also calculated with LTspice, see Fig. 7. It
is clear that the proposed WPT system indeed has higher efficiency than the conventional
one as there is additional loss in Rf .

4

Conclusion

The proposed pulsed on-site wireless-power-generation paradigm based on the self-adaptive
concept realizes a virtual, nearly ideal voltage source at the position of the power-receiving
load. Under certain conditions, this voltage source is comparable to the ideal wiredconnection case, enabling efficient and robust wireless power delivery. As the load and
the capacitive wireless link are parts of the feedback loop of a self-oscillating circuit,
the proposed WPT system automatically adjusts itself to the optimal working condition
and provides robust operation against changes of the receiving end, including the load
resistance and the receiver position. No additional tuning circuit is required to maintain the system in resonance which is needed in conventional WPT systems. While we
demonstrate the robust WPT operation of the proposed system with a particular example, future work can be focused on the design of better circuit topologies, increase of the
amplifier efficiency and the power level, and reduction of the apparatus size. In addition,
safety concerns may arise for certain applications due to the use of electric field coupling.
As such, the proposed design may be best suited for nonhuman environments (e.g., in
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automated factories). The proposed pulsed self-oscillation scheme can also be applied to
inductive WPT systems, where the only requirement would be to co-design the whole system such that the coupling link and receiver are parts of the feedback loop, and which will
be different from the solutions of adding additional sensing and control circuits [33, 34].
On the basis of the theoretical analysis presented here, it is clear that the efficiency, load
range, and transfer distance can be substantially increased with better-characteristic operational amplifiers or with use of other active switching components. In addition, this
concept can potentially be used for wireless charging of smartphones, laptops, wearable
devices, and electric vehicles, and can also be used to realize smart tables for multiple
wireless-charging devices [35, 36]. The pulsed on-site WPT paradigm proposed and tested
here has generally no fundamental limitations, and realizations with inductive coupling
will also work.
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