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Abstract. Despite increasing popularity of capacitive wireless power transfer as a
complementary technique to its inductive counterpart, the capacitive system entails a
major performance bottleneck in terms of robustness of power transfer level over
separating distance due to inherently low nature of electric couplings as compared to
magnetic fields. This work develops an enhanced capacitive wireless power transfer system
by means of incorporating the parity-time symmetry, with the capability to maintain
transferred power over a significantly extended distance. General theoretical analysis is
derived for parity-time symmetric capacitive power transfer based on both series and
parallel coupled resonators. A practical parity-time symmetric capacitive system with a 10W power delivery was designed and simulated. Extensive simulation using practical
components indicates more than twenty-fold increase in the transfer distance than its
conventional non-parity-time-symmetric capacitive counterpart, with an efficiency over
90%.
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1. Introduction
Over the past decade, the inductive wireless power
transfer (IPT) system by means of varying magnetic
fields has become ubiquitous with numerous consumer
applications [1–5]. It is also anticipated to underpin many
more advanced applications, including charging of inmotion electric vehicles (EV), in-flight drones,
underwater vehicles etc. [3–5]. It is not until recently that
the capacitive wireless power transfer (CPT) system via
varying electric fields has emerged as another viable
option [6–10]. The CPT embraces certain advantageous
features and can be a complementary system to its IPT
counterpart. In particular, the coupling plates in the CPT
are lighter in weight, less expensive and simpler to
implement as compared to bulky coils in the IPT system,
particularly with ferrites for increased flux density.
Furthermore, the CPT does not suffer from skin effects
in wire coils and eddy current losses in nearby metals,
which can cause high losses and high operating
temperature. Another benefit includes less sensitive to
coupling misalignment between transmitter (Tx) and
receiver (Rx).
With increasing adoption, the CPT system is still
lagging behind, particularly with regards to robustness of
transferred power level against separating Tx-Rx
distances due to inherently low capacitive coupling [10].
For its IPT counterpart, a technique based on parity-time
( 𝒫𝒯 ) symmetry, which exhibits invariant properties
under joint parity and time reversal operation [11, 12],
has been incorporated and successfully demonstrated to
significantly enhance power transfer robustness over the
distance [13, 14]. To harness such a remarkable 𝒫𝒯 symmetry characteristic, it is the purpose of this letter to
develop the 𝒫𝒯-symmetric CPT system with significantly
reduced sensitivity to low and varying capacitive
couplings. The 𝒫𝒯-symmetric CPT structure is outlined,
followed by a detailed analysis and a demonstrated
system with the ability to maintain delivered power level
over significantly extended Tx-Rx distances than the
conventional CPT. Such improvement is achieved
without the need of additional active tuning circuitry,
which often add considerable complexity and cost to the
system.

2. Structure and Analysis
The series and parallel coupled resonator structures
of the 𝒫𝒯 -symmetric CPT ( 𝒫𝒯 -CPT) system are
illustrated in Fig. 1(a) and 1(b), respectively. For each
configuration, a series or parallel resonator (𝐿1 -𝐶1) with a
gain element (i.e., a negative resistance – 𝑅𝐺 ) is coupled
to another series or parallel resonator (𝐿2 -𝐶2) with a loss
element (i.e., a positive resistance + 𝑅𝐿 ) by means of
capacitive coupling via 𝐶𝜅 ’s. Depending on applications,
the capacitor 𝐶𝜅 ’s can be implemented using two-plate,
four-plate, six-plate or matrix structures [10]. Instead of
employing an independent voltage/current source in the
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𝐿1 -𝐶1 or Tx resonator, it is the incorporation of the gain
element – 𝑅𝐺 that serves as the time-reversed counterpart
to counterbalance the dissipation due to the loss element
+ 𝑅𝐿 in the 𝐿2 - 𝐶2 or Rx resonator. Under the 𝒫𝒯 symmetric condition with 𝐿1 = 𝐿2 = 𝐿 , 𝐶1 = 𝐶2 = 𝐶 ,
and – 𝑅𝐺 + 𝑅𝐿 = 0 or equivalently 𝑅𝐺 = 𝑅𝐿 = 𝑅 , the
oscillation frequency of the injected power from the gain
element (with external power 𝑃𝑖𝑛 ) is self-selected to
balance the dissipated power at the loss element amid
variation in the coupling through 𝐶𝜅 ’s, which is in turn
determined by the separating distance between the
capacitors’ plates.
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Fig. 1. 𝒫𝒯 -symmetric capacitively coupled resonant
system (a) coupled Tx-Rx series resonators, (b) coupled
Tx-Rx parallel resonators.
Similar to other systems with the 𝒫𝒯 -symmetry, the
characteristic of the 𝒫𝒯 -CPT exhibits two distinct
operating phases depending on the relative magnitudes
of the gain/loss element and the capacitive coupling.
During the so-called exact phase, the power from the gain
element of the Tx resonator perfectly counterbalances
the dissipation in the Rx resonator. This, as a
consequence, gives rise to even energy distribution
between the two resonators, and therefore purely real
eigen-frequencies with sustained oscillation amplitudes
are obtained. On the contrary, during the broken phase,
the energy in the two resonators is unbalanced, yielding
complex eigen-frequencies, with exponentially growing
and decaying oscillations.
By applying the Kirchhoff’s voltage and current laws
on the series and parallel 𝒫𝒯-CPT circuits of Fig. 1(a)
and 1(b), it can be shown that the governing equations in
terms of the capacitance charges 𝑄1,2 = 𝐶1,2𝑉𝐶1,2 =
𝐶𝑉𝐶1,2 are given by
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where 𝛹 = [𝑄1 , 𝑄2 , 𝑑𝑄1 /𝑑𝜏, 𝑑𝑄2 /𝑑𝜏] . Subsequently,
by putting 𝑄1,2 = 𝐴1,2 𝑒 𝑖𝜔𝜏 , i.e., in form of timeharmonic function and solving the eigen-value equations
associated with (2), the eigen-frequencies as function of
the gain/loss parameter 𝛾 and the coupling factor 𝜅 can
be derived as
𝑇
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Fig. 2. Eigen-frequency characteristics versus nonHermiticity parameter γ and coupling factor κ in 𝒫𝒯 CPT using series resonators. (a) real part, (b) imaginary
part with exact and broken phase boundary.
𝑑 2 𝑄1
𝜅+1
𝜅
=−
𝑄1 −
𝑄
2
𝑑𝜏
2𝜅 + 1
2𝜅 + 1 1
𝜅 + 1 𝑑𝑄1
𝜅
𝑑𝑄1
)
+𝛾 (𝛼𝜅 +
− 𝛾 (𝛼𝜅 +
)
(1𝑎)
2𝜅 + 1 𝑑𝜏
2𝜅 + 1 𝑑𝜏
𝑑 2 𝑄2
𝜅
𝜅+1
=−
𝑄2 −
𝑄
2
𝑑𝜏
2𝜅 + 1
2𝜅 + 1 2
𝜅
𝑑𝑄2
𝜅 + 1 𝑑𝑄2
)
+𝛾 (𝛼𝜅 +
)
− 𝛾 (𝛼𝜅 +
(1𝑏)
2𝜅 + 1 𝑑𝜏
2𝜅 + 1 𝑑𝜏
where 𝜅 = 𝐶𝜅 /𝐶 is the capacitive coupling factor and 𝛾
is the gain/loss or non-Hermiticity parameter. For the
series configuration of Fig. 1(a), we have 𝛼 = 1 and 𝛾 =
𝑅/√𝐿/𝐶, and for the parallel configuration, 𝛼 = 0 and
𝛾 = 𝑅 −1 √𝐿/𝐶. Also, 𝜏 = 𝜔0 𝑡, or the frequency unit in
these equations is normalized by the resonance frequency
𝜔0 . As evident from (1), the equations remain unchanged
via the combination of the parity 𝒫 (𝑄1 ↔ 𝑄2 ) and timereversal 𝒯 (𝑡 ↔ −𝑡) transformations.
Equation (1) can be written in form of a rate-equation
through Liouvillian’s formalism [12] as

where 𝑓 (𝑥, 𝑦) = 𝑥 ∙ 𝑦 for the series configuration,
𝑓 (𝑥, 𝑦) = 𝑥 − 𝑦 for the parallel configuration, with 𝛼
and 𝛾 as defined previously.
Let us now examine the characteristic of the eigenfrequencies versus 𝛾 and 𝜅 . Note that the series and
parallel configurations exhibit similar characteristics, and
only a series 𝒫𝒯 -CPT employed in the demonstrated
wireless power transfer system of the next section is
considered. Based on (3) with 𝑓 (𝑥, 𝑦) = 𝑥 ∙ 𝑦, 𝛼 = 1
and 𝛾 = 𝑅/√𝐿/𝐶 , the evolutions of the real and
imaginary parts of the normalized eigen-frequencies
versus 𝛾 ∈ [0, 0.5] and 𝜅 ∈ [0, 1.0] are shown in Fig. 2(a)
and 2(b), respectively. To simplify the plots, only the two
distinct positive frequencies 𝜔1 (=−𝜔3 ) and 𝜔2 (=−𝜔4 )
in (3) are given.
At 𝛾 = 0, or equivalently no loss and gain (𝑅 = 0) for
a series configuration, the two eigen-frequency pairs are
𝜔1,3 = ±1 and 𝜔2,4 = ±1/√𝜅 + 1. When the
resonators are isolated, i.e., at zero capacitive coupling
𝜅 = 0, this results in double degenerated frequencies
𝜔1 = 𝜔2 = +1 (and 𝜔3 = 𝜔4 = −1) with units of 𝜔0 .
In the exact phase region of Fig. 2(a), the CPT system
exhibits two distinct and purely real eigen-frequency pairs,
with associated sustained oscillatory responses. The
purely real eigen-frequencies 𝜔1 and 𝜔2 (also 𝜔3 and 𝜔4 )
coalesce at the exceptional point 𝛾𝐸𝑃 , which is a function
of the coupling 𝜅 and can be derived from (3) as
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𝛾𝐸𝑃 =

√𝜅 + 1 − 1
(𝜅 + 1)𝛼/2

(4).
RFC

The plot of 𝛾𝐸𝑃 versus 𝜅 boundary line using (4) at 𝛼 =
1 for a series configuration is also included in Fig. 2(a)
and 2(b). Subsequently in the broken phase region, the
eigen-frequencies bifurcate and branch out to complex
values as shown in Fig. 2(b), yielding associated
exponential growing and damping oscillations. The
described characteristic is essentially similar to the 𝒫𝒯symmetric IPT [13, 14]. This strongly indicates that the
same power transfer robustness over extended distances
can be harnessed in the 𝒫𝒯-symmetric CPT system.
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Fig. 3 Practical nonlinear 𝒫𝒯 -CPT schematic using
positive-feedback class-E switching power amplifier and
four-plate coupling structure.

3. Practical Application and Simulation
To verify the analysis and demonstrate the practical
feasibility, a nonlinear 𝒫𝒯-CPT system was designed and
simulated. It features significant improvement over the
conventional CPT by offering robust power transfer and
high efficiency, while maintaining all the advantages of
the capacitive coupling system. The nonlinear 𝒫𝒯-CPT
is the dual system of its 𝒫𝒯-IPT counterpart in [14] with
the incorporation of the nonlinear gain element in the Tx
resonator with its operating frequency automatically
adjusted for optimum power transfer without external
tuning. One of the target applications of this design is to
serve as a through-wall/mirror wireless powering or
charging of outdoor electronic devices. An example
includes a fixed wireless access for millimetre-wave 5G
networks, which have to be installed outside a premise to
avoid very low signal penetration at such frequencies.
Figure 3 illustrates the schematic of the nonlinear 𝒫𝒯CPT circuit with a series configuration for both the gain
and loss sides of the coupled Tx-Rx resonators. The
circuit was designed to deliver more than 10-Watts of
power from the Tx resonator to a 20-Ohm load 𝑅𝐿 on
the Rx resonator with a high efficiency over a 20-cm
separating or transfer distance d. It makes use of the
four-plate structure for 𝐶𝜅 ’s, each with the dimension of
30.0 cm x 60.0 cm. Based on an electromagnetic (EM)
simulation, this yielded the coupling capacitance 𝐶𝜅 in
the range of 179.8pF to 11.4pF over the distance d from
1-cm to 100-cm. The nominal resonance frequency of
the resonators at zero coupling 𝜅 = 0 was set at 2.37
MHz, similar to its nonlinear 𝒫𝒯-IPT counterpart in [14].
With the selected capacitance 𝐶 = 250pF to obtain a
coupling factor between 𝜅 = 0.046 to 0.720 over the
distance 𝑑, the inductance values 𝐿1 = 𝐿2 = 18 𝜇H were
determined at the nominal resonance frequency. The
nonlinear gain element (inside the dash box of Fig. 3)
was based on a positive-feedback class-E switching
amplifier [15, 16] using a Gallium Nitride transistor,
GS61008T (with the simulation model provided in [17]).
For a 10-W load power at 𝑅𝐿 , the GAN transistor run on
a 15.0-V supply voltage 𝑉𝑑𝑑 with a 100 𝜇 H radiofrequency choke. The drain capacitance was calculated at
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𝐶𝑑 ≈ 500pF for optimal class-E switching condition. The
feedback path was set up via the coupled series inductors
𝐿1 to 𝐿𝑓𝑑 with a mutual coupling factor 𝑘𝑓𝑑 = 0.01. The
variable parallel resistor 𝑅𝑓𝑑 was included for fine phase
adjustment of the feedback signal. The gate driver was a
combination of an LT1711 comparator and an LM5114
driver with a 5-V supply. Note that circuit simulation was
performed using LTspice [18].
Figure 4(a) shows the variation of the simulated
oscillation frequency versus transfer distance 𝑑 of the
𝒫𝒯 -CPT circuit. Also included for comparison is the
underlying theoretical eigen-frequencies (in MHz unit)
with the branching characteristic, based on (3) and the
described circuit parameters. In the exact phase, only the
oscillation frequency associated with the high eigenfrequency value is sustained. This is attributed to the fact
that, for the capacitive coupling system, the high eigenfrequency oscillation requires the lowest loop gain to
reach its steady state, thereby saturating the amplifier and
preventing the low eigen-frequency mode to grow
further. This is contrast to the nonlinear 𝒫𝒯-IPT, where
the low eigen-frequency mode is maintained since this
requires the lowest loop gain in the inductive coupling
system [14]. Overall, it is seen from the plot of Fig. 4(a)
that the simulated oscillation frequencies versus the
distance d are in close agreement with the theoretically
calculated high eigen-frequency mode throughout the
exact and broken operating phases.
The plots of the simulated power transfer level and
efficiency versus the transfer distance 𝑑 are shown in Fig.
4(b). As evident, the transferred power of the nonlinear
𝒫𝒯 -CPT system is well maintained in the exact phase
and only gradually decreased in the broken phase beyond
the distance 𝑑 = 6-cm where the theoretical eigenfrequencies coalesce, i.e., at the exceptional point, in Fig.
4(a). Specifically, it can deliver a power level more than
10.0 Watts and a high efficiency at about 90% over the
distance more than 20-cm. Also included in the plots are
the comparative performances of the conventional CPT,
where the feedback components 𝐿𝑓𝑑 and 𝑅𝑓𝑑 in the
circuit of Fig. 3 were replaced by a 2.37-MHz frequency
Tx source driving the gate driver. Clearly from Fig. 4(b),
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lowest gain eigen-frequency mode, the nonlinear 𝒫𝒯 CPT using a positive-feedback switching-mode amplifier
for the gain element has been demonstrated to offer
considerable extension of the power transfer distance
with high efficiency. Such effectiveness with low
complexity has outperformed other compensation
techniques for distance extension in the conventional
CPT [10], [19, 20].
The parity-time symmetric CPT should find itself
complementary to currently more ubiquitous inductive
counterpart. In particular, it holds promise to more
successful deployment of the CPT in applications hostile
to the IPT system, such as those with metal surroundings
or light weight requirement. This, together with simple
and inexpensive implementation of capacitive coupling
plates could pave the way for more pervasive utilization
of wireless power delivery in electronic systems.
Experimental implementation of the PT-CPT system
with measurement will be reported in our future work.
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