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Arbitrary Wireless Energy Distribution within an Epsilon
Near-zero Environment

Qingdong Yang, Yi Wang, Jinhui Shi, Changxu Liu,* and Shuang Zhang*

Efficient power distribution to multiple receivers with controlled amounts is
critical for wireless communication and sensing systems. Previous efforts
have attempted to improve power transfer efficiency through strong coupling
and parity-time (PT) symmetry, providing attractive opportunities for flexible
energy flow control. In this study, a novel method for achieving arbitrary power
distribution is proposed and numerically demonstrated by leveraging the
unique properties inside an epsilon near-zero (ENZ) environment. Specifically,
it shows that the power from a single source can be transferred to multiple
receivers inside an ENZ medium with negligible loss by modifying optical
properties of receivers rather than introducing sophisticated active control
modules. Importantly, full power transfer is independent of the size and shape
of the ENZ medium, as well as the positions of the receivers and source. A
realizable system is further designed with effective zero index at microwave
frequencies to confirm the high efficiency of energy transfer. The innovative
approach, employing photonic doping for advanced and efficient wireless
power transfer, may shed light on the new generation of energy efficient
communication/sensing systems with versatile control functionalities.

1. Introduction

Since Nikola Tesla first proposed the idea of wireless power trans-
fer (WPT),[1] it has been playing a central role in both practi-
cal applications and fundamental research, especially in radio-
frequency-related fields such as consumer electronics, medi-
cal devices and automotive applications.[2–5] As the demand for
better efficiency and controllability increases, traditional WPT
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methods face compromises between ef-
ficiency, stability, and cost,[6,7] limiting
their widespread adoption. Several so-
lutions have been proposed to par-
tially solve the aforementioned prob-
lem in recent years. Resonance based
WPT is proposed to increase the cou-
pling efficiency at mid-range distance be-
tween strongly coupled resonators.[8] PT-
symmetric configurations provide robust
to variations in coupling when distance
is changed.[9–12] Self-oscillating WPT is
beneficial for no additional tuning cir-
cuitry to realize robust operation.[13,14]

Moreover, adding metamaterials of neg-
ative permeability in a WPT system is
another way to improve energy trans-
fer efficiency which is more compatible
and miniaturized.[15–17] Some metama-
terials techniques are more precious to
control the transmission directions.[18,19]

Epsilon near-zero index (ENZ) materi-
als have gained enormous momentum
for decades, fertilizing many disciplines

in photonics.[20–27] Among the intriguing phenomena associ-
ated with ENZ materials, supercoupling[28–30] stands out, en-
abling robust energy tunneling of electromagnetic waves against
deformations of waveguides. Consequently, supercoupling has
been proposed for various applications, such as waveguide
interconnects,[31] cloaking,[32] nonlinear effect,[33] and quantum
emission.[34] Besides, ENZ metamaterials have been reported
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to provide a limited efficiency improvement by amplification of
near-field.[35–37] However, the investigation of WPT inside ENZ
materials remains elusive, leaving an open question regarding
how the potential of ENZ can be fully explored for WPT.
Here, we propose a novel implementation of wireless power

transfer with negligible loss inside ENZ environment, allowing
for arbitrary power distribution. We reveal that the efficiency of
power transfer remains near 100% for any arbitrary shape of an
ENZ material, with minimal power leakage into open space, re-
gardless of the distance between the emitter and the receiver. No-
tably, we unveil that the transfer efficiency at the receiver is de-
termined by its own properties and is independent of the reso-
nance of the emitter. We verify the above transmission proper-
ties through both an analytical model and full-wave simulations
within an ideal ENZ material. The transmission properties are
protected by the ENZ condition, independent of specific geomet-
ric parameters and immune to perturbations and inter-couplings
that preserve the required ENZ condition.We further show that it
is possible to distribute power among multiple receivers flexibly,
using a passive approach that significantly reduces the complex-
ity of the system. Our explorationsmay extend applications in the
rapidly growing fields of WPT, opening up new opportunities for
a wide range of electromagnetic systems that require robust and
efficient functionalities.

2. Theory of Full Energy Transfer in the ENZ Limt

To describe how ENZmaterials can lead to a robust and highly ef-
ficient transfer scheme, we consider a general scenario, which is
schematically depicted in Figure 1a, in which a source resonator
and a receiver resonator are immersed in a 2D ENZ body of an ar-
bitrary shape, identified as S-rod and R-rod, respectively. To sim-
plify the analysis, wemodel the source as amagnetic dipole along
the z direction in a dielectric medium, and use a lossy medium to
simulate the receiver. We solve the problem by using the doping
theory,[38] which is originally developed for adjusting the perme-
ability of materials with near zero permittivity. We find that one
of the unique features of ENZmedium - the uniform distribution
of magnetic field, persists when the source and receiver are im-
mersed in the ENZ material (see details in Supporting Informa-
tion). Interestingly, the magnetic field is solely determined by the
shape and dielectric parameter of the medium, and is indepen-
dent of positions of S-rod and R-rod. This position-independence
indicates that the coupling strength between rods is invariant
at difference distances, and it leads to invariant power transfer
even when the distance between them changes inside the ENZ
medium. This property provides a platform to achieve highly ef-
ficient wireless energy transfer.
Now, we will demonstrate how to obtain distance-independent

transfer of energy between the source and receiver. We begin
with the calculation of the power that is leaked into air and the
power that is transferred to the R-rod by using the Poynting theo-
rem P = ∮

𝜕A
1
2
Re(E ×H∗)dl, where the integration is performed

over the boundaries of ENZ materials and R-rod, respectively.
Considering the uniform magnetic field inside the ENZ (Hz)
and the field on the boundary of S-rod Hz𝜓R-rod, where 𝜓R-rod is
the solution to scalar Helmholtz equation at the boundary of R-
rod (detailed form in Supporting Information), the energy trans-

Figure 1. Illustration of the robust and highly efficient transfer inside ENZ
materials. a,b) Sketch of the geometry configuration: a 2D arbitrary shape
of ENZ material. Inside the ENZ, the ideal source and receiver are pre-
sented by two circles with different permittivity 𝜖1 and 𝜖2 respectively (ra-
dius r). The magnetic dipole along z-axis is placed at the center of S-rod
to excited the wave. c,d) Dependence of transmission on the permittivity
of R-rod for the different shape of ENZ in (a,b), respectively. The x and y
axis represent the real and image part of the permittivity, respectively. e,f)
Transmission spectrum for Im(𝜖2) = 0.0016 for the configuration in (a,b).
‘The’ represents theory and ‘Sim’ represents simulation.

fer in the rod can be calculated using the formula Ptransfer =|HZ|2 ∮𝜕A 1
2
Re( 1

i𝜔𝜀2
𝜓∗
R-rod∇ × 𝜓R-rod ⃖⃖⃗ez)dl.

Similarly, we can express the energy loss as Ploss =|HZ|2 ∮𝜕A 1
2
Re( 1

i𝜔𝜀0
𝜓∗
air ∇ × 𝜓air ⃖⃖⃗ez) where 𝜓air is the solution

to scalar Helmholtz equation on the boundary of ENZ material.
Due to the uniform distribution of the magnetic field in ENZ
region, both the power received by the R-rod and the power
leakage into air is proportional to |Hz|2. This means that for a
given shape of ENZ medium (𝜓air is invariant), the field on the
boundary of R-rod (𝜓R-rod ) determines the ratio of energy trans-
fer. Thus, the theoretical analysis outlined above indicates that to
achieve complete energy transfer, we need to maximize the field
inside R-rod to minimize the dissemination of the power in air.
Hence, inducing a strong field enhancement inside the R-rod
through resonance effect appears to be a viable solution for
achieving complete energy transfer, considering the efficiency
𝜂 = Ptransfer

Ptransfer +Ploss
.

As a case study, we consider the configuration in Figure 1a,
in which the radius of S-rod (r1) and R-rod (r2) are both 0.122𝜆,
and the ENZ region has the shape of a circle with a radius of
13r1 (Renz) and a relative permittivity of 0.0001 (𝜖enz), where 𝜆 is
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the working wavelength in free space.With this configuration the
field can be solved analytically based on the Helmholtz equation.
Direct calculation of the magnetic field inside the R-rod yields
𝜓loss (r) = J0(k2r)∕J0(k2r2), where Jn and k2 represent the cylindri-
cal Bessel function of order n and the wave number in 𝜖2, respec-
tively. The power transfer into the R-rod is given as

Ptransfer = Re

[
𝜋r2
i𝜔𝜀2

k2J1
(
k2r2

)
J0
(
k2r2

) |Hz|2] (1)

Similarly, outside the ENZ region, the distribution of field is
given by 𝜓air(r) = H0(k0r)∕H0(k0Renz ), where Hn represents the
cylindrical Hankel function of order n. The energy loss in the air
is thus expressed as

Ploss = Re

[
𝜋Renz

iw𝜀0

k0H1

(
k0Renz

)
H0

(
k0Renz

) |Hz|2] (2)

From Equation (1), resonant behavior occurs at J0(k2r2) = 0 when
k2 is real, corresponding to a lossless dielectric rod. However,
when the dielectric rod becomes lossy, J0(k2r2) would have no ze-
ros. Nonetheless, the resonance still occurs at the original lossless
dielectric parameter. Under the condition of resonance, the field
inside R-rod is much stronger than at other locations, indicating
that Ploss is much smaller than Ptransfer, allowing for near unity
energy transfer.
For the given geometric parameters shown in Figure 1a, the

influence of complex permittivity of R-rod on the energy trans-
mission is illustrated by Figure 1c, which shows the transmis-
sion plotted against the real (x-axis) and imaginary (y-axis) parts
of 𝜖2, respectively. As we predicted, nearly complete transmission
occurs at resonance (𝜖2=9.843+0.0016i). It is important to note
that the resonance persists within a narrow range around the de-
signed parameters. As a result, the efficiency of energy transfer
is more than 80% in the relatively large range for the real part
of the permittivity. However, far from the resonance condition,
the efficiency drops significantly. We validate our results via nu-
merical simulations based on Comsol Multiphysics with a fixed
imaginary part of permittivity (Im𝜖2=0.0016). The numerical re-
sults, as shown in Figure 1c, agree well with the analytical stud-
ies. Because the ratio of energy transfer is determined by the en-
ergy leakage into air, we next investigate the influence of size and
shape of ENZ while keeping the resonance of the R-rod fixed.
Equation (2) shows that Ploss has no resonance behavior. Thus,
near-unity energy transfer cannot be destroyed by varying the size
of the ENZ region. In addition, the value of Ploss decreases with
the increase of Renz, leading to transmission even closer to unity
for a larger ENZ region. Importantly, this high efficiency is ro-
bust against arbitrary shapes of ENZmaterials. Due to the nature
of outgoing waves in air, 𝜓air does not exhibit any resonance to
generate high Ploss, the resonance behavior of R-rod ensures the
nearly complete energy transmission independent of the shape
of the ENZ. To verify this, we intentionally deform the shape of
the ENZ to contain sharp features as shown in Figure 1b. By nu-
merical simulation we show that the transfer efficiency remains
high, which is consistent with the above discussion (Figure 1c,
e). Complete energy transfer is observed in the resonance region
at 𝜖2=9.843+0.0016i, which is the same as the undeformed case

in Figure 1a. As shown by Equations (1) and (2), the efficiency is
determined by 𝜂 regardless of Hz, indicating that the efficiency
is independent of S-rod parameters. This feature differs critically
from conventional systems that require the source and the re-
ceiver to resonate at the working frequency to achieve high ef-
ficiency of wireless power transfer. We further implement the
analysis on the stability against the variation of the shape of the
receiver. Without matching the resonance of the source to the re-
ceivers, the energy transfer efficiency remains high in an ENZ
medium, which dramatically enhances the stability of the WPT.
We further implement the analysis on the stability against the
variation of the shape of the receiver (as shown in Section S2,
Supporting Information). A source with defects or deformation
can also efficiently transfer power to the receiver at any distance
within the ENZ region. The influence of deviation from the ENZ
environment is also investigated and the results are summarized
in Section S2 (Supporting Information). It is shown that a slight
deviation would lead to non-uniform distribution of themagnetic
field inside the ENZ and a significant drop in the efficiency of
power transfer. This indicates that the uniformity of magnetic
field in the ENZ materials plays a central role for achieving ef-
ficient energy transfer. Meanwhile, we also prove that a small
loss of ENZ environment does not have a prominent influence,
only slightly reducing the efficiency of power transfer when the
receiver is on resonance. To quantify the stability against back-
ground fluctuations, we introduce a characteristic permittivity for
the ENZ environment, denoted as 𝜖c. As the 𝜖 of the environment
varies from 0 to 𝜖c, there is a certain level of degradation in the
maximum efficiency. For example, to keep 85% of the maximum
transmission (or 15% degradation), 𝜖c is determined to be 0.003.

3. Results and Discussion

To better visualize the power transfer inside ENZ materials, we
study the power flow between the S-rod and R-rod inside the
ENZ region. Previous studies show that power flow inside ENZ
is analogous to ideal fluid, meaning that power flow is robust
against the defects by smoothly bending around defects of arbi-
trary geometries.[39] However, in our case, the receiver (R-rod)
is not lossless and therefore it serves as the sink of power in-
side. Under the ideal energy transmission condition as shown in
Figure 2a, the power flux lines converge into the R-rod and there
is negligible fringe of power flux lines into the free space. We also
simulate another configuration with randomly positioned R-rod
and S-rod, which exhibits similar behavior, as shown in Figure 2b.
Although close to the boundary of ENZ region, there is still lit-
tle energy loss in the air, which indicates the full energy transfer
from S-rod to R-rod. The uniform magnetic field distribution is
observed in the ENZ region, which plays an important role in
realizing the full transmission. While the magnetic field in free
space may be larger than the field in the ENZ region, it is signifi-
cantly smaller than the fieldwithin the receivers. Thismarked dif-
ference is a result of the resonance behavior, which enhances the
field within the receivers and ensures efficient energy transmis-
sion. As comparison, we break the ENZ condition (increasing 𝜖enz
to 0.01) and show the power flow in Figure 2c. A part of energy is
coupled outside and the uniformity of the magnetic field in ENZ
disappears. When the receiver approaches the boundary, more
energy escape to the free space (as shown in in Figure 2d, leading
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Figure 2. Investigation of the power transfer on dependence of ENZ con-
dition. a,b) Normalized magnetic field and streamlines of the power in
ENZ condition (𝜖enz = 0.0001) for two configurations of randomly posi-
tioned S-rod and R-rod. c,d) Normalized magnetic field and streamlines
of the power in ENZ-broken condition for two randomly distributed con-
figuration of S-rod and R-rod at 𝜖enz = 0.01. e) The transmission with vary-
ing position of R-rod under ENZ and ENZ-broken condition, respectively.
f) Normalized magnetic field and streamlines of the power in lossy-ENZ
condition.

to the efficiency degradation. The transfer efficiency in different
positions is shown in Figure 2e. The x-axis is the position of R-rod
along the y-direction. The corresponding transmission have veri-
fied the high efficiency for arbitrary position in ENZ region when
ENZ condition preserves well. However, when the ENZ condition
is broken, both advantages of position-independence and high
efficiency are lost. Similarly, the loss of ENZ also breaks the uni-
form magnetic field, which is shown in Figure 2f.
With an increasing number of devices working simultaneously

in a wireless network, it is important to be able to charge the lo-
cal devices at equal proportion or at any desired proportions by
WPT. Here, we show that ENZ provides a solution to distribute
the energy at will, regardless of locations of the devices. Again,
this salient feature can be attributed to the uniform magnetic
field inside the ENZ region, which decouples the receivers from
each other. To demonstrate equal energy distribution into mul-
tiple receivers, we place four identical receivers at arbitrary po-
sitions in the ENZ region, as shown in Figure 3a. The propor-
tion of the energy each receiver acquires is plotted in Figure 3b.
The uniform power distribution is manifested as the equal num-
ber of flux lines flowing into each receiver. The energy leakage

Figure 3. Energy Distribution with multiple receivers inside ENZ. a) Four
identical receivers are placed at different distance from the source. The
parameters are the same as Figure 1a. b) The percentage of energy ac-
quired by each receiver from the source for (a). c) Three different receivers
are placed inline. The 𝜖 of each receiver is 9.84-0.01i,19.69-0.002i, 9.845-
0.002i with radius 0.122𝜆, 0.086𝜆, 0.122𝜆, respectively. d) The percentage
of energy received at each receiver from the source for (c).

into air is only 1.6%. This passive method for wireless power
distribution would be much more energy-saving than the active
methods. For distributing different powers to different receivers,
one can simply manipulate the resonance frequencies of the re-
ceivers such that the receivers on resonance would acquire more
energy. Because under the circumstance that ENZ region decou-
ples the receivers from each other, from Equation (1) we calculate
the energy different receivers get. The energy is dependent on
the permittivity and radius of the receivers instead of the source
and the position. By careful design of the relative size of each re-
ceiver, we can get the target energy distribution which is also po-
sition independent. The detailed steps is in Section S3 (Support-
ing Information). In the presence of the ENZ region that effec-
tively decouples the receivers from each other, as demonstrated
in Equation (1), we can calculate the energy distribution acquired
by each receiver. Notably, this distribution is dependent on the
permittivity and radius of the receivers rather than the source or
their positions. Detailed steps for this process are provided in Sec-
tion S3 (Supporting Information). To illustrate this, we design a
system with three receivers and the targeted power proportions
are 50:30:20. The locations of the three different receivers, are
shown in Figure 3c and the corresponding realized energy distri-
bution is in Figure 3d. Interestingly, although R3 is the furthest,
it acquires about half of the energy. R1 acquires 29% of energy
due to the slight deviation from the resonance condition, despite
its proximity to the source.
Here, a simple structure consisting of two paralleled metal-

lic circular plates is employed as the ENZ system, as shown in
Figure 4a. It has been well established that the propagation of
a TE mode at its cutoff frequency in this structure is equiva-
lent to wave propagation inside a material with effective zero
permittivity.[28–30] The separation of the two metallic plates in the
z-axis is H = 𝜆0∕2 corresponding to the cutoff frequency of TE1
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Figure 4. Proposed Experimental demonstration of high transmission in-
side ENZ system. a) Sketch of the proposed experiential setup. The struc-
ture consists of two metallic circular parallel plate whose separation is
𝜆0∕2. Both receiver and source with a height equal to 𝜆0∕2 are inserted
inside the plates which are surrounded by ten metallic wires with a radius
of 3.3 mm. The permittivity of the rod is 𝜖1=10.84 and 𝜖2=10.84-0.01i. The
distance between them along the y-axis is y. b) The transmission with vary-
ing y at two working frequencies. c,d) The corresponding magnetic field in
the ENZ region (except the rods) at A and B, respectively.

mode, where the operating wavelength 𝜆0 is 0.5m. The plates
have a circular shape with RENZ = 5𝜆0. Two dielectric rods with
a height of 𝜆0∕2 are used as the S-rod and R-rod, and placed
at the center and on the y-axis, respectively. The permittivities
of the S-rod and R-rod are 𝜖1=10.84 and 𝜖2=10.84-0.01i, respec-
tively. This kind of materials is usually made by FR-4 glass epoxy.
Both rods are surrounded by ten metallic wires, each with a ra-
dius of 3.3 mm. These metallic wires are used to suppress ad-
ditional modes during the process of power transfer.[38] The ra-
dius of cross-section of the dielectric rods is 0.122𝜆0. To excite
only the TE1 mode, we place a magnetic line source along the z-
axis at the center of S-rod that could be realized by small loop
antenna. This forbids the excitation of TM modes that have a
different symmetry. The efficiency of power transfer with vary-
ing distance between the two rods is shown in Figure 4b. We
find that the efficiency is high over a broad range of distance.
The decrease of efficiency for y∕𝜆0 > 3 is caused by the fringe ef-
fect of the plates where the system cannot be viewed as an ENZ
material anymore. If the radius of parallel plate is increased, the
high-efficiency would be preserved over an even longer distance.
Due to the nonuniform magnetic field between the plates, the
efficiency of energy transfer is not close to 100% as in the ideal
2D ENZ configuration, but reasonably high efficiency can still be
achieved (> 76%). We further clarify that ENZ is the dominant
factor in high energy efficiency, instead of the confinement be-
tween two metallic plates that limits upward and downward radi-
ation channels. To demonstrate that ENZ is indeed the dominant
factor, we slightly increase the working frequency away from the
ENZ condition (f=1.01f0) and study the impact on energy trans-

fer. The corresponding effective epsilon is 0.02. To ensure the
R-rod is still on resonance at this frequency, we slightly mod-
ify its permittivity to 𝜖2=10.55-0.01i, while leaving the geometry
structure unchanged. The dependence of the efficiency of energy
transfer over the distance is shown in Figure 4b. It is shown that,
in contrast to the ENZ condition, the efficiency drops rapidly with
the increase of distance. Figure 4c,d illustrates the distribution of
the magnetic field in the center plane (z=H/2) for the configura-
tions corresponding to points A and B in Figure 4b, respectively.
In Figure 4c, the key signature of wave propagation inside ENZ is
preserved, i.e., the magnetic field is uniform in phase and ampli-
tude across the structure. In contrast, in Figure 4d, the nonuni-
form magnetic field confirms the breakdown of ENZ condition
despite the very small deviation of the operating frequency. The
efficiency of power transfer can be further enhanced by enclos-
ing the ENZ environment with a PEC (perfect electric conduc-
tor) shell, thus eliminating leakage power into the air. However,
this approach may not only increase costs but also block external
signals. In practical applications, particularly for long-range, or
far-field wireless power transfer (WPT), the open environment
proposed here may be preferable.

4. Conclusion

In conclusion, we have proposed to use ENZ media for achiev-
ing efficient wireless power transfer, offering a flexible, robust,
and distance-independent energy distribution. We demonstrate
a nearly perfect power transmission when the receiver resonates
at the operating frequency inside the ENZ region. The power dis-
tribution can be fully controlled by the shape and optical property
of receivers, independent of the parameters of the emitter. Fur-
thermore, the power transfer is ENZ protected, regardless of spe-
cific geometric and optical parameters, and immune to perturba-
tions. This stands in sharp contrast to other methods reported
previously.[8–19] However, these advantages are conferred by the
unique properties of the ENZ region, which add additional com-
plexity to the environment.
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