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Ohm’s law of electromagnetic ideal fluids:
impedance-governed supercoupling in
complex near-zero-index networks

Wendi Yan (闫雯荻) 1,2,5, Peihang Li (李佩航) 1,2,5, Jiarui Liu (刘家瑞)3,
Kaifeng Li (李铠峰) 1,2, Pengyu Fu (付鹏宇)1,2, Shuyu Wang (王述宇)1,2,
Mingzhe Hu (胡明哲)1,2 & Yue Li (李越) 1,2,4

Supercoupling in near-zero-index (NZI) media enables geometry-insensitive
electromagnetic (EM) transport through narrow channels with near-zero
phase delay. However, most studies have focused on single-channel, point-to-
point configurations, leaving EM power-flow distribution in complex struc-
tures largely unexplored. Here we extend NZI supercoupling to complex
structures and show that EM power flow follows a passive, deterministic, and
quasi-static distribution governed by boundary conditions and impedance
contrasts, with PEC-terminated branches carrying no propagating power flow.
We interpret this behavior using a pressure-driven flow analogy and directly
visualize it in a waveguide-emulated plasmonic platform with photonic dop-
ing. This quasi-static power-flowdistribution follows an “Ohm’s law of ideal EM
power flow”, where the potential is set by boundary conditions and the
effective impedance by each branch’s length-to-width ratio. Beyond the phy-
sical interpretation, our results suggest an impedance-designed approach to
passive multi-port EM interconnects, offering insights for NZI physics and on-
chip networks at millimeter-wave and terahertz frequencies.

Supercoupling in near-zero-index (NZI) media represents a char-
acteristic feature of electromagnetic (EM) wave propagation, in which
energy becomes largely insensitive to geometric constraints1–3. Owing
to near-zero permittivity or permeability, EM waves supported by NZI
media exhibit negligible phase variation, enabling efficient energy
tunneling through deeply subwavelength channels, sharp bends, and
arbitrarily deformed waveguides4–7. Since its theoretical prediction
and experimental verification, numerous unique optical and micro-
wave devices based on the supercoupling effect have been developed,
including impedance-matching and cloaking devices8,9, geometry-
independent and wideband antennas10–13, flexible transmission lines14,
advanced filters15–17, and even devices capable of performing calculus
operations18. Despite these advances, existing studies on super-
coupling have predominantly focused on isolated channels or

individual functional devices, where energy transmission is only ana-
lyzed between predefined input and output ports. To extend super-
coupling from point-to-point configurations to complex multi-branch
structures, it is therefore important to investigate how EM power is
distributed across interconnected NZI branches.

Recently, EM power flow in NZI media has been shown to exhibit
ideal-fluid-like behavior, thereby enabling EM energy distributions in
complex NZI networks to be analyzed through a fluid-dynamical
perspective19,20. In particular, pressure-driven water flow in a branched
channel network provides a particularly intuitive analogy21. As
demonstrated in Fig. 1a, when water is injected into a complex bran-
ched channel network, it propagates from the inlet to the outlet
through a connected branch, while almost nowater enters the blocked
branches. This surprising behavior arises from pockets of air trapped
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in the blocked branches, which compress under pressure and push
back against the incomingflow.Once the internal air pressure balances
the hydrostatic force, further inflow into these branches is effectively
suppressed22–24. (See Supplementary Note 1 for more details.) This
observation suggests that, in branched fluidic networks, the steady-
state flow distribution is passively determined by the inlet–outlet
boundary conditions, the geometry of the branches, and the back-
pressure generated at blocked terminations. Similar phenomena have
also been observed in chemical wave propagation25, tube morpho-
genesis in amoeboid organisms26, and plasma path tracing27. Since EM
waves in NZI media already exhibit ideal-fluid-like behavior19,20, power
flow in complex NZI structures is expected to be governed by
boundary conditions and impedance contrasts at terminations,
thereby resulting in a passive and quasi-static field distribution.

In this work, we extend NZI supercoupling from isolated channels
to complex, multi-branch EM networks, as shown in Fig. 1b, and sys-
tematically investigate how EM power is distributed through
boundary-conditioned and impedance-governed transport. Specifi-
cally, we demonstrate that, in complex multi-branch PEC-defined
structures filled with NZI media, EM power flow injected at an input
port is passively distributed toward impedance-matched output ports,
while power transport into PEC-terminated branches is strongly
suppressed19,20. This multi-port supercoupling behavior is directly
visualized in experiment using a waveguide-emulated plasmonic
platform28,29 combined with photonic doping14,15. By contrast, in
structures filled with vacuum, EM power flow exhibits strong sensi-
tivity to geometry, leading to inefficient energy transport and negli-
gible transmission to the output. Motivated by analogies with
pressure-driven water flow in branched hydraulic networks21 and cur-
rent distribution in direct-current circuits, we derive an Ohm’s law of
ideal EM power flow19,20, which provides a simple framework for
explaining the observed quasi-static power-flow distribution in NZI
media. By appropriately engineering the boundary conditions and
effective branch impedances in complex NZI structures, near-total
power transmissioncanbe achievedbetweendesired input andoutput
ports. This suggests an approach toward reconfigurablemulti-port EM
interconnects for future millimeter-wave (mmW) and terahertz (THz)
systems30–32, where power delivery amongmultiple inputs and outputs
can be controlled through terminal-impedance tuning. Overall, this
work extends the supercoupling concept from point-to-point trans-
mission to complex networks, experimentally demonstrates and
directly visualizes this multi-port behavior, and suggests a possible
reconfigurable EM interconnect for future millimeter-wave and ter-
ahertz systems.

Results
Simulation verifications
To illustrate the generality of boundary-conditioned EM power-flow
redistribution in NZI networks, we randomly generate two distinct

multi-branch structures, as shown in Fig. 2a, b. Both structures are
filled with media with refractive index nh, and two vacuum-filled
ports are used for transmitting and receiving the waves (seeMethods
for more details about the simulations). The system is excited by
transverse magnetic (TM) waves, with the electric field oriented in-
plane and the magnetic field oriented out-of-plane. Figure 2c, e show
the simulatedmagnitude of the real part of Poynting vector field (i.e.,
power flow) in the two structures filled with NZI media (nh = 0.01) at a
working frequency of 3 GHz. As shown, the power flow is pre-
dominantly concentrated in the impedance-favored branches con-
necting the input and output ports, whereas the PEC-terminated
branches carry negligible net power flow. A reduced local power-flow
magnitude is also observed in some regions, which can be attributed
to the local widening of the branch, as will be further explained by
the Ohm’s-law framework of ideal EM fluids introduced later. This
behavior is qualitatively analogous to pressure-driven flow redis-
tribution in fluidic networks, as illustrated in Fig. 1a and Supple-
mentary Note 1. For comparison, the same structures filled with
vacuum (nh = 1) are simulated in Fig. 2d, f. In these cases, the Poynting
vector exhibits an irregular spatial distribution, and there is negli-
gible intensity at the output terminals—indicating that EM power
transport through the structure is strongly suppressed. Quantita-
tively, the transmission efficiencies for Fig. 2d, f are only 15% and 12%,
respectively, whereas for Fig. 2c, e, the efficiencies approach nearly
100% (see Fig. S1). Simulated time-domain results can be found in
Movie S1, where this boundary-conditioned redistribution is
observed with enhanced clarity. This behavior will be experimentally
verified and directly visualized in the next section.

Experimental visualization
To experimentally verify boundary-conditioned EM power redis-
tribution in NZI networks, a low-loss epsilon-and-mu near zero
(EMNZ) material with a permittivity εr ~ 0 and a permeability μr ~ 0 is
required. Plasmonic NZI materials operating in the optical or ter-
ahertz band are limited by their intrinsic losses33,34. Here, motivated
by waveguide-emulated plasmonics29 and the concept of photonic
doping14,15, we apply a parallel-plate waveguide incorporating a
dielectric dopant to construct a low-loss EMNZ medium, whose
photograph and schematic are depicted in Fig. 3a, b, respectively. As
predicted by waveguide-emulated plasmonics, the central cross-
section of a waveguide excited in the Transverse Electric (TE)10mode
possesses an effective relative permittivity given by εh = 1 – (λ/2 h)2.
Accordingly, a waveguide with height h = λ/2 can emulate an effec-
tively lossless epsilon-near-zero (ENZ) medium, yielding an approx-
imate condition of εh ~ 0 within a finite bandwidth in our setup28,29. In
addition, photonic doping offers a powerful mechanism for tailoring
the effective permeability in ENZmedia. Benefiting from the intrinsic
field-enhancement effect of ENZ environments, embedding a square
dielectric inclusion within the ENZ background enables controlled
modification of the effective permeability, which can be expressed
as7,14:

μeff = 1 +
64l2d
π4A

ω2

ωpmc
2 � ω2 , ωpmc =

cffiffiffiffiffi
εd

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðπ=ldÞ2

q
ð1Þ

where A is the area of the ENZ background, and ld is the size of the
square dopant. The frequency dependence of the effective μeff is
shown in Fig. S9 according to Eq. (1). When the area of the ENZ host is
much larger than that of the dopant, the interior of the composite
system can be approximately treated as having a uniform effective
permeability distribution. Ametal shorting strip, placed parallel to the
wide side of the waveguide on the dopant surface, is used to suppress
non-TE10 modes. Therefore, by precisely designing the size of the
dopant, μeff ~ 0 can also be achieved, thus EMNZ canbe simultaneously
achieved at the cutoff frequency. We place multiple metallic
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Fig. 1 | Conceptual sketch. a Conceptual sketch of water flowing through a com-
plex branched channel network. b Electromagnetic analogue: quasi-static power
flow distribution in a complex NZI network bounded by PEC walls.
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boundaries inside the waveguide to construct a complexmulti-branch
network. Themethod of direct observation of EM fields is employed to
enable accurate measurement of the Poynting vector on the central
cross-section of the waveguide20. Specifically, the top plate of the
waveguide is replaced with a metallic mesh composed of 116 grid cells
while maintaining its original performance. A magnetic field probe is
used tomeasure themagnetic field in these grids on the top surface of
the waveguide, which can be used to extract the relative magnitude of
the power flow (see Methods for the analysis of direct observation of
EM fields).

To demonstrate the generality of the boundary-conditioned redis-
tribution behavior in NZI media, we design two different structures,
whose top-view of photographs are provided in Fig. 3c, f. The power
flow, i.e., the real part of the Poynting vector extracted from the
experiment is demonstrated in Fig. 3d, g. For comparison, simulated
power flows of these two cases are depicted in Fig. 3e, h, respectively. As
evidenced by the experimental results, in both scenarios, a dominant
power-flow distribution connecting the input and output ports is clearly
observed. Along themismatched branches, the power-flowmagnitude is
significantly suppressed, dropping to less than half of that in the
impedance-matched branches. These measurements remain highly
consistent with the simulated results, andminor discrepanciesmay arise
from fabrication tolerances and a slight frequency shift due to devia-
tions inmaterial parameters.Moreover, despite the varying path lengths
and geometric complexities, both structures support near-total trans-
mission from input to output (see Fig. S2), demonstrating the geometry-
insensitive feature10,30. Additionally, a higher-resolution experimental
result is presented in Fig. S12, which more solidly demonstrates the
correspondence between the theoretical prediction and physical reality.
However, it should be emphasized that this phenomenon arises only
under carefully engineered ENZ/EMNZ conditions and is not repre-
sentative of general EM propagation. In the present platform, because
both the permittivity and permeability are dispersive, this effect can

only be observed in a narrowband structure. In fact, the corresponding
bandwidth is about 7%, as shown in Fig. S9. In summary, these experi-
mental results, together with simulation results in Fig. 2, verify and
directly visualize the generality of the observed multi-port power-flow
distribution in NZI media, which is explained in the next section using a
theoretical Ohm’s-law of ideal EM fluids.

Theoretical analysis
In this section, we provide an effective theoretical description of
power redistribution in complex NZI structures. We first map the
complexmulti-branch geometryonto anequivalent network under the
ideal NZI limit. Considering a branch with length a and width b in an
ideal complex NZI structure (εh = 0) depicted in Fig. 4a, Faraday’s law
can be applied30,35, and we obtain

I
∂A

E � dl= �
Z Z

A

∂B
∂t

� dA= iωμhH0ab ð2Þ

Here, μh is the permeability of ENZ media, and H0 is the uniform
magnetic field out-of-plane. According to Eq. (2), under the ideal NZI
limit at a fixed operating frequency, the magnetic field H0 is primarily
determined by the branch boundary conditions and its cross-section
area, while being weakly sensitive to detailed geometrical deforma-
tions. This mechanism exemplifies the spatiotemporal decoupling
characteristic inherent in NZI media, which has enabled numerous
deformable NZI-based devices10,30,36. In other words, as long as the
branch length a andwidth b remain unchanged, these segments canbe
stretched, allowing the complex NZI structure shown in Fig. 4a to be
represented as an equivalent multi-port waveguide network, as illu-
strated in Fig. 4b. Within this perspective, Fig. 4b reveals that the
complex structure effectively operates as a network of coupled NZI
supercoupling channels, thereby extending the conventional point-to-
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Fig. 2 | Simulated results of boundary-conditioned EM power redistribution in
complex NZI networks. a, b Geometries of two randomly generated multi-branch
structures, used to demonstrate the generality of the behavior. c, e Simulated

magnitude of the real part of Poynting vector field in the structures. The simulated
results in vacuum are demonstrated in d, f for comparison. Sim., Simulated.
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point supercoupling paradigm to a multi-branch, system-level
configuration.

In Fig. 4b, a branch that terminates at an output port corresponds
to an impedance-matched transport branch, whereas a branch termi-
nated by a PEC represents a strongly mismatched termination.
According to the irrotational property of ideal EMNZ limit ∇ × S = 019,
the time-averaged Poynting vector is approximately curl-free, i.e.,

S=∇ϕ ð3Þ

where ϕ denotes the velocity potential of the Poynting vector19.
Applying Green’s theorem to the branch, we obtain

I
∂A

∂ϕ
∂n

dl =
Z Z

A
∇2ϕdS=0 ð4Þ

where dl is the length element and dS is the area element. In the
second equality in Eq. (4), we employ the incompressibility
assumption of EM fields in ideal EMNZ media, ∇2ϕ =∇ ∙ S = 019. In
other words, within the ideal EMNZ approximation (εh = 0, μh = 0),
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the Poynting vector satisfies the conditions of a harmonic field inside
NZI media. For the non-ideal cases, please refer to Supplementary
Note 4.

For a branch terminated by a PEC, all boundaries are PECs except
at the branching junction, where the Neumann boundary condition
∂ϕ/∂n = 0 applies. Since the expected flow direction is normal to the
junctionatpointAwhen the portwidth is relatively narrow (less than λ/
2), we have

Z
a

∂ϕ
∂n

dl =0 ! ∂ϕ
∂n

=0atA ð5Þ

Hence, the entrance to a PEC-terminated branch effectively
behaves as a virtual PEC boundary, strongly suppressing net power
flow into that branch. Furthermore, for a branch starting at pointA and
ending at point B, we have:

Z
a

Z
b
Sdxdy=ϕB � ϕA ! b

Z
a
Sdy=ϕB � ϕA ð6Þ

Here, because the port width is very narrow, the Poynting vector
along the port direction can be assumed to be approximately uniform.
Assuming the power flow along each branch is approximately uniform
under ideal or near-ideal EMNZ conditions, we can write RS = a /b, and
Δϕ =ϕB - ϕA, and Eq. (6) can be written as

SRS =Δϕ ð7Þ

This expression closely resembles Ohm’s law in direct current
(DC) circuits37 and is therefore termed theOhm’s lawof ideal EMpower
flow. According to Reference 21, a formally similar relationship appears
in pressure-driven water flow networks, described by:

ΔP =Q8aη=πr4 ð8Þ

Here,Q denotes the volumetric flow rate in an idealfluid,ΔP is the
pressure difference between the inlet and the outlet, 8aη/πr4 is the
water resistor, a is the length of the channel, η is the dynamic viscosity
of ideal fluid, and r is the width of the ideal fluid branch. Within this
analogy, a mathematical correspondence can be drawn among ideal
EM power flow, DC circuits, and ideal fluid flow:

Ideal EMpower $ DCcircuit $ Ideal fluid

S $ Current I $ Q

Δϕ $ VoltageU $ ΔP

RS =a=b $ ResistanceR $ 8aη=πr4

ð9Þ

This explains why the ideal EM power flow exhibits a mechanism
analogous to that of water flow. In other words, these quasi-static
power-flow distributions are governed by Poynting potential differ-
ence Δϕ in ideal EM power flow, by voltage U in DC circuits, and by
pressure difference ΔP in ideal fluid flow. As shown in Fig. 4b, the
Poynting potential at impedance-matched branches is high, whereas
the potential at PEC-terminated ports is effectively pinned to zero
(note that this sign convention differs from that of the electric
potential by a minus sign). Consequently, EM power is passively
redistributed toward impedance-matched output ports, while power
flow into strongly mismatched branches is suppressed. Moreover, the
effective impedanceof eachbranch is set by its geometry,withRS ~ a/b.
As a result, the power-flow distribution is passively and deterministi-
cally governed by the boundary conditions and impedance contrasts
across the network, in agreement with the simulated results in Fig. 2,
and as further illustrated in Figs. S10 and S11. In addition, although the
above theoretical derivation was carried out for the EMNZ case, the
underlying mechanism is in fact highly robust against variations in

permeability. It therefore applies to a broad range of ENZ imple-
mentations, including the waveguide-emulated plasmonic used in our
experiments. However, for conventional media, where the assump-
tions underlying ideal EM fluids no longer hold, the Ohm’s-law
description is generally no longer applicable. A detailed discussion can
be found in Supplementary Note 4. This framework provides an
intuitive and physically consistent description of boundary-
conditioned EM power redistribution in NZI networks.

Multi-port interconnect applications enabled by supercoupling
Inspired by the above Ohm’s-law framework, the EM power-flow dis-
tribution in such systems is determined by the boundary potentials and
the effective branch impedances set by RS ~ a/b, thereby enabling pas-
sive control of EM power redistribution through structural design. Here,
we demonstrate a multi-port NZI interconnect network, as illustrated in
Fig. 5a. Specifically, it consists of a waveguide with irregular shape. The
waveguide is filledwithNZImaterial and equippedwithmultiple distinct
input and output ports. By engineering the Poynting potential at the
ports (i.e., either impedance-matched ports or PEC-terminated bran-
ches), the overall power flow can be redistributed, enabling near-total
power transmission between desired ports. Two different examples are
shown in Fig. 5b, c. In these cases, EM power is predominantly con-
centrated in specific branches of the network, while the field intensity in
the remaining branches is strongly reduced. Moreover, multiple output
ports can be simultaneously activated. When the output ports have
equal RS, the input power is evenly split among them36, as demonstrated
in Fig. 5d, e. In Fig. 5d, the power is equally divided between Port 5 and
Port 6. In Fig. 5e, the power is split into three equal portions and
delivered to Ports 2, 4, and 5. The corresponding transmission ampli-
tudes are shown in Fig. 5f, g, with additional reference to the results in a
vacuum-filled structure for comparison. We can also control the power
distribution among the output ports by adjusting their widths, effec-
tively tuning the impedance Rs associated with the power flow at each
port, as illustrated in Fig. S10. In the presence of multiple effective
branches, the power distribution between the two channels also follows
Eq. (9), as illustrated in Fig. S11. These results show that the Ohm’s-law
framework enables predictable and designable multi-port power redis-
tribution in complex NZI structures through structural control of the
effective impedances.

Furthermore, the reconfigurable multi-port power redistribution
enabled by multi-branch supercoupling suggests potential applica-
tions in multi-port EM interconnects. Inspired by the “bus” concept
widely used in electronic and photonic systems38, we introduce an EM
interconnect device based on multi-branch supercoupling for wave-
guide circuits atmmWandTHz frequencies. The conceptual prototype
is illustrated in Fig. 5h, featuring ten ports designed to interconnect
various functional devices, including representative examples such as
waveguide feeding structures (Ports 1-3), Wilkinson power dividers
(Ports 4 and 5), analog computing units (Ports 6 and 7), and horn
antennas (Ports 8-10). Taking antennas as an example, such an inter-
connect could enable reconfigurable coupling among a variable
number of elements to form arrays for wavefront shaping. Figure 5i
exhibits the simulated electric field distributions for four different
cases: a single antenna, a four-element antenna array, a three-element
antenna array, and an eight-element antenna array. These results
clearly demonstrate the system’s capacity to manipulate the radiated
wavefront with high precision. Corresponding normalized radiation
patterns are plotted in Fig. 5j. Furthermore, an example of a
filter–divider interconnection is provided in the Supplementary Note
3. Conventional interconnect schemes for mmW and THz devices
suffer from considerable transmission loss at high frequencies39,40 and
pose significant challenges for unified on-chip integration due to
mismatched device scales41,42. Unlike previous studies that focus on
point-to-point supercoupling4–7, this device extends the paradigm to
multi-port power redistribution governed by an Ohm’s law of ideal EM
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fluids. Besides, unlike guided-wave-driven metasurfaces, which focus
on wavefront shaping and radiation, the proposed EMNZ bus is
designed for passive interconnection of EM power43.

Discussion
In this work, we extendNZI supercoupling fromconventional point-to-
point transport to complex multi-branch structures, and investigate
the resulting quasi-static EM power-flow redistribution through an
analogy to pressure-driven flow in fluidic networks. Specifically, EM
power injected into complex multi-branch NZI structures is passively
redistributed toward impedance-matched output ports, while power
flow into strongly mismatched or PEC-terminated branches is strongly
suppressed. Both simulations and experiments verify and directly
visualize this multi-branch power-flow distribution. The behavior can
be described by an Ohm’s law of ideal EM fluids, in which the power-
flow intensity is determined by the Poynting-vector potential differ-
ence between ports and the effective impedance, which is set by the
length-to-width ratio, thus providing a predictive description of pas-
sive and deterministic EM power redistribution in complex NZI struc-
tures. Building upon this mechanism, we show that by engineering the

branch geometry and terminal conditions, supercoupling can be
extended from isolated channels to multi-port NZI networks, thereby
enabling a conceptual waveguide-based mmWave/THz bus-like EM
interconnect for multi-port signal or power distribution through a
shared NZI platform. Our findings not only offer new perspectives on
supercoupling and quasi-static EM power-flow distribution in NZI
media, but also suggest a potential pathway toward interconnection in
complex photonic and microwave networks, including mmWave/THz
integrated architectures.

Methods
Direct observation of electromagnetic fields
Themeasured results demonstrated in Fig. 3 are obtained according to
the method of direct observation of EM fields20. As predicted by
waveguide-emulated plasmonics, the central cross-section of a wave-
guide operating at the cutoff frequency of the TE10mode possesses an
effective permittivity εh ~ 0. Since the structure is axially symmetric
with respect to the central cross-section (z =0, where z represents the
position of the field), the electric field in the waveguide can be
expanded as a Fourier series that contains only the first order of cosine

Fig. 5 | Multi-port interconnect applications enabled by multi-branch super-
coupling. a Conceptual illustration of a multi-port supercoupling network. The
network is filled with NZI media and is equipped with six ports. b, c Simulated
magnitudeof the real part of the Poyntingvectorfield inamulti-port supercoupling
network for different input-output configurations, respectively. d, e Simulated
magnitude of the real part of Poynting vector field with two outputs or three
outputs, respectively. These designs can be applied to 1-to-2 or 1-to-3 divider.

f, g Simulated transmission amplitude in (d, e). For comparison, transmission
amplitudes in vacuumcases are also demonstrated.hConceptual sketch of amulti-
port supercoupling bus at millimeter-wave and terahertz frequencies. The bus
features tenports that can interfacewith different EMcomponents. iThe simulated
electric field distributions of the bus with different integrated horns for four
representative cases. j Corresponding simulated radiation patterns for 4 different
cases in (i).
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term according to the electric distribution of TE10 mode:

EðzÞ= cosðπz
h
ÞEðz =0Þ ð10Þ

where E(z = 0) is the vector electric field at the central cross-section
without z components, and h is the height of the waveguide. Applying
Faraday’s law ∇ × E = iωμH in Eq. (10), the magnetic field within the
waveguide can be calculated as

HðzÞ= 1
iωμ0

cosðπz
h
Þð∇×Eðz =0ÞÞ � π

iωμ0h
sinðπz

h
Þbz ×Eðz =0Þ ð11Þ

On the top surface of the waveguide z = h/2, only the second term
is retained, and we obtain

Eðz =0Þ= iωμ0h
π

Hðz = h
2
Þ×bz ð12Þ

Consequently, the Poynting vector at the central cross-section of
the waveguide can be written as

Sðz =0Þ=Eðz =0Þ×H z =0ð Þ= iωμ0h
π

Hðz = h
2
Þ×bz ×Hðz =0Þ ð13Þ

For the TE10 mode, the magnetic fields only remain the z-com-
ponent, i.e.,H(z =0) =H(z =0) ẑ, the Poynting vector can be calculated
as

Sðz =0Þ= � iωμ0h
π

Hðz =0Þ H z =
h
2

� �
ðẑ � ẑÞ � ẑ ẑ �H z =

h
2

� �� �� �

= � iωμ0h
π

H z =0ð ÞH z =
h
2

� � ð14Þ

In the second equality, the orthogonality of H(z = h/2) and ẑ is
utilized. Near the cutoff frequency, H(z = 0) is approximately
uniform, meaning the Poynting vector at the central cross-section
of the waveguide S(z = 0) can be approximately proportional to
the relative value of the magnetic field measurement H(z = h/2) to
the top surface, i.e.,

ReðSðz =0ÞÞ / Re Hðz = h
2
Þ

� �
ð15Þ

Therefore, to measure the power flow on the effective εr ~ 0
plane (i.e., the central cross-section of the waveguide), only the
magnetic field on the top surface needs to be measured. Speci-
fically, we develop an electrically small metal loop connected to a
coaxial cable as a magnetic field probe to measure the complex-
valued tangential components of the magnetic fields on the top
surface, as demonstrated in Fig. 3b. When measuring the mag-
netic fields, the output port is connected to a 50-Ohm load for
absorption and a vector network analyzer is used to measure the
transmission coefficient from the input port to the probe. This
coefficient corresponds to the relative amplitude and phase of
H(z = h/2) at the top surface. Since the magnitude of this trans-
mission coefficient is usually lower than −20 dB, indicating that
no more than 1% of the power is coupled to the probe, it can be
observed that interference with the field inside the cavity is small
enough to be neglected.

Full-wave simulation
The two-dimensional (2D) simulation results in Figs. 2c–f, 5b–g, i, j
are conducted by the frequency-domain RF module of the finite-
element-method (FEM) commercial software COMSOL Multiphysics®

v5.0 (available at www.comsol.com) in 2D cases. In these simulations,

the boundaries of the structures are set as perfect electric con-
ductors (PECs). The inputs are set as rectangular ports excited by
transverse electromagnetic (TEM) wave. Specifically, the magnetic
field is out-of-plane, while the electric field is in-plane. The specific
dimensions could be determined by scaling measurements from the
geometric drawing. The three-dimensional (3D) simulation results in
Fig. 3e, h are performed using the ANSYS HFSS®. The simulated-
structures and materials are designed to be the same as
that of experimental setups, which can be obtained in the next
section.

Experiment setup
The prototypes of the experiment setups presented in Fig. 3a, c, f
are fabricated using the computer numerical control (CNC)
techniques. The waveguides are made of aluminum metal alloy,
with other metals sprayed on the surface to prevent oxidation.
The top plate of the waveguide is replaced with a metallic mesh
composed of 116 grids (i.e., a 10 × 10 mesh plus a 4 × 4 mesh) to
facilitate the insertion of the magnetic field probe for measuring
the relative magnetic field amplitude and phase, as illustrated in
Fig. 3. Since the side length of the slot (4 mm × 4mm) is much
smaller than the operating wavelength (λ = 98.6 mm, which cor-
responds to ωp = 2π × 3.04 × 109 rad/s in our experiment setup),
this structure can prevent EM wave leakage, ensuring the same
performance as the intact upper surface. The height of the
waveguide is set to h = 49.3 mm. A dielectric rod made of
dielectric ceramics with relative permittivity εd = 37.8 + i0.0038
has dimensions of 11.5 mm × 11.5 mm and located in the waveguide
to act as a dopant. This level of loss ensures that the ideal EM
fluid behavior can be maintained in the experiment. According to
the photonic doping theory28,29, the waveguide-emulated plas-
monics has an effective permittivity εr ~ 0 and an effective per-
meability as follows:

μeff ðωÞ � 1 +
64ld

2

π4A
ω2

ωpmc
2 � ω2 , ωpmc =

cffiffiffiffiffi
εd

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðπ=ldÞ2

q
ð16Þ

where ld = 11.5mm is the side length of the dopant, A = 3848mm2 is
the area of the structure, ω is the angular frequency, and εd = 37.8
+ i0.0038 is the relative permittivity of the dopant. Under the para-
meter settings, the device exhibits near-zero permeability μd ~ 0
around ω = 2π × 3.04 × 109 rad/s. In other words, at the experimen-
tally tested frequency point, the waveguide-emulated plasmonics
simultaneously achieves near-zero permittivity and permeability,
corresponding to the NZI state. The magnetic field probe of the
experimental setup has a radius of 1.5mm and is connected to one of
the ports of the vector network analyzer Agilent N9917A via a 50 Ω
coaxial line. The other port is connected to the input waveguide to
excite the input EM waves. The probe and mesh top plate are shown
to exert a negligible impact on the fields within the structure, as
illustrated in Fig. S3.

Data availability
The experimental data supporting the findings of this study are pro-
vided in Supplementary Data 1 and 2. The remaining data are provided
as compressed files in Supplementary Data 3.

References
1. Engheta, N. Pursuing near-zero response. Science 340,

286–287 (2013).
2. Silveirinha, M. & Engheta, N. Tunneling of electromagnetic energy

through subwavelength channels and bends using ε-near-zero
materials. Phys. Rev. Lett. 97, 157403 (2006).

3. Liberal, I. & Engheta, N. Near-zero refractive index photonics. Nat.
Photonics 11, 149–158 (2017).

Article https://doi.org/10.1038/s41467-026-73657-1

Nature Communications |         (2026) 17:7131 7

http://www.comsol.com
www.nature.com/naturecommunications


4. Silveirinha,M. G. & Engheta, N. Theory of supercoupling, squeezing
wave energy, and field confinement in narrow channels and tight
bends using ε-near-zero metamaterials. Phys. Rev. B. 76,
245109 (2007).

5. Edwards, B., Alù, A., Young, M. E., Silveirinha, M. & Engheta, N.
Experimental verification of epsilon-near-zero metamaterial cou-
pling and energy squeezing using a microwave waveguide. Phys.
Rev. Lett. 100, 033903 (2008).

6. Liu, R. et al. Experimental demonstration of electromagnetic tun-
neling through an epsilon-near-zero metamaterial at microwave
frequencies. Phys. Rev. Lett. 100, 023903 (2008).

7. Yan, W., Zhou, Z., Li, H. & Li, Y. Transmission-type photonic doping
for high-efficiency epsilon-near-zero supercoupling.Nat. Commun.
14, 6154 (2023).

8. Zhou, Z. et al. General impedance matching via doped epsilon-
near-zero media. Phys. Rev. Appl. 13, 034005 (2020).

9. Chu, H. et al. A hybrid invisibility cloak based on integration of
transparent metasurfaces and zero-indexmaterials. Light Sci. Appl.
7, 50 (2018).

10. Li, H. et al. Geometry-independent antenna based on Epsilon-near-
zero medium. Nat. Commun. 13, 3568 (2022).

11. Zhang, Y., Li, Y., Zhang, W., Zhang, Z. & Feng, Z. Omnidirectional
antenna diversity system for high-speed onboard communication.
Engineering 11, 72–79 (2022).

12. Zhang, Y. & Li, Y. Wideband microstrip antenna in small volume
without using fundamental mode. Electromag. Sci. 1, 1–6 (2023).

13. Li, H., Zhou, Z., Zhao, Y. & Li, Y. Low-loss beam synthesizing network
based on Epsilon-near-zero (ENZ) medium for on-chip antenna
array. Chip 2, 100049 (2023).

14. Zhou, Z. et al. Substrate-integrated photonic doping for near-zero-
index devices. Nat. Commun. 10, 4132 (2019).

15. Liberal, I., Mahmoud, A. M., Li, Y., Edwards, B. & Engheta, N. Pho-
tonic doping of epsilon-near-zero media. Science 355,
1058–1062 (2017).

16. Zhou, Z. et al. Dispersion coding of ENZmedia viamultiple photonic
dopants. Light Sci. Appl. 11, 207 (2022).

17. Yan,W. et al. Fano resonance in Epsilon-Near-ZeroMedia. Phys. Rev.
Lett. 133, 256402 (2024).

18. Li, H. et al. Performing calculus with epsilon-near-zero metama-
terials. Sci. Adv. 8, eabq6198 (2022).

19. Liberal, I., Lobet, M., Li, Y. & Engheta, N. Near-zero-index media as
electromagnetic ideal fluids. Proc. Natl. Acad. Sci. USA. 117,
24050–24054 (2020).

20. Li, H. et al. Direct observation of ideal electromagnetic fluids. Nat.
Commun. 13, 4747 (2022).

21. Fuerstman, M. J. et al. Solving mazes using microfluidic networks.
Langmuir 19, 4714–4722 (2003).

22. Kundu, P. K., Cohen, I. M., Dowling, D. R. & Capecelatro, J. Fluid
Mechanics 7th edn (Elsevier, Amsterdam, 2024).

23. Batchelor, G. K.An Introduction to FluidDynamics (CambridgeUniv.
Press, Cambridge, 2000).

24. Oh, K. W., Lee, K., Ahn, B. & Furlani, E. P. Design of pressure-driven
microfluidic networks using electric circuit analogy. Lab Chip 12,
515–545 (2012).

25. Steinbock, O., Tóth, Á & Showalter, K. Navigating complex labyr-
inths: optimal paths from chemical waves. Science 267,
868–871 (1995).

26. Nakagaki, T., Yamada, H. & Tóth, Á Maze-solving by an amoeboid
organism. Nature 407, 470–470 (2000).

27. Reyes, D. R., Ghanem, M. M., Whitesides, G. M. & Manz, A. Glow
discharge in microfluidic chips for visible analog computing. Lab
Chip 2, 113–116 (2002).

28. Rotman, W. Plasma simulation by artificial dielectrics and parallel-
plate media. IRE Trans. Antennas Propag. 10, 82–95 (1962).

29. Li, Y., Liberal, I. & Engheta, N. Structural dispersion-based reduction
of loss in epsilon-near-zero and surface plasmon polariton waves.
Sci. Adv. 5, eaav3764 (2019).

30. Liberal, I., Mahmoud, A. M. & Engheta, N. Geometry-invariant
resonant cavities. Nat. Commun. 7, 10989 (2016).

31. Li, Y., Liberal, I., Della Giovampaola, C. & Engheta, N. Waveguide
metatronics: Lumped circuitry based on structural dispersion. Sci.
Adv. 2, e1501790 (2016).

32. Qin, X. et al. Negative capacitors and inductors enabling wideband
waveguide metatronics. Nat. Commun. 14, 7041 (2023).

33. Korobkin, D., Urzhumov, Y. & Shvets, G. Enhanced near-field reso-
lution in midinfrared using metamaterials. J. Opt. Soc. Am. B. 23,
468–478 (2006).

34. Liu, M. et al. Broadband mid-infrared non-reciprocal absorption
using magnetized gradient epsilon-near-zero thin films. Nat. Mater.
22, 1196–1202 (2023).

35. Jackson, J. D. Classical Electrodynamics, 3rd edn (Wiley, New
York, 1999).

36. Zhou, Z. & Li, Y. N-port equal/unequal-split power dividers using
epsilon-near-zero metamaterials. IEEE Trans. Microw. Theory Tech.
69, 1529–1537 (2021).

37. Onsager, L. Deviations from Ohm’s law in weak electrolytes. J.
Chem. Phys. 2, 599–615 (1934).

38. Oki, B., Pfluegl, M., Siegel, A. & Skeen, D. The Information Bus:
an architecture for extensible distributed systems. In Proc. of
the fourteenth ACM symposium on Operating systems princi-
ples, 58–68 (Association for Computing Machinery, New York,
NY, USA,1993).

39. Denlinger, E. J. Losses of microstrip lines. IEEE Trans. Microw. The-
ory Tech. 28, 513–522 (1980).

40. Zhou, Z. et al. The low-attenuation endfire leaky-wave state on
an optically transparent lossy film. Engineering 43,
72–80 (2024).

41. Belenguer, A., Esteban, H. & Boria, V. E. Novel empty substrate
integrated waveguide for high-performance microwave integrated
circuits. IEEE Trans. Microw. Theory Tech. 62, 832–839 (2014).

42. Wang, S. et al. Antenna thousandfold miniaturization with
ohmic-biased transistor circuit. Electromag. Sci. 3, 0100583-
1 (2025).

43. Li, S. et al. Unidirectional guided-wave-driven metasurfaces for
arbitrary wavefront control. Nat. Commun. 15, 5992 (2024).

Acknowledgements
We thank the editor and anonymous reviewers for their constructive
comments and suggestions, which helped improve the manuscript.

Author contributions
Y. Li conceived the idea and supervised the project. W. Yan and P. Li
carried out the analytical derivations, full-wave simulations, and
experimental verifications. K. Li, P. Fu, and J. Liu contributed to the
theoretical analysis and numerical discussions. M. Hu and S. Wang
contributed to the experimental discussions. All authors contributed to
manuscript preparation and revision.

Funding
Y. Li discloses support for the research of this work from the National
Natural Science Foundation of China (NSFC) [Grant U22B2016], and the
National Key Research and Development Program of China [Grant
2021YFA0716601]; P. Fu discloses support for the research of this work
from the Postdoctoral Fellowship Program and China Postdoctoral Sci-
ence Foundation [Grant BX20250350].

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-026-73657-1

Nature Communications |         (2026) 17:7131 8

www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-73657-1.

Correspondence and requests for materials should be addressed to
Yue Li.

Peer review information Nature Communications thanks Roberto
Caputo, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-026-73657-1

Nature Communications |         (2026) 17:7131 9

https://doi.org/10.1038/s41467-026-73657-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ohm’s law of electromagnetic ideal fluids: impedance-governed supercoupling in complex near-zero-index networks
	Results
	Simulation verifications
	Experimental visualization
	Theoretical analysis
	Multi-port interconnect applications enabled by supercoupling

	Discussion
	Methods
	Direct observation of electromagnetic fields
	Full-wave simulation
	Experiment setup

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




