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Engineering Epsilon-Near-Zero Media with Waveguides

Peihang Li, Wendi Yan, Shuyu Wang, Pengyu Fu, Yongjian Zhang, and Yue Li*

Epsilon-Near-Zero (ENZ) media have attracted widespread interest due to
their unique electromagnetic properties, which have brought distinctive
characteristics and phenomena, such as spatiotemporal decoupling,
supercoupling and tunneling, constant phase transmission, near-field
enhancement, and so on. However, these ENZ characteristics are existed in
natural plasmonic materials at their intrinsic plasma frequencies and
accompanied by significant losses, thus limiting their applications in
engineering. Different from the effect ENZ media with artificially periodic
structures, the waveguide ENZ media offers a promising platform with
non-periodic architectures. Unlike the natural plasmonic materials and the
periodic-structured ENZ media, the waveguide ENZ media utilizes waveguide
dispersion to achieve effective ENZ characteristics and phenomena with lower
loss and smaller dimensions. This review begins with an exploration of the
fundamental properties of the waveguide ENZ media and then introduces the
design principles of different ENZ-based electromagnetic devices. Finally, the
review concludes with the challenges and potential development directions
encountered by the ENZ media in the realm of electromagnetic applications.

1. Introduction

Since the introduction of Maxwell’s equations, we have been af-
forded a profound insight into the propagation laws of electro-
magnetic waves in the physical world through the theoretical
framework they establish.[1] The propagation behavior of electro-
magnetic waves in space is elegantly and succinctly represented,
while the diversity of phenomena in the physical world is de-
scribed by constitutive equations. By artificially designing and
constructing unique distribution of 𝜖 and 𝜇, we can achieve re-
markable manipulations of electromagnetic waves. Specifically,
through carefully designed structures, optical parameters can
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exhibit zero values instead of the typical
positive value.[2] Among the myriad op-
tical media, the epsilon-near-zero (ENZ)
structure is particularly distinctive. In
optical media, the wavenumber of elec-
tromagnetic waves is directly linked to
the dielectric constant of the media.
When the magnetic permeability 𝜇 = 1
and the dielectric constant 𝜖 ≈ 0, the
wavenumber k ≈ 0.[3,4] This results in
unique phase uniformity distribution
and remarkable physical size insen-
sitivity – the optical path travelled by
electromagnetic waves in ENZ media is
zero. This phenomenon allows for de-
coupling the operating frequency from
the device size and location, enabling
the realization of optical manipulation
devices such as invisibility cloaking,[5,6]

size-independent resonators,[7–9] radiator
structures,[10–12] supercoupling and tun-
neling waveguides,[3,13–19] and position-
insensitive doping structures.[20] On

the other hand, in ENZ media, the electromagnetic wave induces
an electric displacement field of 0, leading to a significant discon-
tinuity. This discontinuity enables spontaneous enhancement or
suppression of the electric field in the media’s vicinity, offering
opportunities for modulating nonlinear effects[21–23] and Purcell
factors.[24–27] This unique property of ENZ media has already
demonstrated remarkable capability in modulating the ampli-
tude and phase of electromagnetic waves. It has been utilized in
microwave devices, integrated optics, and optoelectronic devices,
demonstrating great application potential.

Several methods can be employed to realize ENZ media, in-
cluding natural plasma materials, periodic structures ENZ me-
dia, and waveguide ENZ media. In the optical band, ENZ me-
dia can be directly obtained from natural plasma materials near
the corresponding plasma frequency.[28–30] Numerous studies
have explored the application of natural plasma materials in
various fields such as lasers,[31–33] photocatalysis,[34,35] optical
quantum,[36–38] and nonlinear enhancement.[39,40] Figure 2g il-
lustrates the optical parameter profile of Ag near its plasma
frequency. When the real part of the dielectric constant (𝜖) ap-
proaches zero, the material exhibits a significant imaginary part,
indicating that natural plasma materials typically incur large
losses. Moreover, natural plasma materials often feature fixed
ENZ bands, limiting ability to define and design the frequency
bands of ENZ to meet practical engineering and research re-
quirements. Periodic structures ENZ media enable modulation
of overall optical parameters through carefully designed peri-
odic structures.[41–43] This provides greater flexibility, allowing
for the modulation of the operating frequency through pattern
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Figure 1. Three directions of application of waveguide ENZ media: transmission, resonance, and radiation.

design.[44,45] A generalized dielectric constant spectrogram for pe-
riodic structures ENZ media is depicted in Figure 2h. The ENZ
properties of periodic structures ENZ media typically emerge at
the resonance frequency center of the spectrum, accompanied by
sharp spectral phase changes. However, the dimensions of peri-
odic structures ENZ media units often approach the scale of the
wavelength, requiring the etching of complex patterns. This re-
sults in elevated manufacturing costs for the devices. Therefore,
both above methods are constrained in practical engineering ap-
plications.

To complement and explore the above two types of ENZ
media, another method for constructing ENZ media has been
proposed.[3] By leveraging the structural dispersion of waveg-
uides, we can achieve equivalent ENZ structures near the cut-
off frequency of the waveguide, as illustrated in Figure 2f. As
the frequency of an electromagnetic wave approaches the cut-
off frequency of a waveguide, the longitudinal propagation con-
stant tends toward infinity, resulting in nearly in-phase propa-
gation within the waveguide. It has been demonstrated in var-
ious waveguides and cavities that the equivalent dielectric con-
stant near their cutoff frequency can be considered as 0.[3,46,47]

Waveguide ENZ media has simple structure and due to its in-
herent waveguide properties, we can easily integrate into trans-
mission devices. On the other hand, because there are no addi-
tional resonant structures, waveguide ENZ media can also avoid
the significant losses associated with traditional plasmonic ma-
terials, especially in air-guided waveguides. The combination of
low loss and structural simplicity described above has prompted
increased attention and development in the field of waveguide
ENZ media. A variety of devices based on waveguide ENZ me-
dia have been developed, including supercoupling and tunneling

waveguides,[13,17,48,49] impedance matching networks,[50] wave-
front shaping devices,[51,52] directional radiators,[30,53,54] localized
near-field enhancement devices,[30,55–57] and microwave compu-
tational networks,[58,59] as shown in Figure 1.

In this review, we introduce various unique electromagnetic
manipulation features of ENZ media at a theoretical level based
on the electromagnetic wave propagation principle, starting from
the unique electromagnetic properties of waveguide ENZ me-
dia. Furthermore, we will introduce the dispersion modes and
operating principles of waveguide ENZ media. Subsequently, we
will delve into the specific engineering applications of waveguide
ENZ media in both microwave and photonics domains. We will
present a comprehensive overview of innovative research results
on waveguide ENZ dielectrics, focusing on three key physical
properties: transmission, resonance, and radiation. Finally, we
will provide a summary and outlook on the future development
of waveguide ENZ media.

2. Basic Concepts of Waveguide ENZ Media

Waveguide ENZ media exhibit numerous unique optical prop-
erties. In the following sections, we will provide fundamental
theoretical derivations by incorporating the dispersion properties
of waveguide ENZ media. Additionally, we will explore various
counterintuitive physical characteristics of ENZ media.

2.1. From Waveguide Dispersion to Waveguide ENZ Media

As discussed earlier, there are multiple methods to design ENZ
media. Several natural plasma materials exhibit ENZ proper-
ties in the optical or infrared bands. However, the fixed ENZ
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Figure 2. Properties of the ENZ media. a) Size-independent resonant cavities based on ENZ.[7] Licensed under the Creative Commons Attribution 4.0
International. b) Photonic doping of ENZ media.[14] Licensed under the Creative Commons Attribution 4.0 International. c) The phenomenon of super-
coupling and tunneling in ENZ media.[62] Reproduced with permission. Copyright 2014, Nat Commun. d) Positional irrelevance of photonic doping;[63]

Reproduced with permission. Copyright 2017, IEEE. e) Near-field electric field focusing on ENZ media. f) Effective permittivity of the waveguide ENZ
media. g) Effective permittivity of Ag near the plasma frequency. h) Effective permittivity of typical periodic structures ENZ media near the resonant
frequency.

band, and high losses of natural plasma materials, along with
the large electrical sizes and complex fabrication processes of
periodic structures ENZ media, limit their engineering applica-
tions. Waveguide ENZ media can overcome the engineering ap-
plication challenges of both types of ENZ media. Figure 2f illus-
trates the dielectric constant spectrum of waveguide ENZ media.
When the frequency of electromagnetic waves is near the waveg-
uide cutoff frequency, the dielectric constant of waveguide ENZ
media tends toward zero, while maintaining a lower imaginary
part. This characteristic enables waveguide ENZ media to exhibit
lower losses. Additionally, we can adjust the working frequency
of ENZ by changing the waveguide width, providing significant
flexibility in engineering manufacturing. This non-periodic ar-
chitecture allows for the easy realization of subwavelength-scale
ENZ device designs. In summary, the lower losses, greater design
freedom, and non-periodic small size architecture of waveguide
ENZ media confer advantages in engineering applications.

In the waveguide ENZ media, ENZ modes are realized using
waveguide dispersion. As early as the 1960s, Rotman demon-

strated that parallel-plate or rectangular waveguides can simulate
plasmonic media when operating below the cutoff frequency of
the TE10 mode.[46,60] Taking the fundamental mode of a rectangu-
lar waveguide as an example, the propagation constant 𝛽 of the
waveguide can be expressed as:

𝛽 = k0

√
𝜀r −

(
𝜆

2a

)2

(1)

where 𝜆 represents the wavelength of the electromagnetic wave,
k0 is the wave number in free space, a denotes the width of the
rectangular waveguide. Moreover, through the propagation con-
stant of the waveguide, we can derive the effective dielectric con-
stant of the waveguide:

𝜀eff =
(

𝛽

k0

)2

= 𝜀r −
(
𝜆

2a

)2

(2)
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As depicted in Figure 2f, when the electromagnetic wave fre-
quency approaches the cutoff frequency, the effective dielectric
constant of the waveguide tends toward zero, transitioning to
negative and positive values below and above the cutoff fre-
quency, respectively. It is noteworthy that waveguide losses are
minimal, providing significant design flexibility for the integra-
tion of small-scale devices due to their non-periodic structure.
Various waveguide structures can be used to realize waveguide
ENZ media, such as metallic rectangular waveguides, flat waveg-
uides, and SIW waveguides.

2.2. Physical Properties of Waveguide ENZ Media

2.2.1. The Spatiotemporal Decoupling of Waveguide ENZ Media

Among the various properties of waveguide ENZ media, one of
the most fascinating is its spatiotemporal decoupling character-
istic. From a physical perspective, the wavevector of ENZ me-
dia is considered infinitely small, and the effective wavelength
is considered infinitely long. In terms of optical path length, the
propagation of electromagnetic waves in waveguide ENZ media
is “ineffective,” with phase being uniform. In the wave equation,
the spatial variation factors of the electromagnetic field are repre-
sented by ∇

2E and ∇
2H, while the temporal variation factors are

reflected in ∂
2E/∂t2 and ∂

2H/∂t2. This implies that the spatial and
temporal characteristics of the electromagnetic field distribution
are mutually coupled, and temporal properties are directly influ-
enced by boundary conditions and material parameters. We can
only set the operating frequency of devices by precisely adjusting
the boundary conditions. However, in ENZ media where 𝜖≈0, the
spatial and temporal factors are decoupled.[13,61,62]

Ref. [7] discusses in detail the possibility of utilizing ENZ
media to achieve geometrically decoupled resonant cavities, as
shown in Figure 2a. The eigenfrequency of the resonant cavity
depends entirely on the nature of the internal particles and the
cross-sectional area of the ENZ media, which allows us to ar-
bitrarily change the geometry without altering the intrinsic fre-
quency of the resonant cavity, enabling decoupling of dimen-
sions. On the other hand, the positions of the particles inside
the ENZ media are also decoupled, and the overall modula-
tion characteristics of the ENZ media for electromagnetic waves
are shown to be independent of the positions of the particles
inside,[63] as shown in Figure 2d.

In addition to the resonance of electromagnetic waves, further-
more, the spatiotemporal decoupling characteristic of waveguide
ENZ media can be applied to the transmission of electromagnetic
waves. Consider a transmission waveguide: if the dimensions of
the waveguide are decoupled from the transmission frequency,
we can freely change the size and shape of the waveguide with-
out introducing additional reflection and discontinuity, thus af-
fecting the transmission efficiency of the waves. ref. [62] proves
that waveguide ENZ media can achieve the supercoupling and
tunneling effect. As shown in Figure 2c, electromagnetic waves
exhibit remarkable uniform phase distribution and achieve de-
coupling transmission through waveguides of arbitrary shapes.
However, achieving the supercoupling and tunneling effect re-
quires not only the dielectric constant of the media to be 0 but also
an appropriate magnetic permeability.[14] We can understand this

phenomenon from the perspective of wave impedance. When
𝜇 = 1 and 𝜖 ≈ 0, the wave impedance of the media 𝜂 approaches
infinity, implying a reflection coefficient of 100% at the ports.
Therefore, to achieve impedance matching, we also need to ad-
just the magnetic permeability of the media to realize the super-
coupling and tunneling effect.

2.2.2. Doping of ENZ Media

The concept of doping originates from semiconductor physics,
where impurities are intentionally introduced into a single
medium to control its macroscopic properties.[64] With the emer-
gence of artificial metamaterials, this concept has been extended
to optics and electromagnetics.[65,66] However, the traditional dop-
ing equivalence in electromagnetic waves requires three condi-
tions to be met: the object must contain enough dopants, the
dopant size and separation distance must be much smaller than
the wavelength.[67] As the number of dopants decreases and their
sizes increase, this equivalence process inevitably fails. This lim-
itation restricts the application of this paradigm in macroscopic
photonic systems. In waveguide ENZ media the constraints re-
lated to doping are overcome. As discussed earlier, the spatiotem-
poral decoupling ability of ENZ media allows electromagnetic
waves to exhibit nearly infinite phase velocity and quasi-static
field distribution. Consequently, dopants in waveguide ENZ me-
dia are perceived as electrically small, regardless of their size. We
can alter the properties of the entire system by placing dopants
of any shape at arbitrary positions within the waveguide ENZ
media,[14] as shown in Figure 2b. ref. [14] provides a detailed
discussion on the theoretical process of doping in ENZ media.
Considering an ENZ media main body of arbitrary shape with a
cross-sectional area A, containing multiple dopants with a cross-
sectional area Ad, and relative permittivity and permeability set as
𝜖d and μd respectively, the effective optical parameters μeff of the
doped ENZ media can be obtained through the electromagnetic
field boundary value problem:

𝜇eff = 1 +
∑

d

Δ𝜇d, 𝜀eff = 0 (3)

Δ𝜇d = 1
A

[
∫
Ad

Ψd (r) dA − Ad

]
(4)

here, Ψd(r) represents the normalized magnetic field distribu-
tion within the dopants, with the magnetic field at the bound-
ary set to 1 (the magnetic field is uniform in ENZ media). Us-
ing the above equation, we can adjust the overall system perme-
ability by adding arbitrary dopants at any positions within the
waveguide ENZ media while maintaining the near-zero dielec-
tric constant characteristic, providing an opportunity to set the
wave impedance of waveguide ENZ media. For instance, as dis-
cussed in the previous section, waveguide ENZ media exhibit su-
percoupling and tunneling characteristics. However, due to their
wave impedance approaching infinity, the reflection coefficient
of electromagnetic waves incident from conventional media into
waveguide ENZ media is 100%. By doping ENZ media, we can
achieve wave impedance matching between the waveguide ENZ
media and conventional media, thereby constructing supercou-
pling and tunneling structures.
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Figure 3. a) Adjusting the cross-sectional area of the ENZ to achieve impedance matching.[3] Reproduced with permission. Copyright 2008, Phys.
Rev. Lett. b) Resonance-type doping in waveguide ENZ media supercoupling and tunneling.[15] c) Transmission-type doping in waveguide ENZ media
supercoupling and tunneling.[17] d) Waveguide ENZ media propagation in complex electromagnetic environments e) Five-channel frequency-division
mutipliexing and demultiplexing based on waveguide ENZ media supercoupling and tunneling.[77] f) Transmission-reflection decoupling of waveguide
ENZ media.[19]

2.2.3. Near-Field Enhancement and Suppression of Waveguide ENZ
Media

Utilizing plasmonic media and photonic crystals to achieve light
field enhancement beyond the diffraction limit has been a sig-
nificant research direction in quantum computing, photode-
tection, and photocatalysis.[68,69] This is primarily attributed to
the remarkably high local density of optical states (LDOS) in-
herent in such media, which significantly amplifies the non-
linear effects of media and intensifies the spontaneous emis-
sion of photon emitters. aveguide ENZ media also possess the
capability of near-field enhancement and suppression. When
electromagnetic waves interact with ENZ media, the bound-
ary conditions dictated by Maxwell’s equations lead to a sig-
nificant discontinuity in the electric field at the material inter-
face, as illustrated in Figure 2e, resulting from the electric dis-
placement vector being zero within the ENZ media. Near the
ENZ media, this discontinuity spontaneously enhances or sup-
presses the electric field, thereby offering avenues for enhanc-
ing nonlinear effects and Purcell enhancement. It has also been
demonstrated that waveguides with equivalent ENZ media prop-
erties can be similarly employed to enhance or suppress non-
linear effects and spontaneous emission from single photon
sources.[70,71]

In this chapter, we have explored the remarkable physical prop-
erties of ENZ media and the physical characteristics of waveguide
ENZ media. Next, we will delve into research findings and ad-
vancements within the field through three typical application sce-
narios of waveguide ENZ media: transmission, resonance, and
radiation.

3. The Transmission of Waveguide ENZ Media

Based on the unique electromagnetic characteristics supported
by waveguide ENZ media, a variety of applications have been in-
vestigated. According to their application scenarios, these appli-
cations can be mainly categorized into three types, including the
transmission applications, resonance applications, and radiation
applications. In this section, we focus on the transmission appli-
cations.

3.1. Waveguide Transmission Line

The characteristics of ENZ media mentioned above have demon-
strated the potential for various control of electromagnetic waves
propagation in ENZ media. Compared with classical method-
ology for transmitting electromagnetic waves in metal waveg-
uide, the most specific property of the waveguide ENZ media is
the supercoupling and tunneling. The supercoupling and tun-
neling demonstrates the capability of electromagnetic waves to
be “squeezed” and tunneled through channels much narrower
than their wavelengths, and provides the potential of overcom-
ing the sharp bends, corners, and obstacles in the waveguide. As
for a general waveguide ENZ media supercoupling and tunneling
model in Figure 3a, which consists of an arbitrary-shaped waveg-
uide ENZ media channel with the area Ap connecting two rect-
angular ports with the widths a1 and a2, the reflection coefficient
of the excited Port 1 can be described as:[13]

𝜌 =

(
a1 − a2

)
+ ik0𝜇r,pAp(

a1 + a2

)
− ik0𝜇r,pAp

(5)
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where k0 is the propagation constant of electromagnetic waves in
vacuum and 𝜇r,p is the relative permeability of media in both the
ENZ channel and ports. “i” is the imaginary unit and an e−i𝜔t time
convention is first assumed and suppressed. To enable EM waves
to tunnel perfectly through the narrow channel, it is necessary
that a1 ≈ a2 and that k0𝜇r,pAp is as small as possible. To realize this
goal, two methods can be employed. First, we can reach a near-
zero Ap through a tunneling channel with a width approaching
zero. Second, we can adjust 𝜇r,p near zero through the photonic
doping methodology mentioned above. Several experiments have
been realized to verify the concept of supercoupling and tunnel-
ing through these two methods.

The first experimental implementation of ENZ supercoupling
and tunneling is reported in ref. [3] and [72]. The schematics of
both experiments are depicted in Figure 3a. Ultranarrow waveg-
uide channels, which are filled with waveguide ENZ media, are
used to connect the rectangular input and output ports, respec-
tively. Via the reasonable adjusting of the height and length of
channels, the measurements demonstrate a zero-phase electro-
magnetic waves transmission, which is the sign of the establish-
ment of the supercoupling and tunneling. However, since chan-
nels cannot be infinitely narrow, the transmission losses are in-
troduced during the electromagnetic wave propagation. ref. [72]
report a −5 dB transmission efficiency, while ref. [3] report a
−6 dB transmission efficiency. Besides, these experimental se-
tups propose a huge discontinuity in the E-plane, which is dif-
ficult for the planar integration applications. It is necessary to
adopt a new method to enhance its transmission efficiency.

Take inspiration in the methodology of photonic doping, the
𝜇r,p can be adjusted through implant a dielectric rod in the waveg-
uide ENZ media. Therefore, we can reach a 𝜇r,p near zero to max-
imize the transmission coefficient in an ENZ channel with fi-
nite height. Two types of photonic doping have been researched,
including a resonance-type doping[15] and a transmission-type
doping.[17] First, ref. [15] report a supercoupling waveguide with
the uniform profile assisted by resonance-type doping. For easily
integration, a rectangular dopant with the height hd and length ld,
together with the image principle, is used to replace the circular
dopant reported in ref. [14]. Around the resonant frequency of the
dopant, the effective relative permeability 𝜇r,p of the entire ENZ
media will be adjusted near zero. Hence, ENZ supercoupling and
tunneling occurs in a waveguide with the uniform profile, which
is fabricated by the substrate-integrated-waveguide (SIW) tech-
nique. At the ideal case, the transmission amplitude can reach
100% for lossless dopant. However, the experiment only proposes
a transmission efficiency at ≈60% (−4.5 dB), due to the strong
resonance in the lossy dielectric dopant.

In order to further enhance the transmission efficiency, the
transmission-type doping[17] are used to assist to the supercou-
pling and tunneling.[73] As depicted in Figure 3c, different from
the resonance-type doping, a dielectric rod, with both top and bot-
tom edges in contact with the perfect electric conductor (PEC)
boundaries, is located in the center of the waveguide channel.
The proposed transmission-type doping replaces high-quality-
factor 2D resonant modes with low-quality-factor 1D modes, such
that losses caused by resonant dopants are reduced. A 80% trans-
mission efficiency and zero-phase advance in ENZ supercou-
pling and tunneling is achieved and observed in experiments.
This is the highest efficiency that can be observed in the su-

percoupling and tunneling experiment. In summary, we intro-
duce three approaches to achieve the ENZ supercoupling and
tunneling in the waveguides, including an ultranarrow channel,
assistance by the resonance-type doping and assistance by the
transmission-type doping.

Based on waveguide ENZ media supercoupling and tunnel-
ing, several devices, with exotic functions, have been researched.
Thanks to the potential of supercoupling in overcoming the sharp
bends, corners, and obstacles in the waveguide, researchers can
design waveguides to adapt to the propagation of electromagnetic
waves in complex scenarios. These waveguides have arbitrary
shapes, just like optical fibers used for light propagation, and
are thereby referred to as “electric fibers”. As demonstrated in
Figure 3d, refs. [15] and [17] demonstrate two types of electric
fibers for overcoming the discontinuity in E-plane and H-plane,
respectively. The insert losses of “electric fibers” are less than
1 dB. The electric fibers, based on high-efficiency waveguide
ENZ media supercoupling and tunneling, provide a poten-
tial alternative for low-loss conduits in waveguide-integrated
structures, which is of great significance for the development
of microwave-integrated devices. Some researchers suggest
that this intriguing waveguide ENZ media supercoupling phe-
nomenon operates under similar physical principles as ideal
fluids, and it can be likened to an optical system with turbulence
suppression capabilities. This conceptualization offers a novel
perspective for comprehending waveguide ENZ media.[74,75]

On the other hand, research has also focused on increasing the
bandwidth of supercoupling waveguides. The ref. [76] discusses
a method for realizing wideband ENZ supercoupling, and a
waveguide crossover is further proposed and experimentally
verified that it can realize wideband dual-narrow-channel full
transmission in one medium layer with a very low profile.

Expect from the high efficiency electromagnetic wave progra-
dation, supercoupling and tunneling also provides the possibil-
ities for multi-frequencies. ref. [77] has reported a frequency-
division multiplexing application. As depicted in Figure 3e, a five-
channel frequency-division multiplexing and demultiplexing in
the millimeter-wave range is realized. Here, C1 is the input port
conveying a broadband signal multiplexing 5 frequencies, and
C2 to C6 are the output ports for demultiplexing signals. It is at-
tributed to the frequency-selective tunnelling effect of the low-
loss waveguide ENZ media. Specifically, supercoupling only oc-
curs near the cutoff frequency of the TE10 mode of the waveg-
uide ENZ media and allows the electromagnetic waves to tun-
nel through the narrow waveguide ENZ media despite the large
impedance mismatch at its entrance and exit faces. Hence, trans-
mitted frequencies fa to fe are determined by the sizes and Q fac-
tors of waveguides C2 to C6, which can be tuned reasonably. This
strategy of frequency-division multiplexing, based on waveguide
ENZ media supercoupling and tunneling, may pave a way for ef-
ficiently allocating the spectrum for future communication net-
works.

Besides general supercoupling for reflectionless total trans-
mission with zero-phase advance, Waveguide ENZ media also al-
low for independent control over the amplitude and the phase of
the transmission and reflectionless waves.[19] Figure 3f demon-
strates a device, including three different hosts doping with di-
electric rods with different permeability. By manipulating the
permittivity of dopants with extremely low loss or gain, various

Adv. Physics Res. 2024, 3, 2400070 2400070 (6 of 13) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. a) N-way power divider based on waveguide ENZ media.[50] Re-
produced with permission. Copyright 2020, Phys. Rev. Applied. b) Waveg-
uide ENZ media for cross-talk reduction.[78] Licensed under the Creative
Commons Attribution 4.0 International. c) Network impedance matching
based on waveguide ENZ media.[79] Reproduced with permission. Copy-
right 2023, Nanophotonics.

optical effects have been realized, including perfect absorption,
high-gain reflection without transmission, reflectionless high-
gain transmission and reflectionless total transmission with dif-
ferent phases.

3.2. N-Port Network

As for other transmission applications, research have reported
many microwave devices for various applications. ref. [78] intro-
duces N-port equal/unequal-split power dividers based on waveg-
uide ENZ media, as displayed in Figure 4a. An arbitrarily shaped
waveguide ENZ media comprising a dielectric impurity is con-
nected to N waveguides, and the incident power can be effi-
ciently delivered to output waveguides. This design can further
be extended to generic dividers with arbitrary power division ra-
tios by modifying the widths of the output waveguides. ref. [79]
demonstrates an ultra-compact waveguide systems. As displayed
in Figure 4b, two dielectric waveguides are placed at a very nar-
row distance (e.g., 𝜆0/30, 𝜆0 is the free-space wavelength) on the
substrate, which will introduce inevitable crosstalk for general
cases. In this work, ENZ claddings are revealed, either isotropic
or anisotropic, consequently prohibiting the crosstalk, bestowing
ultra-compact waveguide systems. ref. [50] provides the potential
of using waveguide ENZ media as lumped circuit elements. As
shown in Figure 4c, a waveguide ENZ media comprising dielec-
tric dopants is introduced within a transmission line to match a
load of arbitrary complex impedance ZL. By changing the sizes
and permittivity of these dopants, any impedance can be realized

to match different kinds of loads, including microwave circuits,
antennas, and absorbing particles. In a short summary, waveg-
uide ENZ media propose great potential of different transmis-
sion applications.

4. The Resonance of Waveguide ENZ Media

4.1. Quantum Emitters and Nonlinear Enhancement Devices

Waveguide ENZ media hold creative applications in resonator
devices. In the optical frequency range, the near-field enhance-
ment capability of waveguide ENZ media can be utilized to
control local optical density of states, holding promise as a po-
tent tool for future optical applications. Research has already
demonstrated theoretically that ENZ media can achieve enhance-
ment or suppression.[80] When electromagnetic waves impinge
upon a 2D ENZ cylinder, the cylinder can generate two elec-
tric field hotspots and two electric field nodes around it, thereby
enabling the enhancement or suppression of the optical field.
When a small nonlinear particle approaches a subwavelength
ENZ particle, the second harmonic generation (SHG) of the non-
linear particle can be markedly suppressed. This SHG quench-
ing effect stems from the anomalous inhibition of the electric
field near the ENZ particle due to the vanishing of scattered
waves. Importantly, this phenomenon is universally observed in
both isotropic and anisotropic ENZ particles, irrespective of their
shapes.[71] The enhancement effect of waveguide effective ENZ
is also calculated, as depicted in Figure 5a. Remarkable enhance-
ment of the waveguide’s local density of optical states (LDOS)
is observed near the cutoff frequency. This phenomenon distin-
guishes from the plasmonic effects observed in metals within the
optical regime;[37] instead, it emerges from the intrinsic struc-
tural properties of waveguide ENZ media, resulting in LDOS
enhancement. The Rabi splitting of waveguide ENZ media in-
tegrated with internal nano particles is also discussed.[57] By inte-
grating nanoscale metallic particles into waveguide ENZ media,
a Rabi splitting of 300 meV can be observed. In addition, the spa-
tiotemporal decoupling characteristics of waveguide ENZ media
also offer advantages in optical devices. Ying Li et al. proposed a
long-distance multi-qubit entanglement device based on waveg-
uide ENZ media, as shown in Figure 5b.[81] Strong and uniform
field enhancement is achieved at the ENZ resonance, resulting
in effective transient entanglement among three randomly dis-
tributed quantum emitters along an elongated region in the plas-
monic waveguide system. By leveraging the spatiotemporal de-
coupling properties of waveguide ENZ media, it is possible to
extend the entanglement distance of quantum bits while achiev-
ing field enhancement in elongated regions. ref. [82] proposes
a coiled cylindrical waveguide ENZ media demonstrating high-
fidelity remote entanglement of embedded quantum bits, as il-
lustrated in Figure 5c.

4.2. Signal Processing Devices

Based on the doping and spatiotemporal decoupling characteris-
tics of ENZ media, we can manipulate the overall magnetic per-
meability of ENZ media through doping, achieving customized

Adv. Physics Res. 2024, 3, 2400070 2400070 (7 of 13) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 5. a) LDOS enhancement for waveguide ENZ media.[70] Licensed under the Creative Commons Attribution 4.0 International. b) Long-distance
multi-qubit entanglement device based on waveguide ENZ media.[81] Licensed under the Creative Commons Attribution 4.0 International. c) Qubit
entanglement in rolled-up waveguide ENZ media.[82] Reproduced with permission. Copyright 2021, Applied Physics Letters. d) Dielectric sensor based
on waveguide ENZ media.[83] Licensed under the Creative Commons Attribution 4.0 International. e) Second-Order filter based on waveguide ENZ
media.[84] f) Perfect coherent absorption based on waveguide ENZ media.[88] g) Dispersion coding of waveguide ENZ media via multiple photonic
dopants.[58] Licensed under the Creative Commons Attribution 4.0 International. h) Performing calculus with waveguide ENZ media.[59] Licensed under
the Creative Commons Attribution 4.0 International.

design of resonance points. Introducing multiple resonances en-
ables various functionalities including sensing, filtering, encod-
ing, and signal modulation. By discerning signal disparities be-
tween two waveguides, inversion of the optical parameters of ob-
jects within the ENZ cavity becomes feasible, thereby facilitating
the production of deep subwavelength dielectric sensors.[83] As il-
lustrated in Figure 5d, the object placed inside the ENZ cavity can
be regarded as a new resonance point in the system. By analyzing
the reflection and transmission signals of the waveguide, we can
infer the permittivity of the object under test in a straightforward
manner.

By designing multiple series or parallel ENZ cavities, it is pos-
sible to construct filters, as depicted in Figure 5e.[84] Several types
of filters based on waveguide ENZ media have been discussed,

including series-configured waveguide effective ENZ filters,[85]

parallel-configured waveguide ENZ media filters,[84,86] and dual-
band filters.[87] As discussed in Figure 2a, when dopants reso-
nance occurs within ENZ media, the energy of the entire system
becomes concentrated around the dopants. By introducing losses
within the dopants, the magnetic permeability of the system can
be adjusted to a purely imaginary number, thereby achieving per-
fect coherent absorption of electromagnetic waves,[88] as illus-
trated in Figure 5f. Furthermore, encoding structures based on
waveguide ENZ media have also been investigated.

Figure 5g showcases a novel dispersion encoding configu-
ration integrated with waveguide ENZ media, where photon
dopants act as “bits” to program the spectral response of the
entire composite medium.[58] This configuration retains the

Adv. Physics Res. 2024, 3, 2400070 2400070 (8 of 13) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 6. a) Size-independent antenna based on waveguide ENZ media.[11] Reproduced with permission. Copyright 2019, IEEE. b) Flexible Conformable
Antenna.[12] Reproduced with permission. Copyright 2020, IEEE. c) Dual-Polarized antenna based on waveguide ENZ media.[97] Reproduced with per-
mission. Copyright 2022, IEEE. d) Geometrically variable waveguide ENZ media antenna for wavefront control.[51] Licensed under the Creative Commons
Attribution 4.0 International. e) Lensing system and fourier transformation based on waveguide ENZ media.[100] Copyright 2022, Phys. Rev. B. f) High-
gain antenna based on waveguide ENZ media.[101]

size-decoupling characteristics of ENZ media, with the encoding
frequency dependent solely on the dopants present, rather than
being influenced by the shape of the waveguide ENZ media. Dis-
persion encoding has been proven to drive a range of innovative
applications, including dynamically tunable comb-shaped disper-
sion profile filters and radio-frequency identification tags.[89] The
unique dispersion of waveguide ENZ media after doping can also
be applied in signal processing. Utilizing waveguide ENZ media,
differential amplifiers can be designed. High-speed edge detec-
tion in images has been achieved through artificially designed
resonances within waveguide ENZ media, as shown in Figure 5h.

5. The Radiation of Waveguide ENZ Media

Waveguide ENZ media has also found application in electromag-
netic radiation. Benefitting from its spatially static wave dynam-
ics, antennas based on waveguide ENZ media has exhibited two
exotic features, namely geometry independency and beam syn-
thesizing ability. Because of the near-infinite wavelength of the
ENZ mode, the electric field performs a uniformed distribution
inside the antenna.[90–93] Unlike typical antenna architectures,[94]

altering the size of the antenna does not affect the field distribu-
tion, therefore having no effect on the operating frequency. More-
over, by opening radiation apertures along the waveguide ENZ
media, the apertures share an in-phase and same-magnitude
field, providing waveguide ENZ media antenna with beam syn-
thesizing ability with high-gain or low-sidelobe performance.

5.1. Geometry-Independent Antenna

The concept of waveguide ENZ media antenna has been pro-
posed in ref. [11], where an SIW waveguide operates at its ENZ
mode, with two open ends as radiation apertures. The waveguide
is fed with a coaxial probe. As derived, the operating frequency
of the antenna yields fENZ = c∕(2

√
𝜀rW) , where W is the effec-

tive width of the SIW waveguide. This derivation indicates that
the operating frequency of the antenna is solely dependent on
its width, while is independent from its length. As illustrated
in Figure 6a, altering the length of the antenna changes its ra-
diation pattern accordingly, while having no effect on its oper-
ating frequency. Moreover, it has been validated that antennas
with bent waveguide also possess the identical feature of length-
irrelevancy. To further validate the application scheme of the
waveguide ENZ media antenna, a flexible waveguide ENZ me-
dia antenna is fabricated in ref. [12]. As illustrated in Figure 6b,
an ENZ antenna based on SIW waveguide is printed on a flexible
polydimethylsiloxane (PDMS) substrate. Antenna bent in differ-
ent states are investigated in this work, validating its geometry
robustness. This flexible ENZ antenna possesses application in
wearable and biosensing systems. In ref. [95], an ENZ antenna
based on bent waveguide is proposed for omnidirectional radi-
ation. With the feeding probe, the effective magnetic current at
the open ends direct reversely. For omnidirectional radiation, the
waveguide is bent in a semicircular shape, aligning the two aper-
tures. It is revealed that altering the radius of the waveguide solely

Adv. Physics Res. 2024, 3, 2400070 2400070 (9 of 13) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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effects the sidelobes, without deteriorating its omnidirectional
radiation.

As discussed, the reversed magnetic current caused by the
probe feeding method leads to a null point at the top of the
radiation pattern. For a broadside radiation the feeding probe
is replaced with a coupling slot in ref. [96]. The discontinuity
at the slot causes an inversed electric field at different sides
of the waveguide, therefore leading to in-phase magnetic cur-
rent and a broadside beam. Further expanding the slot feeding
structure, a dual-polarized waveguide ENZ media antenna is de-
signed in ref. [97]. In this design, a crossed SIW waveguide is fed
with a crossed slot, guaranteeing a dual-polarized performance
as shown in Figure 6c. Simulation results validate that stretch-
ing or bending the waveguide at one direction independently af-
fects the radiation pattern at this polarization. The concept of
impedance matching for waveguide ENZ media with photonic
doping has been proposed in refs. [14, 98, 99]. Applying this con-
cept in waveguide ENZ media antennas, an antenna with pho-
tonic doping has been proposed in ref. [99]. Different from the
previous ENZ antenna designs, the antenna applies a dielectric
block in the waveguide as the dopant. With the dielectric dopant
in the waveguide ENZ media antenna, the electric field of the
antenna is inversed at different sides of the waveguide, creating
a broadside radiation pattern. Because of the near-infinite wave-
length inside the waveguide ENZ media, results indicate that the
position of the dopant is insignificant in terms of its operation.
The afore mentioned ENZ antenna designs are limited to a 1D
geometry independency, i.e., length-irrelevancy. In ref. [51], the
ENZ antenna is evolved into 2D geometry independency. As il-
lustrated in Figure 6d, waveguide ENZ media antennas are con-
structed by opening radiation apertures on a cavity with metal
walls. The cavity is fed with a waveguide, with photonic doping
for impedance matching. It was theoretically derived in this work
that the operating frequency of this antenna is dependent on the
area of the cavity, without relevancy of its geometry. Therefore,
it was experimentally demonstrated that the geometry of the an-
tenna cavity independently defines the radiation pattern of the
antenna. Antennas with different radiation patterns and direc-
tions can be realized through requirements.

5.2. High Gain Antenna

Beam synthesizing has been realized in multiple works with two
major targets, namely high gain and low sidelobe. Utilizing the
ENZ cavity model, an equivalent model can be built for the ENZ
beam synthesizing antenna. The antenna can be modeled by a
serial circuit fed with a voltage source, representing the feeding
port. An inductor represents the ENZ cavity, whereas serial loads
denote the radiation impedances of the ENZ antenna. Using the
Kirchhoff’s law, the voltage of the equivalent circuit yields

Vs =
N∑

n=1

Vn + j𝜔LENZI0 (6)

where Vs denotes the fed power and I0 is the current along the
ENZ waveguide. By altering the positions and impedances of the
radiation impedances, beam synthesizing can be realized. In or-
der for a high-gain radiation, a lens based on waveguide ENZ me-

dia was proposed in ref. [100]. As illustrated in Figure 6e, point
source is placed in front of a circular lens built with waveguide
ENZ media. Because of the infinite-wavelength propagation of
the waveguide ENZ media, the output wave of the lens shares the
same magnitude and phase, ensuring a high-gain performance.
Utilizing the principle of waveguide ENZ media, a high-gain an-
tenna based on waveguide ENZ media is proposed in ref. [101].
As shown in Figure 6f an SIW waveguide operating at its ENZ
mode is fabricated with a slot etched longitudinally. According
to the field distribution of the waveguide ENZ media, the slot
possesses a uniform field distribution, therefore yielding a high
gain. A high-gain horn antenna array is realized in ref. [102]. By
utilizing multiple-feeding structure and aperture overlapping, a
uniform field distribution is realized at the radiating aperture,
forming an ENZ mode. Another major pursuit of beam synthesis
is low sidelobe. In ref. [103], an antenna array with low sidelobe
is realized. The array is realized by periodically etching radiat-
ing slots along a waveguide with closed ends. When the waveg-
uide operates below the cutoff frequency, the wave resonant at
an evanescent mode. A stepped field distribution is therefore
formed, guaranteeing the low-sidelobe performance. Introduc-
ing microelectromechanical systems (MEMS) technology into
this structure, a low sidelobe antenna array for on-chip applica-
tion is realized in ref. [54]. The waveguide ENZ media medium
ensures a low-sidelobe performance at 60 GHz millimeter wave.
As a combination of the two pursuits, a 2D antenna array has
been proposed in ref. [104]. According to the afore discussion, the
waveguide antenna operates with a high-gain pattern at cutoff fre-
quency, while possessing a low-sidelobe pattern below the cutoff
frequency. The antenna array in ref. [104] combines the two oper-
ating modes into a wideband mode, possessing both low-sidelobe
and high-gain performances.

6. Conclusion and Outlook

In recent years, significant achievements have been made in
the understanding, discovery of interesting physical phenom-
ena, experimental implementation, and device applications of
waveguide ENZ media. Due to the disappearance of the real
part of epsilon, many novel and unique properties of the fun-
damental interaction between light and matter have been re-
vealed. These properties include the decoupling of spatiotem-
poral field changes, constant phase transmission, strong field
confinement induced by boundary discontinuities, and nonlin-
ear enhancement, yielding fascinating results. Further, a variety
of inventive devices have been proposed, such as size-decoupled
supercoupling, position-decoupled quantum near-field enhance-
ment, arbitrary impedance matching and size-independent radia-
tion structures. However, it is crucial to recognize that waveguide
ENZ media still encounter two significant challenges that require
attention: achieving wider bandwidth and reducing losses. The
bandwidth of waveguide ENZ media remains relatively narrow
due to limitations in waveguide dispersion, which restricts the
potential applications of devices. Such high-Q structures are ex-
pected to enable high-sensitivity sensors, while realizing broad-
band devices is challenging. Additionally, addressing high losses
is imperative. While waveguides, particularly air waveguides,
demonstrate lower losses, unavoidable metal losses in the optical
regime impede the further utilization of waveguide ENZ media.
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In the future, new material breakthroughs, such as PEC in the
optical band,[105,106] may solve the problems. It is anticipated that
future technological advancements will enable waveguide ENZ
media to achieve profound breakthroughs in photonics, commu-
nication, signal modulation, and other fields.
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