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Abstract: Near-zero-index (NZI) metamaterials, characterized by an effective refractive index
approaching zero, exhibit a near-zero propagation constant and an extremely large wavelength,
resulting in fundamentally different wave dynamics. NZI media support nearly uniform phase and
spatially coherent fields, enabling geometry-independent behavior and wave tunneling. These
properties relax the coupling between geometry and electromagnetic response, offering a new
way to overcome the limits of conventional electromagnetic devices. In antenna engineering, such
decoupling challenges the conventional constraint that resonance and radiation characteristics are
tied to structural dimensions, enabling new opportunities for antenna miniaturization and radiation
control. In practice, NZI behavior is typically realized through zeroth-order modes (ZOMs),
allowing antennas to achieve geometry-independent resonance with enhanced design flexibility.
This review first outlines the fundamental electromagnetic properties of NZI metamaterials,
then surveys the operating principles and representative designs of ZOM antennas across
different platforms, including periodic structures, transmission-line loops, and waveguide-based
configurations. Finally, we discuss key challenges such as loss, bandwidth, and system integration,
and highlight future directions for NZI-enabled antenna engineering.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metamaterials and artificial electromagnetic media provide versatile platforms for manipulating
electromagnetic waves beyond natural-material limits [1,2]. By tailoring effective permittivity
and permeability, they enable access to unconventional parameter regimes and new mechanisms
for wave control [3,4]. In this context, pioneering studies led by Professor Nader Engheta
and others have driven the development of near-zero-index (NZI) metamaterials, significantly
advancing the understanding of electromagnetic states with near-zero propagation constants,
as shown in Fig. 1 [5-7]. Early concepts such as nihility and zero-parameter electromagnetics
established the theoretical basis of NZI media [8—11], later formalized through systematic studies
revealing anomalous tunneling and supercoupling effects [12—15]. Subsequent work extended
NZI implementations to photonic crystals, optical frequencies, and integrated photonic platforms
[16-21], while recent efforts have focused on tunable systems via photonic doping and the
exploration of phenomena such as electromagnetic fluid behavior and energy-flow manipulation
[22-33]. Physically, NZI metamaterials operate in a regime where the propagation constant
approaches zero, yielding an effectively infinite wavelength and minimal phase variation. As a
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result, electromagnetic fields exhibit nearly uniform phase distributions and quasi-static spatial
characteristics despite being time-harmonic. This mechanism weakens the dependence on
propagation path and geometry, enabling a fundamental decoupling between structural size and
electromagnetic response [27,34,35].
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Fig. 1. Schematic illustration of NZI metamaterials. (a) Definition of NZI in refractive-
index space. (b) Key electromagnetic properties of NZI. (c) ZOM-enabled antenna imple-
mentations [47,50]. Reproduced with permission. Copyright 2022, IEEE, and copyright
2024, IEEE.

Despite the clear theoretical promise of NZI metamaterials for geometry-frequency decoupling,
realizing homogeneous NZI media in practice remains difficult. To address this, engineered finite
structures have been developed to emulate near-zero propagation, among which zeroth-order
modes (ZOMs) offer a practical solution. Under ZOM operation, the propagation constant
approaches zero, suppressing phase variation and making resonance primarily determined by
boundary conditions. This mechanism enables subwavelength resonance and greater design
flexibility, serving as an effective realization of NZI behavior [36—38]. In this sense, ZOMs bridge
fundamental NZI physics and practical electromagnetic devices. Such features are especially
valuable in antenna systems, where resonance and radiation are typically constrained by electrical
size [39-41]. By contrast, the near-zero phase variation of ZOMs relaxes this constraint, allowing
more flexible control of antenna performance.

Building on these principles, several engineering approaches have been developed for ZOM-
based antennas, including periodic structures enabling near-zero propagation via effective
media, transmission-line designs achieving zeroth-order resonance through circuit tuning, and
waveguide-based systems utilizing mode engineering for efficient radiation [42—47]. Despite
notable progress in miniaturization and radiation control, challenges persist in loss, bandwidth,
and system integration [48-51]. Moreover, the physical mechanisms and performance trade-
offs across these approaches remain insufficiently unified. To clarify this, Fig. 2 outlines the
development of NZI theory and key properties, along with their implications for antenna design.
This review provides a physics-driven overview of ZOM antennas based on NZI metamaterials.
We first introduce the fundamental properties of NZI media, then present a unified interpretation
of ZOM formation, followed by a survey of representative designs. Finally, key challenges and
future directions are discussed.
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Fig. 2. Timeline of the development of NZI metamaterials, their

key physical properties, and NZI-inspired ZOM antenna applications
[10,12,16,17,23,27-29,33,34,36,37,44,48,50,51,77,107,113].  Reproduced with per-
mission. Copyright 2019/2020/2024/2024/2025, IEEE, and copyright 2020/2022, Springer
Nature, and copyright 2016/2017, Science, and copyright 2023, Willey.

2. Theory of antennas with near-zero-index metamaterials
2.1.  Fundamental theory of NZI metamaterials

NZI metamaterials are electromagnetic media or engineered structures in which the effective
refractive index approaches zero [5,6]. Since n = /g, a near-zero index can arise when either
permittivity or permeability approaches zero, leading to three main categories: epsilon-near-zero
(ENZ), mu-near-zero (MNZ), and epsilon-and-mu-near-zero (EMNZ) materials. Owing to this
property, electromagnetic waves in NZI media exhibit highly unconventional responses.

First, according to the general expressions for the wavelength and phase velocity of electro-
magnetic waves in a medium [5,6]:

A= Ao/n= do/erpir (D
vy =c/n=c/\er iy 2

When either the permittivity or permeability approaches zero, the wavelength and phase
velocity tend to infinity. As a result, the wavelength inside a zero-index medium is significantly
stretched, leading to negligible phase accumulation over a finite region. The electromagnetic
field therefore exhibits quasi-static spatial behavior while remaining time-harmonic, giving rise
to the characteristic of “temporal oscillation with spatial uniformity.”
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Second, according to the general expression for the group velocity in an arbitrary linear and
isotropic medium [52],
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When either the relative permittivity &, or permeability p approaches zero while the other
parameter remains finite, the group velocity tends to zero due to divergence in its governing
expression. As a result, ENZ and MNZ media exhibit vanishing group velocity, corresponding
to the “slow-light effect” in optics [53]. Third, according to the expression for the intrinsic
impedance of an electromagnetic wave,

n= \/E = Tlo\/E @)
£ &

According to this expression, when both the relative permittivity & and permeability u,
approach zero, the intrinsic impedance assumes an indeterminate 0/0 form. In this limit, the
impedance of an EMNZ medium is determined by the ratio &,/y, rather than their absolute
values. By appropriately engineering this ratio, EMNZ media can in principle achieve impedance
matching with arbitrary surrounding media [54]. Fourth, according to the wave equation in a
passive, homogeneous, and isotropic medium,

V’E — S,Ua—zE =0 (5)
or?

V’H - s,ua—zH =0 (6)
or?

In NZI materials, as the product eu =0, the effective propagation constant approaches zero,
leading to a decoupling of spatial and temporal variations in the wave equation—referred to as
the spatiotemporal decoupling property [6,34].

Furthermore, Nader Engheta and collaborators demonstrated that the effective permeability of
an ENZ medium can be engineered through the introduction of nonmagnetic dielectric inclusions
[22]. This concept was subsequently generalized and became widely known as photonic doping
[23], whereby embedded dielectric inclusions effectively tailor the macroscopic electromagnetic
response of an NZI medium:

per = 1+ ) Aug (M)
d

Through this mechanism, the effective permeability can be continuously tuned over a wide
range. By tailoring the size and permittivity of the dopants, an ENZ medium can realize multiple
electromagnetic responses, including EMNZ states.

More recently, NZI theory has been extended to describe global electromagnetic energy
flow. In a lossless EMNZ medium, the Poynting vector vanishes, yielding V - S =0 and, under
source-free TM excitation, VXS =0. Combined with the boundary condition n - S =0, this
corresponds to a slip condition. These properties mirror those of an ideal fluid, forming the basis
of the ideal electromagnetic fluid theory [27], later verified experimentally [28].

2.2. Properties of NZI metamaterials

The unusual responses of NZI metamaterials lead to several exotic phenomena, among which
supercoupling is the most representative, first reported by Engheta and co-workers [12-15]. It
describes electromagnetic waves propagating through ultranarrow ENZ channels with arbitrary
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bends and corners, showing minimal loss and weak dependence on geometry. This behavior
arises from the effectively infinite wavelength and spatiotemporal decoupling in ENZ media.
It has been extended to applications such as impedance transformation between transmission
structures [55] and efficient wave transport in nanoscale optical waveguides [56].

With the development of photonic doping theory, supercoupling was extended beyond
ultranarrow channels by tuning the effective permeability to zero, greatly broadening its scope.
A representative example is the electromagnetic fiber, which supports efficient wave propagation
along the E-plane under an EMNZ condition while preserving geometric flexibility [26].
Building on this, supercoupling has been expanded from single-port to multi-port systems, where
transmission depends only on port width, enabling flexible power redistribution and impedance
matching between modules [57,58]. More recently, these concepts have been generalized to
multi-mode systems with bandwidth enhancement [29,59].

Another key consequence of spatiotemporal decoupling in NZI metamaterials is geometry-
invariant behavior, where device dimensions and radiation characteristics are largely decoupled,
and geometric variations do not significantly affect resonance or performance. This effect was
first demonstrated by Nader Engheta’s group, showing cavity resonances remain unchanged
under substantial deformation [34]. Similar phenomena have been observed in thermal radiation
systems, e.g., thermal rectification [60]. More recently, Yue Li’s group extended this concept to
antenna design, where it has become a defining feature of NZI antennas [35].

The effectively infinite wavelength and near-zero phase variation in NZI metamaterials lead
to strong field enhancement, where energy redistributes across the entire region, resulting in
pronounced field concentration [61]. This enables high sensitivity to permittivity variations,
allowing transmission control via local perturbations such as dielectric inclusions [25], and has
been applied to manipulate radiating and non-radiating modes for enhanced wave control [19].

NZI concepts have also been extended to the quantum domain, including directional quantum
radiation, suppression of quantum fluctuations, and non-Hermitian photonic doping [24,62,63].
A unified framework further shows that emission and absorption can be suppressed in 3D
systems but enhanced in lower dimensions [64]. Despite their diverse manifestations, many
NZI phenomena originate from the near-zero propagation constant and the resulting suppression
of phase accumulation. The associated stretched effective wavelength enables collective
electromagnetic responses, forming the physical basis of supercoupling, geometry-invariant
behavior, and unconventional radiation properties.

2.3. Implications of NZI metamaterials for antenna design

These unique electromagnetic properties offer a new paradigm for antenna design, enabling
functionalities beyond conventional structures. A key feature is the decoupling of geometry
and operating frequency, breaking the traditional size-resonance constraint [65]. Unlike
conventional antennas, where frequency is determined by physical dimensions, NZI materials
exhibit spatiotemporal decoupling, allowing resonators to maintain constant frequency under
geometric variations [34]. This property extends to NZI antennas, enabling shape reconfiguration
and flexible radiation control while preserving operating frequency [35].

Building on this decoupling property, NZI metamaterials enable flexible radiation control,
particularly for wavefront shaping and pattern reconfiguration. This arises from their impedance-
matching flexibility and geometry-independent behavior, allowing wave matching from arbitrary
directions and geometry-tailored wavefront control [66]. NZI photonic crystals have also been
used for directional quantum emission, and, combined with bound states in the continuum, can
generate zero-phase planar wavefronts with enhanced directivity [62].

Extending these concepts to the microwave regime enables reconfigurable antennas. With
operating frequency decoupled from the aperture, radiation patterns can be tuned via geometric
modifications without shifting resonance. In particular, ENZ modes provide nearly uniform
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amplitude and phase distributions, enabling low-sidelobe two-dimensional radiation patterns
through appropriate element spacing [67].

In addition, NZI metamaterials support nearly uniform amplitude and phase distributions,
enabling simplified feeding networks and improved radiation performance. As the effective
wavelength approaches infinity, phase accumulation becomes negligible, resulting in spatially
uniform fields [49,51]. This is particularly advantageous for antenna arrays, as it ensures uniform
excitation without complex phase or amplitude compensation, thereby reducing implementation
complexity. Coherent excitation across the aperture further enhances effective aperture, gain, and
radiation efficiency.

These properties, including uniform fields and geometry—frequency decoupling, naturally lead
to the zeroth-order mode (ZOM) in antennas [68,69]. ZOM represents a direct manifestation
of the NZI regime, featuring spatially uniform current distributions without nulls, analogous to
an ideal magnetic loop. By tuning effective parameters toward near-zero values, ZOM enables
resonance independent of physical size, allowing significant miniaturization while maintaining
stable radiation characteristics, often with magnetic-dipole-like patterns.

3. Periodic-structure-based NZI antennas

NZI metamaterials offer powerful opportunities for electromagnetic wave engineering, but the
high loss of natural plasmonic materials limits practical implementation, motivating alternative
platforms. In periodic structures, the NZI condition corresponds to a near-zero propagation
constant, equivalent to a zeroth-order mode. This section reviews NZI metamaterials based on
periodic structures, focusing on antenna applications, as shown in Fig. 3.

o (&) Gain: 232 a6{ A Gain (@Bi)
.'. : Peak Gain: 23.. dBI‘ ain o i
. B

E, | Egmn

I o(Py)

- a(Py)
1 -3
" -
@(M,) i - g i
R pr— ky ¥

Mode degeneracy Dirac-like conical dispersion

(c) . Directive beam

Directivity

In-phase radiation

Fig. 3. Periodic-structure-based NZI antennas. (a) Illustration of the Dirac-like conical
band structure of the photonic crystal at the Brillouin zone center, which exhibits an effective
NZI response for directive radiation, corresponding to a near-zero propagation constant and
ZOM-like behavior. (b) A high-gain NZI leaky-wave antenna constituted by planar periodic
meta-gratings [77]. Reproduced with permission. Copyright 2025, IEEE. (c) In-phase
radiation realized by constructing NZI photonic crystals. (d) An NZI in-phase leaky-wave
antenna with a high directivity [76]. Reproduced with permission. Copyright 2024, Springer
Nature.
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3.1.  Periodic NZI metamaterial for leaky-wave antennas

Among artificial NZI media, periodic structures composed of meta-atoms—such as NZI photonic
crystals and metamaterials [70,71] —have gained strong interest in both fundamental studies
and antenna engineering. These meta-atoms can be metallic, dielectric, or hybrid, with
designable lattice arrangements, enabling flexible control of effective parameters and dispersion.
Through appropriate lattice engineering, the propagation constant can approach zero near specific
frequencies, resulting in a stretched effective wavelength and uniform phase distribution across
the structure. These unique properties provide attractive opportunities for wavefront manipulation
and antenna radiation engineering. As a result, NZI responses can be realized across microwave,
terahertz, and optical frequencies [15,17,20,42,43,54,70].

A key advantage of NZI photonic crystals and metamaterials in antenna engineering is the
effectively stretched wavelength, which enables nearly uniform phase and amplitude excitation.
As a major application, NZI-based leaky-wave antennas are first considered. Unlike phased
arrays, which require individual feeds, leaky-wave antennas radiate through controlled mode
leakage [72—74]. However, conventional designs suffer from an open stopband at broadside
due to reflection buildup [72]. Impedance-matched NZI photonic crystals address this issue
by engineering mode degeneracy to close the bandgap at the Brillouin zone center, where the
propagation constant approaches zero. As shown in Fig. 3(a), a Dirac-like conical dispersion
arises from the degeneracy of one monopole and two dipole modes, yielding linear dispersion,
finite group velocity, and impedance matching [16]. In this regime, the near-zero propagation
constant corresponds to a distributed ZOM, enabling radiation with nearly uniform phase across
the structure, as illustrated in Fig. 3(c). Based on this, an 1D Dirac leaky-wave antenna using
dielectric—metal hybrid cells achieves real Bloch impedance near the I'-point, enabling continuous
broadside scanning [75]. A homogeneous NZI metamaterial using high-permittivity SrTiO;
further enables compact high-gain antennas approaching the directivity limit, as shown in Fig. 3(d)
[76]. As shown in Fig. 3(b), an optically transparent leaky-wave antenna based on an ITO
meta-grating achieves low-loss NZI propagation and over 20 dBi gain [77].

3.2. Metasurface-based NZI antennas and lenses

Besides photonic-crystal-based NZI leaky-wave antennas, metasurfaces offer an alternative
platform for achieving near-zero-index responses using planar periodic structures of subwavelength
resonators. Unlike bulk photonic crystals, metasurfaces realize NZI behavior by engineering
surface dispersion through unit cells such as meandered lines and split-ring resonators. In the NZI
regime, the effectively stretched wavelength enables phase homogenization across the aperture,
transforming non-uniform excitation into a nearly uniform wavefront. This ZOM-like behavior
supports metasurface-based NZI lenses for wave collimation and gain enhancement.

Tapered antennas such as Vivaldi antennas inherently support wide bandwidth and end-fire
radiation. To further enhance directivity, resonant unit cells are integrated near the aperture
to form NZI lenses, which can increase gain and narrow beamwidth [78—88]. For example, a
meandered-line NZI lens achieved ~4 dB gain improvement at 10 GHz for a 2-14 GHz Vivaldi
antenna, though enhancement at low frequencies was limited by narrow NZI bandwidth [78].
Another common approach places a metasurface-based NZI lens above broadside antennas.
Unlike end-fire cases, this horizontal configuration enlarges the effective aperture, improving field
collimation and directivity while maintaining high efficiency [89-96]. For example, integrating
an NZI lens of ring resonators above a slot antenna yields a 7.46 dB gain improvement with
94.8% efficiency, showing minimal added loss [91]. Overall, such configurations enable efficient
gain enhancement via uniform phase over an enlarged aperture.

In summary, periodic-structure-based NZI antennas achieve near-zero propagation through
engineered dispersion, enabling uniform phase and amplitude distributions. Photonic-crystal
implementations offer precise control of band degeneracy and impedance matching, supporting
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high-gain leaky-wave radiation while suppressing open-stopband effects. Meanwhile, metasurface-
based designs extend these advantages to compact planar platforms, enabling efficient wavefront
shaping and gain enhancement for both end-fire and broadside antennas.

4. Transmission-line-based NZI antennas

As another key implementation of NZI metamaterials, composite right/left-handed transmission
lines (CRLH-TLs) support zeroth-order resonance through the balanced interaction of distributed
inductive and capacitive loading, enabling simultaneous left- and right-handed wave propagation.
At the transition frequency, the phase constant approaches zero, resulting in a nearly uniform
phase distribution. Consequently, the resonance is determined primarily by the effective circuit
parameters rather than the physical dimensions, relaxing the conventional relationship between
frequency and size, as illustrated in Fig. 4.
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Fig. 4. Transmission-line-based NZI antennas. (a) CRLH transmission line implements
NZI. (b) Compact CRLH transmission-line antenna based on a finger-connected interdigital
capacitor unit cell [105]. (c) A multimode balanced NZI loop antenna integrated in a
full-metal tablet housing [44]. Reproduced with permission. Copyright 2024, IEEE. (d)
Pencil-beam Dirac leaky-wave antenna with NZI transmission-line grid based on CRLH-TL

theory [107]. (e) Horizontally polarized omnidirectional CRLH transmission-line loop
antenna array [37].

4.1. Zeroth-order modes in transmission-line structures

The concept of left-handed materials was first proposed in 1968 by Victor Veselago, who
theoretically investigated media with simultaneously negative permittivity and permeability [97].
In 2003, Tatsuo Itoh and George V. Eleftheriades introduced the transmission-line approach
and developed composite right/left-handed transmission line (CRLH-TL) theory [98,99]. By
employing distributed circuit loading rather than resonant inclusions, CRLH-TLs enable direct
dispersion engineering and support zeroth-order modes, offering reduced loss, broader bandwidth,
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and enhanced design flexibility. This framework has since become a foundational platform in
metamaterials and antenna research [100-103].

CRLH-TLs arise from the coexistence of right- and left-handed propagation [104]. Unlike
conventional right-handed media, where phase and energy flow are aligned, left-handed media
exhibit antiparallel phase and group velocities. As shown in Fig. 4(a), this duality is captured by
the CRLH-TL equivalent circuit, consisting of series left-handed capacitance and right-handed
inductance, and shunt left-handed inductance and right-handed capacitance. The resulting
dispersion relation defines right- and left-handed cutoff frequencies, as well as series and shunt
resonances, with the propagation constant 8 transitioning from negative to positive values
and crossing zero at a finite frequency, corresponding to the zeroth-order resonance. Under
the balanced condition, the effective permittivity and permeability approach zero, leading to
an effectively infinite wavelength and uniform phase distribution. The vanishing propagation
constant reflects a balance between left- and right-handed energy storage, enabling resonance
without phase accumulation and yielding field distributions independent of structural length,
which provides a key advantage for electrically small antenna design.

4.2. Antenna implementations based on transmission-line NZI

Building on zeroth-order modes in transmission-line-based NZI structures, various antenna
designs have exploited their dimension-independent resonance. However, this invariance mainly
applies to resonant frequency, while Q factor and radiation still vary with electrical size.

As shown in Fig. 4(b), B. Zong et al. proposed a CRLH-TL-based NZI antenna using an
interdigital capacitor to support ZOM, achieving over 20% size reduction [105]. Although the
antennas achieve significant miniaturization, the high-Q nature limits bandwidth. To address this,
coupling ZOM with conventional modes offers a route to bandwidth enhancement. References
[44] and [106] demonstrated an NZI antenna for Wi-Fi 6/6E in full-metal tablet devices, as
shown in Fig. 4(c). Periodically loaded structures enable ZOM at low frequencies while tuning
conventional modes, achieving extended low-frequency coverage without increasing size.

Beyond bandwidth improvements, CRLH-TL-based NZI antennas enable flexible radiation
control due to their uniform aperture fields, supporting directive radiation without complex
feeds. High-gain designs such as Dirac leaky-wave and end-fire antennas exploit this property
for coherent radiation and improved efficiency, as shown in Fig. 4(d) [107,108]. By arranging
unit cells differently, diverse radiation modes can be achieved, including monopole-like and
magnetic-dipole-like patterns, with stable frequency and high efficiency [36,37,109,110]. As
shown in Fig. 4(e), Ref. [37] demonstrated a loop antenna operating in ZOM with nearly in-phase
currents, yielding uniform loop distribution and horizontally polarized omnidirectional radiation
with over 85% efficiency.

In summary, CRLH-TL theory provides a transmission-line framework for NZI antennas,
enabling zeroth-order resonance with zero propagation constant at finite frequencies. This
decouples resonant frequency from physical size and yields uniform field and current distributions.
As aresult, NZI antennas support miniaturization, bandwidth enhancement, high directivity, and
radiation control, with applications in wireless communications, radar, and imaging systems.

5. Waveguide-based NZI antennas

Waveguide-based NZI antennas offer a straightforward approach to realizing near-zero-index
behavior without relying on metamaterial inclusions or circuit loading. As the operating frequency
approaches the waveguide cutoff, wave propagation becomes increasingly slow, leading to a
vanishing propagation constant and an effective ENZ response. Under this condition, the phase
remains nearly unchanged across the structure, giving rise to the excitation of the ZOM. Owing
to these unique properties, waveguide-based NZI structures have been extensively employed in
radiation systems and antenna feeding networks.
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The cutoff-induced ENZ response provides a new paradigm for antenna design, enabling
geometry independence, frequency stability, and pattern tunability. As a representative example,
Ref. [35] demonstrates a geometry-independent antenna, where the operating frequency is
determined by dispersion rather than geometry, as shown in Fig. 5(a). By exploiting the effectively
infinite wavelength and photonic doping for impedance matching, the antenna maintains a fixed
resonant frequency under arbitrary deformations while enabling tunable far-field patterns. This
behavior arises from ZOM excitation in the waveguide, characterized by uniform phase and
current distribution at cutoff. This approach opens new opportunities for flexible antenna design
in wireless communications and sensing applications.
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Fig. 5. Waveguide-based NZI antennas. (a) Geometry-independent ENZ antenna realized
with a waveguide structure [35]. Reproduced with permission. Copyright 2022, Springer
Nature. (b) Deformation-insensitive ENZ-inspired antenna employing a PDMS substrate
[38]. Reproduced with permission. Copyright 2020, IEEE. (c) Photonic-doping-inspired
SIW antenna with length-invariant operating frequency [113]. Reproduced with permission.
Copyright 2020, IEEE. (d) Bulk-silicon MEMS-enabled planar ENZ feed network for
high-gain mmWave slot arrays [51]. Copyright 2024, IEEE. (e) On-chip ENZ-assisted
beam synthesis network with reduced transmission loss [49]. Reproduced with permission.
Copyright 2023, Elsevier.

Waveguide-based ENZ radiation exploits dispersion near cutoff, where effective permittivity
approaches zero, leading to large wavelengths and negligible phase variation. Reference [50]
demonstrated an SIW-based ENZ antenna with bending-insensitive frequency and over 63%
efficiency. Subsequent works extended this concept to high-gain arrays and pattern reconfiguration
[46,111,112]. This approach has also been applied to flexible bioelectronic antennas, shown in
Fig. 5(b) [38]. Photonic doping and anti-phase ENZ modes provide effective ways to overcome
limitations of conventional ENZ waveguide antennas and enable flexible pattern control. As
shown in Fig. 5(c), Ref. [113] introduces a high-permittivity dopant to create a 180° phase
shift, improving directivity (~6 to ~10 dBi) and narrowing beamwidth (110° to 20%) as antenna
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length increases. Building on this, dual-polarized and compact designs have been realized using
orthogonal anti-phase ENZ modes [114-116].

ENZ waveguides have been extended from radiators to low-loss, in-phase feeding and
beamforming platforms, addressing feeding loss and phase errors in millimeter-wave and
terahertz systems. By exploiting their quasi-static field characteristics, they provide nearly
uniform amplitude and phase across multiple elements without complex feeds. This enables
compact and phase-consistent designs, making them well suited for high-frequency systems.

As illustrated in Fig. 5(e), Ref. [49] employs an air-filled cutoff waveguide supporting a
stair-like resonant mode for uniform-phase excitation. Subsequent works extend the feeding
network to 2D arrays. Reference [117] enhances low-sidelobe designs by introducing an EMNZ
medium via metallic doping of a cutoff ENZ waveguide, enabling conical amplitude tapering
and uniform phase excitation without complex feeds. Reference [51] further advances 2D ENZ
feeding networks using a MEMS-based architecture, as shown in Fig. 5(d), achieving 21.8 dBi
gain and 92.1% aperture efficiency, highlighting strong scalability for millimeter-wave systems.

In summary, this section focuses on the advanced development of ENZ waveguide radiation
and the application of ENZ waveguides as feeding networks and beam-forming platforms.
These approaches highlight the potential of ENZ waveguide structures for integrated and
high-performance antenna systems.

6. Conclusion and outlook

In this review, the fundamental principles and implementations of antennas based on NZI
metamaterials are discussed. By exploiting the near-zero propagation constant, NZI media enable
spatiotemporal decoupling, offering a unified framework to break the coupling among geometry,
frequency, and radiation in conventional antennas. Within this framework, the excitation of
ZOMs acts as the key mechanism, enabling geometry-independent resonance, uniform field
distributions, and flexible radiation control.

Three representative platforms are reviewed: periodic-structure-based NZI metamaterials,
transmission-line-based ZOM structures, and waveguide-based ENZ configurations. Despite
different realizations, all rely on engineering near-zero propagation to achieve unconventional elec-
tromagnetic responses. Periodic structures enable dispersion and wavefront control, transmission-
line platforms offer compact ZOM implementations, and waveguide-based approaches support
low-loss, highly integrated designs for high-frequency systems. Representative NZI antennas are
summarized in Table 1 and categorized by physical mechanisms. The first category involves
geometry-independent resonance, enabling compact designs, bandwidth enhancement, and radia-
tion control via zeroth-order modes. The second category is based on uniform field distribution,
supporting high-gain antennas through effective aperture enhancement and improved directivity.

Nevertheless, several critical challenges remain to be addressed before NZI antennas can be
widely adopted in practical systems. Inherent loss in NZI-based antennas is not solely dictated
by material absorption, but is often exacerbated by strong resonant effects and high-Q operation,
which enhance field confinement and increase energy dissipation, thereby limiting the overall
radiation efficiency. The narrow operational bandwidth associated with strong dispersion near the
NZI point poses another major obstacle for modern broadband and multi-band applications. In
addition, the sensitivity of NZI responses to structural and material variations imposes stringent
requirements on fabrication precision and system integration.

Looking forward, future research is expected to focus on several key directions. First,
developing low-loss or active NZI platforms may help mitigate efficiency limitations and
enable practical high-performance devices [48,118,119]. Second, broadband NZI responses
through multi-mode coupling, dispersion engineering, or hybrid mechanisms will be essential
for real-world communication systems [44,120]. Third, the integration of NZI antennas with
emerging technologies such as reconfigurable systems, intelligent metasurfaces, and on-chip or
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Table 1. Representative high-performance NZI-based antennas and their key characteristics

Property of NZI metamaterial Advantages in Antenna Reference ZOM Method
[37] Transmission line
Dimension miniaturization [44] Transmission line
Geometry-independent resonance behavior [105] Waveguide
Radiation pattern manipulation (50] Waveguide
[113] Waveguide
[47] Waveguide
[49] Waveguide
Uniform field distribution Aperture efficiency enhancement [51] Waveguide
[77] Periodic structure
[107] Transmission line

mobile platforms offers promising opportunities for multifunctional electromagnetic systems
[49,121,122]. Finally, a deeper understanding of the interplay between NZI physics and antenna
system-level requirements will further bridge the gap between fundamental theory and engineering
applications [29,123-126].

Overall, NZI metamaterials and ZOMs provide a powerful and unifying paradigm for next-
generation antenna engineering. With continued advances in materials, design methodologies,
and system integration, NZI-based antennas are expected to play an increasingly important role
in future wireless communication, sensing, and electromagnetic systems.
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