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Routing electromagnetic energy at a scale smaller than the wavelength is a highly sought functionality
in a variety of applications, including compact lightweight satellite communications, slow-waves sensors,
all-optical information processing, and energy harvesting. Unfortunately, strong field confinement at this
scale requires the use of coupled subwavelength resonators, implying a large sensitivity to geometrical
imperfections and disorder-induced backscattering. We propose a very unconventional solution to this
problem by exploiting the interface modes occurring at the boundary between two chiral metamaterials
composed of resonant metamolecules with opposite chirality. Our numerical and experimental results
demonstrate the inherent robustness of these interface states to disorder in both the position and resonance
frequency of the metamaterial’s meta-atoms. By computing transmission averages over many realizations
of disorder, we quantitatively demonstrate the superiority of this form of subwavelength routing over
previously proposed designs, including frequency-defect lines, symmetry-based topological edge modes,
and Valley-Hall interface states.
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I. INTRODUCTION

For centuries, the ability to guide and process elec-
tromagnetic signals and energy has been one of the
most important scientific and technological challenges.
Wave routing is commonly achieved using standard metal-
lic or dielectric waveguides, whose overall dimensions
are fundamentally tied to the wavelength of operation.
Basic signal-processing tasks, like filtering and duplexing,
also typically involve a wavelength-scaled structure that
exploits Bragg interferences [1]. The incompressible size
of these key wave devices is a particularly vexing issue
at microwave frequencies, where the wavelength can be
of the order of tens of centimeters, resulting in heavy and
bulky communication devices. Reducing the cost associ-
ated with sending these large and heavy metallic struc-
tures to space is a crucial challenge in the development
of cost-efficient satellite communications. In a different
application field, the quest for all-optical information pro-
cessing is also driving a considerable research effort for
developing small and robust optical interconnects with
high transmission rates and high-speed data-processing
capabilities [2].

On the other hand, the recent development of metama-
terials, artificial media based on the complex interaction
between an external wave and an ensemble of resonant
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inclusions, has provided a new tool to efficiently manip-
ulate waves down to the deep subwavelength regime [3,4].
For instance, devices based on so-called locally reso-
nant metamaterials, such as waveguides and filters [5],
make possible the manipulation of electromagnetic energy
well below the diffraction limit [6]. One good exam-
ple is a subwavelength waveguide formed by inserting
a frequency-defect line of resonators into a locally reso-
nant metamaterial [6,7]. In such a medium, the resonant
meta-atoms constituting the metamaterial interact with
propagating plane waves, through both multiple scatter-
ing and a Fano interference effect, leading to propagation
properties exhibiting a band gap above the meta-atom
resonance frequency [8,9] that mainly stems from the
meta-atom resonance property. Therefore, analogous to
defect cavities in photonic crystals, it is possible to con-
fine and guide waves inside the medium by inserting
a line of defect resonators. However, contrary to Bragg
interference-based media [10], whose properties depend on
the material wavelength-scaled structure, the typical defect
in metamaterials is achieved by modifying the resonance
frequency of one or several subwavelength meta-atoms so
that it falls into the band gap of the surrounding medium,
hence allowing deeply subwavelength wave confinements.
Moreover, since the band gap of the locally resonant meta-
materials relies on the resonant nature of the particles
rather than on their spatial arrangement (i.e., periodical
structure), the wave propagation is less sensitive to the
structural deformations of the defect line. This provides a
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certain degree of robustness of the waveguide to spatial
disorder [7], an important issue in photonic crystal-based
waveguides [11,12]. Nevertheless, since the defect reso-
nance plays a major role in the waveguiding mechanism,
we might expect the latter to be less robust against disor-
der that would affect the defect-line resonance frequency,
similar to coupled-resonators optical waveguides [13,14].

To tackle the problem of robustness of photonic
crystal-based waveguides against disorder, more advanced
designs based on topological concepts have been sug-
gested to confer some form of topological protection to
these wavelength-scaled devices [15–22], including time-
reversal (TR) symmetric photonic-topological insulators
based on six-fold rotational lattice symmetry (C6v) [23] or
Valley spins [24]. Derived from the solid-state approach,
the topological protection in these designs naturally relies
on the structural composition of the media. Despite the
deep subwavelength nature of locally resonant metamateri-
als, it was recently demonstrated that spatial structuration,
through multiple scattering phenomena, also plays a cru-
cial role at this scale, determining the wave propagation
properties in such media [6,9], hence allowing the transpo-
sition of some form of topological protection to the deeply
subwavelength scale [25]. Unfortunately, since in all time-
reversal invariant designs the topological properties mostly
stem from the complex crystalline nature and frequency
dispersion of the metamaterial, most of disorders, be it
in the position or in the frequency of the constitutive
meta-atoms, may strongly break the lattice symmetries
and couple together time-reversed modes. Therefore, the
efficiency of these topological designs in terms of robust-
ness to defects and fabrication uncertainties has yet to be
rigorously studied.

Here, we propose and experimentally demonstrate
an alternative solution to guide electromagnetic waves
at the subwavelength scale that is neither based on
frequency-defect tunneling, spatial structuration, nor topo-
logical bulk properties, but rather on a much sturdier
property: chirality [26–28]. While performing ensem-
ble averages on disorder realizations along the path
of the guided wave, we rigorously and quantitatively
demonstrate its superior robustness to the introduction of
either spatial or frequency disorders, over previously pro-
posed subwavelength-guiding designs, namely frequency-
defect lines, symmetry-based topological edge modes, and
valley-interface states. We present both numerical and
experimental results in the microwave regime, although the
concept remains very general and can be applied to other
frequency ranges or types of waves.

II. RESULTS

A. Design of a chiral metamaterial

We start by considering the elementary building block
(metamolecule) of the chiral metamaterial. It consists of

four quarter-wavelength resonant metallic wires standing
on a ground plane [29]. These metallic rods have different
lengths, leading to distinct individual resonance frequen-
cies distributed around a central frequency fc (f1,4 = fc ∓
2�, f2,3 = fc ∓ �, � = 0.05fc), as shown in Fig. 1(a). The
wires are arranged on a deep subwavelength square of
side c = 0.02λc (λc is a wavelength at fc) and can be dis-
tributed clockwise (CW) or counterclockwise (CCW) with
growing frequencies in a square lattice of period a = 2c,
also deeply subwavelength. Depending on the direction
of the rotation, the metamolecule can then exhibit two
opposed chiralities [26–28]. Using a semi-analytical model
based on coupled dipoles [25,30,31], we obtain the four
individual modes of both CW and CCW elementary meta-
molecules [see Fig. 1(a)], resonating at frequencies close
to f1−4. From the electric-field distribution [right panel
of Fig. 1(a)], we see that each of these resonant modes
corresponds to the harmonic oscillations of one specific
resonator of the metamolecule. From Fig. 1(b), we fur-
thermore observe that the CW and CCW metamolecules
obviously support resonant modes at the same frequencies,
but with opposite chirality of field-distribution symmetry.

From these elementary metamolecules, we can move
now to the bulk medium, i.e., two-dimensional (2D) lat-
tice [see Fig. 1(c)]. The previously discrete resonant modes
of the elementary unit cell now result in a dispersion
relation composed of successions of propagative bands
separated by band gaps (the three green-shaded regions),
each of the bands lying below one of the resonant fre-
quencies f1−4 of the individual molecule [blue lines in
right panel of Figs. 1(a) and 1(b)]. Note that both types
of bulk media, made of CW or CCW elementary meta-
molecules, present the exact same dispersion relation. This
is naturally expected since the single metamolecules eigen-
frequencies are identical. Another intuitive explanation lies
in the fact that each bulk medium can be equivalently
described by one or the other elementary metamolecules
simply by shifting the unit cell by half a period, which, of
course, should not affect the bulk properties of the infinite
chain. Although trivial, this property is crucial for the exis-
tence of localized edge modes at the interface between two
metamaterials with opposite chirality.

B. Chirality-induced edge modes

Next, we investigate the existence of localized modes
at the interface between two linear chains composed of
metamolecules with opposite chirality by first analyzing
the resonant eigenmodes that are supported by the CW-
CCW compound formed by the two adjacent unit cells
at the interface [top panel of Fig. 2(a)]. Since this super-
metamolecule (composed of eight resonators) contains a
newly formed nonchiral defect metamolecule exactly at the
interface [the four center resonators circled with a black
dashed line in the top panel of Fig. 2(a)], it is expected
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FIG. 1. Interface states based on metamaterials with opposite chirality. (a) Chiral metamolecule composed of 4 quarter-wavelength
conducting posts with different resonance frequencies (f1,4 = fc ∓ 2�, f2,3 = fc ∓ �, � = 0.05fc) distributed CCW on a ground plane.
Its modes are shown in the right panel along with their resonant frequencies (solid blue lines). (b) Metamolecule built from the same
posts as in (a), but distributed CW. (c) Numerical band structure of a bulk crystal made from the chiral metamolecule. The bulk modes
are followed by complete band gaps (green-shaded regions).

to support additional eigenmodes on top of the initial CW
and CCW metamolecules’ eigenmodes. We focus on these
new modes, with resonance frequencies fe1−e4. As shown
by the calculated field distributions at these defect frequen-
cies [bottom right panel of Fig. 2(a)], the lowest energy
mode (fe1) in the second band gap is of monopolar sym-
metry with all resonators oscillating in phase, while higher
energy modes (fe2−e4) are antisymmetric. We furthermore
observe, from extended simulations of the electric-field
distribution in a composite one-dimensional (1D) chain
of five CW and five CCW metamolecules [Fig. 2(b) for
the first mode fe1], that these modes are spatially confined
inside the defect metamolecule at the interface. This attests
that they are spectrally localized in the surrounding chains’
band gap regions, making them good candidates as ele-
mentary unit cells to create subwavelength waveguides in
an extended 2D medium.

Prior to exploring the properties of such potential
waveguides, we first focus only on the single-interface
super-metamolecule of the previous linear chain to see
how it is affected by either spatial or spectral disorder [see
top panel of Fig. 2(c)]. The robustness of the waveguide
that will be created from this linear interface is indeed fore-
seen by the ability of the induced disorder to modify or
not the considered interface-mode symmetry. To this end,
we focus on the first mode fe1, which is expected to be

less sensitive to disorder given its monopolar nature. We
then calculate the field distribution at fe1 while introduc-
ing either position or frequency disorders in the interface,
starting with the influence of positional disorder. The lat-
ter is introduced by displacing each of the four resonators
within the interface-defect metamolecule by a distance Rdef
randomly chosen in the range Rdef = [0, c/2] and in an
arbitrarily chosen direction in the xOy plane. The electric-
field distribution in this deformed interface for one specific
realization of spatial disorder [Fig. 2(c), central panel]
demonstrates that even such a significant displacement of
the resonators (up to half the unit cell size) does not break
the chirality of the interface adjacent CW and CCW meta-
molecules while preserving the fe1 edge-mode symmetry.
This suggests a strong robustness of the system regard-
ing positioning disorder. Let us now move to the second
kind of disorder that can be induced and demonstrate that
this edge mode is also, to some extent, robust to frequency
modifications of the single-rod resonances in the interface
region. To do so, we apply the same frequency-disorder
strength δf to each of the four resonators of the defect
metamolecule [circled with a dashed line in Fig. 2(c)].
Several cases then have to be considered depending on
the disorder strength δf . If the frequency disorder is kept
small enough compared to the resonance-frequency mod-
ulation � (i.e., |δf | ≤ �), the symmetry of the fe1-edge
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FIG. 2. Localized edge modes at the interface between two linear chains of opposite chirality. (a) Creation of a defect metamolecule
with no intrinsic chirality (circled with dashed lines) and with additional resonant states induced at the interface (bottom inset). The
resonance frequencies fe1−e4 of this defect metamolecule fall within the forbidden regions of the adjacent chiral linear chains. (b) First-
edge-mode field distribution in a 1D chain of 5 CW and 5 CCW metamolecules. (c) The presence of this interface state is strongly
robust to random position (middle panel) and frequency disorders (bottom panels) that do not change the chirality on both sides of the
interface.

mode remains intact, suggesting its robustness to small
frequency disorders. This can be observed, for instance,
in the limit case, where δf = −� is applied to resonators
f3,4 converting them into resonators with frequencies fc, f3,
respectively [third panel in Fig. 3(c)]. Nevertheless, when
the interface is modulated by frequency shifts |δf | > 2�, a
modulation large enough to change the chirality of both the
CW- and CCW-adjacent interface unit cells and the defect
metamolecule itself, the localized mode fe1, is generally
either destroyed (not localized at the interface) or of altered
mode symmetry (to a dipolar one, for instance). This is
highlighted in Fig. 2(c) (bottom panel), where a frequency
shift δf = −2� is applied to resonators f3−4, converting
them into resonators f1−2. The corresponding field distribu-
tion confirms a complete destruction of a monopolar mode
fe1 and its replacement with a dipolar mode that has a field
structure close to the mode fe2.

C. Robust wave transport in a chiral waveguide

We finally move to the 2D case by repeating the linear
1D chain of the CW-CCW metamolecules along the per-
pendicular direction to allow this localized edge state to
propagate, effectively forming a waveguide at the inter-
face [see Fig. 3(a)]. The numerical band structures [31]
obtained for the 8 × 1 supercell containing unit cells of one
chiral medium (blue spheres) and the interface between
the media with opposite chirality (red spheres) demon-
strate the appearance of several additional bands localized
at the interface, and therefore, confirm our semi-analytical
results, as shown in Fig. 3(b).

Nevertheless, from now on, we will focus on the band
in the second band gap (with a bandwidth BCH) that cor-
responds to the even edge modes with monopolar field
distribution (fe1). To investigate the propagation of the
edge defect modes at the interface, we exploit the previ-
ously described semi-analytical model, but we now intro-
duce an external source to excite the structure from one
side of the crystal. The transmission is captured at the
opposite anechoic end [31]. The electric field distribution
for a frequency chosen in this band [see Fig. 3(c)] effec-
tively demonstrates a propagating localized edge mode
in the interface between two media with opposite chiral-
ity, confirming the formation of a waveguide based on
the chiral metamaterial. Due to the subwavelength struc-
turation of the metamaterial, this propagation occurs with
a subwavelength-transverse confinement of width WCH ≈
0.03λc, the order of the interface defect metamolecule
dimension. The point is now to demonstrate the robust-
ness of this guided mode in the presence of disorder. To
that aim, we first introduce a random positioning disor-
der at a given location along the propagation path at the
interface. We apply it to all interface resonators enclosed
in the square box of size WCH, so that the position dis-
order affects the region where most of the energy flux is
localized. The electric-field distribution is then first calcu-
lated for a spatial disorder, as the resonators enclosed in the
box are randomly shifted in the range Rdef = [0, 0.1WCH].
The calculated 2D color map of the normalized electric-
field distribution for one specific disorder realization is
shown in Fig. 3(d) (affected resonators are plotted with red
dots). Next, the electric-field distribution is also calculated
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FIG. 3. Robust subwavelength transport in a chiral waveguide. (a) The linear chain of Fig. 1(b) is periodically extended along the x
direction to allow wave guiding along the interface (dashed line). (b) The numerical band structure of an 8 × 1 supercell with uniform
chirality (blue spheres), compared to the one of the same supercell containing a chirality switch creating an interface at the center
(red spheres). (c) Field distribution of the first monopolar edge mode (fe1) along the interface between two chiral media with different
handedness. (d) Field distribution for the first monopolar edge mode (fe1) in the presence of spatial disorder (with a displacement Rdef
in the range [0, 0.1WCH] ). (e) Field distribution for the first monopolar edge mode (fe1) in the presence of frequency disorder (with a
disorder strength δf in the range [0, 1.22BCH]).

for a realization of frequency disorder, as the resonance
frequencies of resonators enclosed in the box are ran-
domly shifted in the range δf = [0, 1.22BCH] [Fig. 2(e)].
From the figures, it is clear that despite the significant
displacement of the resonators or changes in their reso-
nance frequencies, the propagation is practically unaffected
(although with small, albeit noticeable, backscattering),
suggesting the potential robustness of the chiral waveg-
uide. The link between defect-protection and chirality is
confirmed by direct calculations of its chirality in the
absence and presence of defects of different strengths,
Cm = (ω/2c2)Im[E · H∗], where bold letters are the com-
plex field amplitudes [27,28,31]. However, such a claim of
robustness must be quantitatively confirmed by perform-
ing a statistical analysis, which we present in the last part
of this paper.

D. Experimental demonstration

Based on these theoretical results, we have built a sam-
ple of a robust chiral subwavelength waveguide as shown
in Fig. 4(a). In such a sample, the resonators of the chi-
ral medium are made of half-wavelength-resonant metal-
lic stripes (with fc = 4.5 GHz, � = 0.05fc = 0.225 GHz)
by 2D printing them onto transparent foam sheets to
form a freestanding square lattice with a period of a =
12.7 mm = 0.19λc [31]. First, we explore the transmission

through a bulk medium with uniform chirality using a vec-
tor network analyzer (VNA). To excite this structure, an
antenna (Tx) is placed at one side of the sample while
another short antenna, mounted in a 2D-moving stage,
is used to scan the near-field distribution of the electric
field all over the sample. The transmission spectrum of the
bulk, displayed in Fig. 4(b) (dashed gray line), is obtained
by averaging the amplitude over nine unit cells far away
from the source. As predicted by the semi-analytical anal-
ysis, four band gaps [green-shaded areas in Fig. 3(a)]
are observed. We then modify the chirality of half of
the metamaterial and measure the new transmission spec-
trum [Fig. 4(b), solid red line]. We now observe that five
transmission bands emerge in the band gaps of the sur-
rounding bulks [marked with the numbers in Fig. 4(b)].
By looking at the 2D-field maps at the frequencies of
these transmission bands, we find that they correspond
to the excitation of the different edge modes at the inter-
face between the media with different chirality, consistent
with our semi-analytical results. Moreover, the experi-
mental 2D-field map at the frequency within the second
band [at fexp = 4.4 GHz shown in Fig. 4(b)] confirms the
existence of the monopolar edge modes and their sub-
wavelength nature (Wexp ≈ 9.5 mm ≈ 0.14λexp), perfectly
matching the previously obtained semi-analytical 2D-field
map. Note that the transmission for the edge mode bands
exceeds the transmission in the bulk, which is due to the
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FIG. 4. Experimental validation of the robustness of subwavelength chiral waveguides. (a) Photograph of the experimental setup
allowing for scanning the near field above the sample. In panel, detailed view of the fabricated half-wavelength copper dipoles com-
posing the chiral metamaterial. The transmitter (Tx) and receiver (Rx) are connected to a VNA. Rx is placed on a 2D translational
stage and allows capturing the full 2D-field distribution. (b–d) Experimental transmission spectra and measured field maps for (b) the
chiral interface without disorder, (c) the interface with position disorder of strength Rdef = 0.1Wexp, and (d) with frequency disorder of
strength δf = 1.22B.

confinement of the energy on the interface, contrary to the
uniformly spread bulk modes. It should be noted that the
field confinement of the edge modes in the z axis is due to
the subwavelength nature of these modes, which prevents
the out-of-plane leakage of the surface wave.

We finally experimentally demonstrate the electromag-
netic propagation robustness in the chiral-metamaterial
waveguide while considering two realizations of disorder
(spatial and spectral) along the waveguide. This is done by
changing the position or resonance frequency of four res-
onators enclosed in a square box of size Wexp along the
interface [see Figs. 4(c) and 4(d)]. The maximum experi-
mental disorder strength is set to Rdef = 0.1Wexp(0.95 mm)

and δf = 1.22Bexp(0.22 GHz) for position and frequency
disorders, respectively. The measured transmission spec-
tra for both position and frequency disorders are shown
in Figs. 4(c) and 4(d) (left panels), respectively, show-
ing that the edge modes of the second band propagate
almost without scattering loss along the interface. The cor-
responding experimental 2D-electric-field maps for this
band [Figs. 4(c) and 4(d), right panels] demonstrate a
mostly uniform amplitude along the interface, hence con-
firming the absence of strong backscattering. Altogether,
the experimental results agree very well with the results
obtained in the theoretical analysis and validate the strong

robustness of the monopolar mode of the chiral waveguide
to spatial and frequency disorder. Note that, as is predicted
by our semi-analytical results, bands based on higher-
symmetry interface modes are more sensitive to disorder
resulting in a higher transmission drop. Moreover, it should
be noted that another type of backscattering source, a bent-
waveguide interface, can be considered, and it can also
reduce the overall performance of the waveguide [31].

Now, to quantitatively demonstrate the superior robust-
ness of the chiral subwavelength-guiding scheme, we
finally compare it to three other subwavelength-guiding
schemes shown in Fig. 5. These designs are all based
on locally resonant metamaterials and have previ-
ously demonstrated a certain degree of protection of
the propagating edge modes, namely (a) a frequency-
defect line waveguide [6,7] (b) a C6v-symmetry-protected
quantum-spin Hall (QSP) photonic-topological insulator
(PTI) [23,25], and (c) a quantum Valley-Hall (QVH)
PTI [24,31].

E. Statistical analysis of the robustness of different
waveguide systems

To this end, we perform a statistical analysis on
all waveguide systems by evaluating the transmission
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FIG. 5. Other solutions to achieve subwavelength waveguiding based on locally resonant metamaterials. To quantitatively prove the
superior robustness of the chiral waveguide, we compare it with three alternatives that provide guided modes (second row panels) with
an identical group velocity as our chiral-guided state. We expose them to position (third row panels) and frequency (fourth row panels)
disorders contained in a box of size 2W × L along the interface, where W is the transverse mode width and L is the varying box length.
Each post within this box is affected by a random disorder in the range [0, 0.2W] for position and [−B, B] for frequency disorders (BW
is the bandwidth of the transmission band for each waveguide). (a) Defect mode propagating along the frequency-defect line (second
panel) with a mode width WDF . (b) Edge mode propagating along the armchair interface of C6v-symmetry waveguide (second panel)
with a mode width WC6v . (c) Edge mode propagating along the interface of Valley-Hall waveguide (second panel) with a transverse
mode width WVH .

coefficient (S21) while introducing both kind of disor-
ders with varying disorder strength [31]. For the sake of
simplicity, in the analysis, we focus on a single-frequency
operation, at which each of the compared waveguides
provides its best performance [31]. Moreover, to have a
systematic comparison of waveguide performances despite
the different geometries, we define a consistent methodol-
ogy in which the group velocities at the chosen frequencies
are equal for each type of waveguide [31]. Furthermore,
to be sure that the created disorder will similarly chal-
lenge the propagation in each of the compared waveguides,
the width of a rectangular box in which the disorder will

be applied is set to be equal to two transverse widths
of the propagating edge mode in each waveguide [see
Figs. 5(a)–5(c)]. Hence, different guiding systems can
be fairly compared without the need to scale them by
defining the normalized strength of spatial disorder to
be proportional to the transverse mode’s width (R̃def =
Rdef/WCH,DF,C6v,VH). The fair comparison for the case of
frequency disorder is, on the other hand, implemented
by normalizing the frequency-disorder strength by the
transmission bandwidth of the considered propagating
interface mode (δf̃ = δf /BCH,DF,C6v,VH). Note that since
each waveguide has different unit cell geometry and
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(a) (b)

FIG. 6. Statistical analysis of robustness of four different subwavelength-guiding systems, demonstrating the superiority of the chiral
design in the presence of disorder. Normalized Anderson localization length (L̃loc = L/W) as a function of the amplitude of (a) position-
(R̃def) and (b) frequency- (δf̃ ) normalized disorders for the chiral (red circles), defect line (blue stars), C6v-based (green triangles), and
Valley-Hall- (black squares) based waveguides. Each point represents an inverse of the slope of the ensemble average logarithm of
the numerically obtained transmission 〈ln S21〉 as a function of the disorder box length L. The vertical error bars represent the standard
deviation of L̃loc for each disorder amplitude.

composition (six resonators in the C6v waveguide, one only
for the frequency-defect line), the disorder box can enclose
a different number of resonators in each case.

One of the most important quantities in describing the
wave propagation in a disordered system is the Anderson
localization length, which measures the spatial decay of
the localized states [32,33] and can be used to charac-
terize the transport properties of the disordered medium
or, in our case, the waveguide robustness. Therefore, we
calculated the normalized Anderson localization lengths
L̃loc = L/WCH,DF,C6v,VH [31] as a function of the normal-
ized disorder’s strength. This was done for each guiding
system [see Figs. 6(a) and 6(b)] and each type of disor-
der, to evaluate and compare their respective robustnesses.
From Fig. 6(a), it can be observed that even for significant
displacements of the resonators, the localization length in
the chiral (red spheres) and defect line (blue stars) waveg-
uides remains relatively high (L̃loc > 102), which confirms
their strong robustness to spatial disorder. On the con-
trary, equivalent spatial disorders in the C6v-symmetry
waveguide (green triangles) and Valley waveguide (black
squares) result in a significant drop of L̃loc, confirming
their smaller robustness against such disorder. In the case
of frequency disorders in the chiral waveguide system,
the localization length is of the same order as for the
position disorders, which proves its insensivity to disor-
der type [Fig. 6(b)]. This protection is comparable to the
one obtained in the C6v- and Valley-based waveguides
that are less sensitive to resonance-frequency shifts along
the waveguide. Contrary to these waveguides, we, how-
ever, observe that the localization length in the frequency-
defect-line waveguide drops quickly even for the relatively
small disorder strengths. Therefore, these results con-
firm the superior robustness of our chiral-metamaterial

waveguide over other subwavelength waveguiding solu-
tions, since it is the only solution that provides a strong
protection against both types of disorder.

III. CONCLUDING REMARKS

The statistical analysis and experimental results pre-
sented here confirm the superior robustness of the chiral
waveguide to both types of disorder, while other waveg-
uide types compared in this work demonstrate a certain
level of protection for either position or frequency disorder
only [see Figs. 6(a) and 6(b)]. The general robustness of the
chiral waveguide comes from the fact that the wave prop-
agation is protected by the chirality of the adjacent media.
For disorder to cause a significant level of backscattering,
it is required to simultaneously break the polarization state
of the monopolar edge mode and the chirality of the adja-
cent metamolecules. In the case of positional disorder, this
imposes moving the resonators at distances comparable
to the mode’s transverse width. For frequency disorders,
the strength is required to exceed the band separation
|δf | > �. Both of these conditions are barely limiting,
since such disorder strengths are large enough to exceed
typical spatial or frequency fabrication tolerances, which
are the main source of disorder-induced backscattering in
most linear waveguiding systems. This ensures large local-
ization lengths or equivalently strong robustness of the
propagation in the proposed waveguide.

As for the frequency-defect line waveguide, it is nat-
urally robust to spatial displacements of the resonators,
since the hybridization band gap is insensitive to the struc-
tural deformations of the medium [blue stars in Fig. 6(a)].
On the other hand, since the resonance frequency of par-
ticles is at the origin of the defect line creation, the wave
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propagation is more sensitive to changes in the resonance
frequency, making the wave propagation in this defect-
line waveguide vulnerable to this type of disorder. In
particular, even for frequency-disorder strengths smaller
than the transmission bandwidth of the propagating defect
mode, some backscattering is observed, and the localiza-
tion length drops to several orders smaller than for the
chiral waveguide [see Fig. 6(b)].

In the C6v-symmetry waveguide, the polarization of
the pseudospin states fully relies on the symmetry of the
expanded and shrunk metamolecules. Therefore, for even
small random displacements of the resonators (Rdef �
WC6v), the symmetry of metamolecules is locally broken,
resulting in an intercoupling of the two pseudospin states.
From this coupling originates backscattering of the prop-
agating wave that reduces the localization length [green
triangles in Fig. 6(a)], explaining the lower robustness of
such waveguides to spatial disorders. Note that the arm-
chair interface breaks the lattice symmetry by itself, which
results in gapped and possibly less-robust edge states [23].
This gap can be reduced by introducing a zigzag inter-
face or an adiabatic interface with gradually deformed
hexagons, respectively [25,34]. However, both interfaces
will result in less-localized edge waves, which also end
up being affected by the lattice disorders, which take into
account the fact that the modes are larger. On the other
hand, the C6v-symmetry waveguide is less sensitive to fre-
quency disorder since it does not significantly change the
symmetry of the expanded and shrunken metamolecules,
providing a more robust waveguiding [see Fig. 6(b)].

Finally, the Valley-Hall waveguide, for which the topo-
logically protected valley edge states originate from both
spatial and frequency properties of the crystal, is logi-
cally sensitive to both position and frequency disorders.
As expected, due to the reduced complexity of geome-
try compared to the C6v-symmetry waveguide, the Valley
waveguide demonstrates larger localization lengths for
small disorder strengths that do not break the valley states
of the crystal [black squares in Fig. 6(a)]. However, for dis-
orders strong enough to break the lattice symmetry and mix
the valley states [Rdef ≈ a3, a3 is the unit cell period, see
Fig. 5(c)], the robustness of the waveguide is equivalent to
the C6v-symmetry waveguide and the localization length
inevitably converges to the minimum values of localization
length (L̃loc ≈ W). In the case of frequency disorder, break-
ing the valley states inside the metamolecules requires
introducing disorder strengths exceeding the inversion-
breaking frequency [|δf | > βf0, where β is the symmetry-
breaking parameter, f0 is the central resonance frequency,
see Fig. 5(c)]. Therefore, the valley states are also quite
robust to frequency disorders, resulting in a localization
length within the standard deviation of the ones observed
in the chiral-metamaterial waveguide [see Fig. 6(b)].

In summary, we proposed and experimentally demon-
strated in the microwave range a subwavelength-

waveguiding system based on a locally resonant chiral
metamaterial. By stacking two media with opposite chiral-
ity, a defect unit cell is created at the interface, which sup-
ports hybrid modes in the band gaps of both surrounding
media, guaranteeing the existence of localized edge modes
that propagate along the interface, forming subwavelength
waveguides. We experimentally prove that these localized
propagative modes are robust to both types of disorder
that can be introduced in locally-resonant metamaterials,
namely spatial and spectral disorders. The statistical study
provides a complete assessment of the robustness to dis-
order of different types of waveguiding systems, including
the systems based on frequency-defect line and PTIs with
preserved TR symmetry. It has revealed that such sys-
tems, unlike the chiral waveguide, are robust only against
either position or frequency disorder due to the nature of
their localized edge modes. We emphasize that the chiral
waveguide is free from such compromise and is promis-
ing for the practical realization of robust subwavelength-
guiding systems, where it is crucial to obtain a high
transmission despite the fabrication tolerances.
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