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Abstract

Waveguiding devices are fundamental components in com-
munication systems. While operation frequencies of com-
munication bands are migrating to millimeter wave regime,
design requirements for electronic components become
more demanding. With the rapid development of topo-
logical photonics, it has been found that topology of arti-
ficial structures can provide prospects for optical circuit-
s to achieve unprecedented features. Inspired by the idea
of topology, here, we propose a new protection mecha-
nism for dielectric waveguides to achieve robust electro-
magnetic wave propagation against path bends or defects.
By decorating the boundaries of the conventional waveg-
uide with valley photonic crystals, topologically protect-
ed hybrid modes consisting of transverse electric modes
and valley edge states are generated. The proposed meta-
waveguide is highly compatible with substrate-integrated
waveguide technology. By leveraging the idea of topology
to waveguiding devices, we introduce the topological pro-
tection into conventional waveguiding modes, which would
largely improve the performance of communication sys-
tems.

1 Introduction

The next-generation communication system exploits higher
frequencies. From new materials to novel design methods,
microwave and millimeter wave technologies are embrac-
ing great opportunities as well as challenges. Waveguides
have been widely used in communication systems due to
their incomparable performances and compact sizes. How-
ever, the degradation of signals will inevitably appear at
defects or intersections when there is a mode mismatch-
ing [1]. With the development of topological photonics, ro-
bust waveguiding at the interface of two artificial materials
with different topologies could be achieved [2]. This dis-
covery provides opportunities for the realization of robust
waveguide design [3, 4]. In topological photonics, spin-
Hall and valley-Hall photonic crystals (PhCs) have been
exploited to support topologically protected electromagnet-
ic (EM) transmission [5, 6]. The proposed topological spin
and valley waveguides are prominent for integrated circuit-
s, from on-chip communication to channel intersection and
routing [7, 8]. However, the topological edge states are usu-
ally tightly confined at the interface, which not only limits

the power capacity but also makes them incompatible with
the modes supported in conventional circuits.

To address the above issues, we devise a topological meta-
waveguide which is composed of an air channel sand-
wiched between two valley PhCs with opposite valley-
Chern numbers. The EM modes within two band gaps
are observed. Valley-locked edge states appear at the two
PhC-air interfaces in both frequency bands. Interestingly,
waveguide modes also exist in the air region in the high-
er frequency band. This fact is jointly determined by the
bulk-edge correspondence and the position of the light line.
The presence of valley-locked edge states contributes to the
robust transmission of the waveguide modes in the air chan-
nel. Effective coupling from the hybrid modes in the meta-
waveguide to the modes in substrate integrated waveguide
(SIW) is achieved. Our design combines the advantages
of integrated waveguides and topological PhCs, providing
a novel approach to integrating the topological effects into
conventional circuits.

2 Theory and Model

2.1 Bulk state analysis

A PhC arranged in a triangular lattice is shown in Fig. 1(a).
The black thombus and hexagon show the original unit con-
sisting of two types of dielectric rods, A and B. Their di-
ameters are denoted by da and dp, respectively. The fi-
nite element method is used to simulate the PhC. As shown
in Fig. 1(b), when Ad = 0 (Ad = da —dg,ds/p = 0.48ay),
band degeneracy occurs at the K/K' points at two frequen-
cies (black dashed lines). When the inversion symmetry of
the unit cell is broken by setting Ad # 0, two complete band
gaps will appear (black solid lines). When Ad = £0.16ay,
there are two band gaps at 13.5-15.5 GHz (f;) and 28-32
GHz (f»). We use the Berry curvature to verify the topo-
logical state of the PhCs. The Berry connection of the four
bands (bands 1,2,4,5) can be defined as:

Alk) = i(ug ‘Vz’uﬁ = i%

unitcell

dzrs(?)ui [Vauz] , (D

where u; is the electromagnetic fields. Note that eigenstate
amplitude is normalized such that (u; | uz) = 1. The Berry
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Figure 1. The proposed valley PhC. (a) Geometry of
the PhC. (b) Band structures of PhCs. (c) The calculated
Valley-Chen number as a function of Ad.

curvature Q(K) is obtained by:

Qk) =V xA(k) =
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As a result, the valley-Chern number Cy = 1 for band-
s 1 and 5, and Cy = —1 for bands 2 and 4 [Fig. 1(c)].
The change in the valley-Chern number directly proves that
the system undergoes a topological phase transition as Ad
changes, which is a necessary condition for the emergence
of topological edge states.

2.2 Waveguiding state analysis

Different from the existing methods by building the in-
terfaces between two structures with different topologies,
here, we construct an air channel (can be considered to have
a Cy = 0) with the width of gy sandwiched between two val-
ley PhCs with opposite valley-Chern numbers, as shown in
Fig. 2(a). As shown in the dispersion diagrams of Figs. 2(b)
and (c), for fixed go, one band appears in each band gap.
The essential difference of these states within the two band
gaps is that the states near the K/K' valley are below air
line (as indicated by the black lines) in f; but are above
the air line in f>. Consequently, in f| band gap, the states
become surface edge states concentrated at the PhC-air do-
main walls. As can be seen from the plotted electric-field
distributions and the Poynting vectors, when go = 2/, within
f1, the states below the light line are analogue to the surface
states that are confined tightly in the dielectric region [9].
Effective energy flow only exists at the domain walls and
no mode is propagating in the air channel. In f; band gap,
all states exist above the light line [Fig. 2(c)], indicating that
there is a leakage of mode into the air region. When gy =21,
the electric fields and Poynting vectors clearly show that a
wave-guiding mode is generated in the core air channel and
couples with the valley-locked edge states, forming a hy-
brid mode.
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Figure 2. The proposed topological interface. (a) Geome-
try of the supercell (enclosed by blue dotted line). The band
structures, electric fields and Poynting vectors of wave-
guiding states for different gg in (b) lower frequency band,
/1 and (c) higher frequency band f>.

3 Topological Meta-Waveguide Design

3.1 Interconnection with substrate integrat-
ed waveguides

The proposed meta-waveguide has an air channel with ad-
justable width, providing an additional degree of freedom
for manipulating its eigenstates. Therefore, the intersection
between the meta-waveguide and existing circuit compo-
nents are much easier to achieve. Considering the similar-
ity of the wave-guiding mode supported at the central air
region of the meta-waveguide with the conventional trans-
verse electric mode, we connect the meta-waveguide with
standard STWs which support TE ¢ mode. The coupling of
the modes in different frequency bands is shown in Fig. 3.
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Figure 3. The meta-waveguide interconnected with stan-
dard SIWs. The electric fields and S;; in (a) lower frequen-
cy band, f; and (b) higher frequency band f5.
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Figure 4. Robustness analysis of the proposed meta-waveguide compared with a conventional photonic crystal waveguide.
(a) Electric fields, Poynting vectors and (b) transmission rates of three topological waveguides in the f, frequency band. (c)
Electric fields, Poynting vectors and (d) transmission rates of three conventional waveguides.

Clearly, when there is no supported mode in the air re-
gion, the meta-waveguide and SIW encounter severe mode
mismatching with reflection coefficients higher than —4 dB
[Fig. 3(a)]. On the contrary, a good matching with reflec-
tion coefficients lower than —10 dB is achieved within the
whole operation frequency band of f; [Fig. 3(b)]. These re-
sults imply that the modes being supported in the air chan-
nel ensure an effective mode conversion from conventional
waveguides to the meta-waveguide.

3.2 Robustness analysis and comparison

The robustness of the proposed meta-waveguide is veri-
fied through full-wave simulations. When gg = 2/, three
types of waveguides are demonstrated. Fig. 4(a) shows
the electric-field distributions and Poynting vectors of the
straight, defective, and Z-shaped meta-waveguide at dif-
ferent frequencies. Obviously, the hybrid wave-guiding
modes supported in the meta-waveguide present the fea-
tures of topological protection with robust EM transmission
against defects and bends. In the defective waveguide, the
valley-locked edge states can bypass the defect (black dot-
ted rectangle) and the hybrid mode is reconstructed without
backscattering. Meanwhile, when the EM waves propagate
along the Z-shaped bend, there is no loss and the hybrid
mode can smoothly bypass the 60-degree bend. The simu-
lated transmission coefficients of the three waveguides are
shown in Fig. 4(b). The transmission loss is less than —3 dB
within the whole operation frequency band. For compari-

son, a conventional PhC waveguide with the same material
parameters and size is designed and simulated. It is found
that when the conventional waveguide encounters defects
and bends, strong scattering and local resonance will occur,
and its transmission loss far exceeds 10 dB, as shown in
Figs. 4(c) and (d). Therefore, it is confirmed that the wave-
guiding mode supported in the designed meta-waveguide
presents the feature of topological protection as in valley
PhCs although a conventional transverse electric mode is in
presence in the air channel.

4 Conclusion

In summary, a novel all-dielectric meta-waveguide by deco-
rating the surfaces of a conventional hollow waveguide with
valley PhCs has been proposed. By enabling the coupling
of air modes and topological edge states, a hybrid mode
consisting of a transverse electric mode and valley-locked
edge states has been generated. Most importantly, the fea-
ture of topological protection of the hybrid modes has been
demonstrated in millimeter wave regime. Benefiting from
the unique mode feature, an efficient intersection between
the proposed meta-waveguide and a standard SIW has been
achieved. Our wave-guiding mechanism can be used in
more general cases such as feeding/matching network de-
sign, high-capacity energy transport, and high-quality sig-
nal transmission in millimeter wave integrated circuits.
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