
PHYSICAL REVIEW APPLIED 15, 024002 (2021)

Distortionless Pulse Transmission in Valley Photonic Crystal Slab Waveguide
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A valley photonic crystal is one type of photonic topological insulator, the realization of which needs
only P-symmetry breaking. The domain wall between two valley-contrasting photonic crystals supports
robust edge states, which can wrap around sharp corners without backscattering. Using the robust edge
states, one can achieve pulse transmission. Here, using time-domain measurements in the microwave
regime, we show distortionless pulse transmission in a sharply bended waveguide. An �-shaped waveg-
uide with four 120° bends is constructed with the domain wall between two valley photonic crystal slabs.
Experimental results show the progress of Gaussian pulse transmission without distortion, and the full
width at half maximum of the output signal changes slightly in the �-shaped waveguide. By measuring the
steady-state electric field distribution, we also confirm the confined edge states without out-of-plane radia-
tion, which benefits from dispersion below the light line. Our work provides a way for high-fidelity optical
pulse signal transmission and the development of high-performance optical elements, such as photonic
circuits or optical delay lines.
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I. INTRODUCTION

Due to the important role that pulse transmission plays
in modern optical science, researchers have studied pulse
transmission in several photonic structures, such as pho-
tonic ridge waveguides [1], photonic crystal waveguides
[2–5], photonic crystal fibers [6,7], and surface plasmon
polariton waveguides [8–11]. Many optical phenomena,
such as slow light [3,8], pulse reshaping [9], and third-
harmonic generation [5], are observed by measuring the
pulse. Nevertheless, distortionless pulse transmission with-
out scattering, resonance, and frequency dispersion in the
waveguide is desirable in high-fidelity optical information
transmission and processing.

A photonic crystal, as one type of artificial periodic
optical structure, can realize several kinds of light manip-
ulation, such as zero-index focusing [12,13], slow light
[14–16] , and cloaking [17]. Guiding light is one of
the important applications of a photonic crystal [18],
which makes it possible to transmit optical information
in integrated optoelectronic devices. However, when light
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encounters defects, disorders, or sharp bends, obvious
backscattering will lead to energy loss and signal distor-
tion. Therefore, distortionless pulse transmission without
backscattering in a photonic crystal is desirable. In the
last decade, the introduction of topology into the optical
systems has inspired the appearance of photonic topologi-
cal insulators [19–21]. Robust transport of the edge states
against defects has been achieved in gyromagnetic pho-
tonic crystals [22–24], coupled resonators [25,26], helical
photonic waveguides [27], or bianisotropic metacrystals
[28]. It means that backscattering can be suppressed in
photonic topological insulators, and they are expected to
be used in high-fidelity optical information transmission.
However, the employment of magnetism, time-domain
modulations, or complicated designs of metamaterials
bring difficulties in miniaturization for application in the
communication regime. Recently, a type of photonic topo-
logical insulator, i.e., a valley photonic crystal (VPC),
has been well explored and several devices have been
demonstrated [29–36]. As broken inversion symmetry is
required, it can be applied within all-dielectric structures
[29,34–36] and has the potential to be used in integrated
optoelectronic devices [35,36]. The domain wall between
two different VPCs can guide light through sharp bends
without backscattering. Waveguides constructed from this
type of artificial dielectric structure are expected to guide
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pulse signals through sharp bends without distortion. The
combination of robust transport and pulse signal transmis-
sion will be beneficial for the potential application of VPCs
in optical communication.

Herein, we design a type of waveguide constructed
from VPC slabs with dielectric rods standing on a per-
fect electric conductor (PEC) substrate. We experimentally
measure and analyze in detail the Gaussian pulse, which is
guided through an �-shaped waveguide, to verify the dis-
tortionless pulse transmission against sharp bends. Field
confinement of the valley-dependent edge states is also
observed by measuring steady-state electric field distribu-
tions.

II. DESIGN OF A WAVEGUIDE FOR
DISTORTIONLESS PULSE TRANSMISSION

Distortionless transmission is a desirable feature to
avoid intersymbol interference in the information chan-
nel and becomes the key to guarantee the transmission
bandwidth in optical communication. For a linear time-
invariant system, it naturally means that different fre-
quency components should propagate in the information
channel without phase distortion and amplitude distortion,
i.e., these components arrive at the same time with the
same gain. This simultaneity requires that different fre-
quency components should propagate with the same group
velocity, which is estimated by the group-velocity dis-
persion (GVD) of the channel. The same gain requires
that different frequency components should suffer energy
losses (scattering loss, radiation loss, absorption loss etc.)
at the same rate, preferably no losses. Therefore, one would
expect a waveguide channel with a low GVD and low
transmission loss.

The VPC slab is an ideal platform to realize low-loss dis-
tortionless pulse transmission. The domain wall between
two VPCs supports edge states due to their distinct topol-
ogy. It can serve as an information channel. Since these
edge states are derived from the effective Hamiltonian near
K and K’ valleys, the dispersions are typically linear near
these k points. This guarantees a similar group velocity
(defined by vg = dω/dk). The phase distortions caused by
frequency-dependent time delays are thus mild. On the
other hand, these topological edge states are robust against
backscattering, even when sharp bends exist, so that the
in-plane scattering loss can be suppressed. Since the lin-
ear edge dispersion can be located below the light line
by using appropriate parameters, the out-of-plane radia-
tion loss is suppressed. Therefore, the amplitude distortion
due to frequency-dependent loss can be minimized in our
system. Additionally, we use a PEC substrate to filter TE-
like modes (E field is mostly parallel to the mirror plane
of slabs and is exactly parallel at z = 0) and leave only
the TM-like (E field is mostly perpendicular to the mir-
ror plane of slabs and is exactly perpendicular at z = 0)

edge states inside the complete band gap [37]. Thus, the
loss deriving from cross-coupling between TM-like and
TE-like modes is reduced.

The two VPC slabs (VPC1 and VPC2) in our experi-
ment are depicted in Fig. 1(a). Both slabs are composed
of ceramic rods (εr = 9) arranged in a honeycomb lat-
tice, which is a combination of two triangular sublattices
(marked by A and B) with the same lattice constant of
a = 20 mm. The heights of all ceramic rods are h = 17 mm.
The diameter of rod A is dA = 7.5 mm (dA = 5.6 mm), while
the diameter of rod B is dB = 5.6 mm (dB = 7.5 mm) for
VPC1 (VPC2). VPC2 is the inversion partner of VPC1.
Both slabs stand on an aluminum plate (assumed to be
PEC in the microwave regime). Figure 1(a) shows the
TM-like bulk bands of two slabs, where VPC1 and VPC2
share a common complete band gap, but their topologies
are different due to the opposite valley Chern number
CV = CK−CK ′ [35]. To see this, we calculate the Berry
curvature of both VPC slabs [Fig. 1(c)]. As shown in the
left panel of Fig. 1(c), the Berry curvature of the first bulk
band of VPC1 is positive and concentrated around the K
point in the momentum space (Berry curvature around the
K’ point is opposite to that around the K point due to
time reversal symmetry). On the contrary, the Berry cur-
vature of VPC2 is negative and concentrated around the
K point [right panel of Fig. 1(c)]. These opposite Berry
curvature distributions between VPC1 and VPC2 show dif-
ferent topologies and indicate the valley-projected edge
states. Notably, as bulk bands of VPC slab are not well
described by the Dirac equation; it leads to a deviation
of the numerical valley Chern numbers from ±1. Detailed
numerical Berry curvatures and valley Chern numbers are
investigated in Appendix A.

According to the bulk-edge correspondence, the domain
wall between VPC1 and VPC2 [sketch in Fig. 1(b)] sup-
ports edge states and enables robust transport along the
�K-�K’ direction due to the suppression of intervalley
scattering [35]. Figure 1(d) calculates the edge disper-
sion of the domain wall, where the green line highlights
the edge states and the gray area covers the light cone.
The experimental edge dispersion (obtained by Fourier
transformation of the measured Ez fields) labeled with
bright spots fits well with the simulated band curve.
The frequency of the edge states below the light line
ranges from 5.67 to 5.92 GHz, where the out-of-plane
radiation should be neglectable. The calculated group
velocity (defined as vg = ∂ω/∂kx) and GVD [defined as
D = (ω2/2πc)(1/v3

g)(∂vg/∂kx)] of the edge dispersion are
shown in Figs. 1(e) and 1(f), respectively. The nearly con-
stant group velocity (near-zero GVD) around 5.88 GHz
(marked by black dashed lines) shows a good linearity of
edge dispersion and guarantees the suppression of phase
distortion. Therefore, we choose 5.88 GHz as the central
frequency of the input Gaussian pulse in the experiments.
The full bandwidth at half maximum (FBHM) of the pulse
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FIG. 1. Group velocity (vg) and GVD of edge states. (a) Gapped bulk bands of two VPC slabs with the honeycomb lattice on a PEC
substrate (top, VPC1 with dA>dB; bottom, VPC2 with dA<dB). Two slabs share the same bulk band gap. (b) Domain wall between
two slabs. (c) Berry curvature of VPC1 and VPC2. (d) Edge dispersion of the domain wall in (b). Shaded area is the light cone. Green
solid curve corresponds to the simulated edge dispersion; bright spots plot experimental results. (e) Calculated group velocity (vg) and
(f) GVD of edge states, which exhibit a uniform pulse velocity at frequencies around 5.88 GHz. This guarantees the distortionless
transmission of the Gaussian pulse.

is set to be 40 MHz, i.e., frequency range 5.86–5.90 GHz
(marked by the black boxes).

III. EXPERIMENTAL DEMONSTRATION OF
DISTORTIONLESS PULSE TRANSMISSION

In our experiments, pulse transmission through the
waveguides will be studied in detail to confirm the

distortionless pulse transmission. We employ an arbitrary
waveform generator (Tektronix AWG70002A) to gener-
ate the Gaussian pulse. The input signal is launched into
the waveguides from the entrance (i.e., the leftmost end of
the channel) through a dipole antenna along the z direc-
tion, and the Ez field signal inside the waveguide channel
is measured by another dipole antenna connected to an
oscilloscope (Teledyne LeCroy MCM-Zi, 10-36Zi).
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We first study pulse transmission in a straight waveg-
uide [Fig. 2(a)] to assess the phase distortion due to GVD.
We monitor the evolution of the pulse waveform through-
out the waveguide by measuring the time-domain signals
at seven different positions (marked by blue and red stars,
every 5a away from the entrance). Due to insertion loss
at the entrance, we measure and compare only the signals

inside the waveguide channel. The signal received at the
blue star (5a away from the entrance) is shown in the inset
of Fig. 2(a) and has a typical Gaussian shape. Its full width
at half maximum (FWHM) is estimated to be 23.52 ns by
Gaussian fitting. Without loss of generality, we assume the
arrival time at this position of the pulse center to be t = 0
and the distance of the position to be d = 0. Likewise, the
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FIG. 2. Distortionless pulse transmission in straight VPC slab waveguide. (a) Photograph of the straight waveguide. It consists of
two VPC slabs with opposite topological indices. Blue and red stars mark positions of the detectors. Inset: measured Gaussian pulse,
which is centered at 5.88 GHz with a FBHM of 40 MHz. (b) Green cross, FWHM of the measured Gaussian pulse at different distances.
FWHM of the pulse at the rightmost exit changes only 3.27% compared with that of the input pulse. Purple cross, arrival time of the
pulse center as a function of distance. Purple line, linear fitting relationship between arrival time and distance, indicating that the
averaged group velocity of the pulse throughout the waveguide is vg = 0.247c. (c) Measured pulse at different distances [marked by
red stars in (a)] in the straight waveguide.
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time-domain signals recorded at other positions (separately
normalized by the maximum amplitude of themselves) are
plotted in Fig. 2(c). We see that the pulse signals maintain a
Gaussian shape during transmission and no obvious defor-
mation occurs. Their FWHMs (25.61, 26.13, 26.17, 25.73,
24.13, and 22.75 ns) and the arrival times of the pulse cen-
ter (2.69, 4.84, 6.56, 7.52, 7.31, and 8.62 ns) are obtained
by performing Gaussian fitting, as depicted in Fig. 2(c). We
summarize the arrival times and FWHMs as a function of
distance in Fig. 2(b). The arrival times have a relatively lin-
ear dependence on the distance, which means that the wave
packet propagates with almost a constant speed. From Fig.
2(b), it seems that the pulse arrives at the last two points
(25a, 30a) in advance and earlier than the other points.
This is because our measured signals are the superposi-
tions of the forward pulse and the backward pulse reflected
by the exit interface. The reflected waves will affect the fit-
ting pulse center. The averaged group velocity of the pulse
center throughout the waveguide channel is estimated to
be vg = 0.247c using linear fitting [see the purple line in
Fig. 2(b)], which agrees well with the theoretical prediction
[vg = 0.238c, obtained in Fig. 1(d)]. On the other hand,
the FWHMs recorded at different positions are almost the
same, with about 11.27% variation throughout the waveg-
uide channel, due to the similar group velocities of the
different frequency components guaranteed by the linear
edge dispersion. The slight variation may be due to the
superpositions of the forward pulse and the reflected pulse.
Specifically, the FWHM of the pulse at the exit (the right-
most end of the channel, d = 30a) is 22.75 ns (only 3.27%
deviated from the signal at d = 0), indicating little phase
distortion.

Other than GVD, other frequency-dependent responses
would also lead to waveform distortion, such as frequency-
dependent scattering loss or frequency-dependent time
delay caused by defects. Therefore, we further study an
�-shaped waveguide with four 120° bends [Fig. 3(a)]
and measure pulse transmission to assess waveform dis-
tortion. Theoretically, the amplitude distortion caused by
frequency-dependent scattering loss can be suppressed by
the backscattering immunity of topological edge states.
Although these edge states would eventually wrap around
the corner after a while, time delays for different frequency
components are generally different. This may result in
phase distortion and will be studied in our experiment.

Similar to the straight waveguide, we monitor the wave-
form evolution at 12 different positions (marked by blue
and red stars, 5a, 10a, 15a, . . . , 50a, 55a, and 59a away
from the entrance along the channel). The signal received
at the blue star (5a away from the entrance) is shown in
the inset of Fig. 3(a) and has a typical Gaussian shape.
Its FWHM is estimated to be 22.03 ns by Gaussian fit-
ting. The arrival time of the pulse center and the distance
of the position are assumed to be zero. Likewise, the
time-domain signals recorded at other positions (separately

normalized by the maximum amplitude of themselves) are
plotted in Fig. 3(c). The pulse signals maintain a Gaus-
sian shape and no obvious deformation occurs, even after
going through four 120° sharp bends. This reflects that
the frequency dependency of time delays is not obvious
in our system. Their FWHMs (22.04, 21.05, 21.64, 22.33,
20.91, 21.42, 23.66, 24.96, 21.04, 22.11, and 21.00 ns)
and the arrival times of pulse center (1.34, 3.31, 6.02,
7.46, 9.02, 10.87, 13.32, 15.04, 14.69, 16.73, and 18.17 ns)
are depicted in Fig. 3(c). We summarize the arrival times
and FWHMs as a function of distance in Fig. 3(b). The
relatively linear dependence of arrival times on the dis-
tance shows an almost constant speed of the wave packet.
The pulse arrives at the last three points (45a, 50a, 54a)
in advance due to the backward pulse being reflected by
the exit interface. The averaged group velocity of the
pulse center throughout the waveguide channel is esti-
mated to be vg = 0.196c [see the purple line in Fig. 3(b)],
which is 17.65% smaller than that of the theoretical pre-
diction [vg = 0.238c, as obtained in Fig. 1(d)]. This lower
averaged group velocity is caused by time delays at the
corners. Although backscattering is suppressed, the pulse
signal is delayed at the corners, so that the averaged group
velocity will be reduced. On the other hand, the FWHMs
recorded at different positions are almost the same, with
only about 13.30% variation throughout the waveguide
channel. The slight variation may be due to superposi-
tions of the forward pulse and the reflected backward pulse.
Specifically, the FWHM of the pulse at the exit (the right-
most end of the channel, d = 54a) is 21.00 ns (only 4.68%
deviation from the signal at d = 0a), indicating that time
delays of different frequency components at the corners
are almost the same. The distortionless pulse transmis-
sion in the �-shaped waveguide benefits not only from
little phase distortion (guaranteed by the low GVD and
nearly frequency-independent time delay at the corners),
but also from little amplitude distortion (guaranteed by the
topologically protected edge state).

Notably, the total propagation times of the pulse are dif-
ferent in the two waveguides. Although they have the same
sample sizes (the lengths along x direction are both 35a),
the optical distances of the two waveguides are different
(35a in the straight waveguide and 59a in the �-shaped
waveguide). Due to the different optical distances and time
delays at the corners, the propagation time in the �-shaped
waveguide (18.17 ns) is longer than that in the straight
waveguide (8.62 ns). This provides a way to design an on-
chip robust optical delay line [25] with VPC slabs. The
feature of a nearly frequency-independent time delay of
this delay line is useful for pulse signal transmission. In
the experimental demonstration, we consider only the dis-
persionless part of the edge states below the light line to
avoid propagation loss and pulse distortion. As a result,
the frequency bandwidth of the pulse used is only 4.3%,
and it leads to the long Gaussian signal used. Thus, the
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FIG. 3. Distortionless pulse transmission in an �-shaped VPC slab waveguide. (a) Photograph of the �-shaped waveguide. Blue
and red stars indicate positions of the detectors. Inset: measured Gaussian pulse (centered around 5.88 GHz, FBHM = 40 MHz) at the
blue star. (b) Green cross, FWHM of the measured Gaussian pulse at different distances. FWHM of the pulse at the rightmost exit
changes only 4.68% compared with the input pulse. Purple cross, the arrival time of the pulse center as a function of distance. Purple
line, linear fitting of the arrival time, indicating that the averaged group velocity of the pulse throughout the waveguide is vg = 0.196c.
(c) Measured pulse at different distances [marked by red stars in (a)] in the �-shaped waveguide.
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frequency bandwidth of pulse transmission is narrower
than that of a conventional photonic crystal waveguide
(approximately 20% frequency bandwidth) and that of a
conventional silicon strip waveguide (>30% frequency
bandwidth). To broaden the frequency bandwidth (i.e., a
shorter time duration) for pulse transmission, one can opti-
mize the structural parameters of the VPC waveguide by
boundary decoration (e.g., adjusting the position or radii
of the rods nearest to the boundary). In Appendix B, we
develop a method to increase the frequency bandwidth for
pulse transmission and successfully increase the frequency
bandwidth from 4.3% to 7.9%. It is important to note that,
although the frequency bandwidth in the VPC waveguide
is not so broadband, pulse transmission is robust against
sharp bends, which is hard to realize in a conventional
waveguide.

IV. FIELD CONFINEMENT OF EDGE STATES

In previous sections, distortionless pulse transmissions
in VPC slab waveguides are studied in the time domain. In
this part, we discuss field confinement of the edge state by
measuring the steady-state electric field distributions of the
waveguides. A vector network analyzer (VNA, Keysight
E5071C) is used to generate an input source and measure
the field distribution. A dipole antenna connected to the
VNA is used to excite the TM-like edge states, and another
dipole antenna fixed on a motor scanning platform is used
to receive the electric field, Ez. We study the in-plane (x-y
plane) field confinement first. We measure the steady-state

Ez field distributions 1 mm above the straight and �-
shaped waveguides; the measured amplitudes at 5.88 GHz
(center of the Gaussian pulse) are shown in Figs. 4(a) and
4(b). Large amplitudes near the channel are observed not
only in the straight waveguide, but also in the �-shaped
waveguide. The electromagnetic (EM) wave does not scat-
ter or radiate to the bulk crystal, even when it propagates
through four 120° sharp bends, showing good in-plane
confinement. This is guaranteed by the backscattering-
immune property of VPCs. Furthermore, we study the
out-of-plane field confinement of the edge state (in the
x-z plane) in the straight waveguide. We predict that the
EM wave in the frequency range of the edge state below
the light line (5.67–5.92 GHz) will be confined well in
the waveguide in the absence of the propagating mode in
air. In Fig. 4(c), we show an Ez amplitude of 5.88 GHz
in the x-z plane (the cross section along the x direction in
the middle of the straight waveguide). The white dashed
line labels the top surface of the photonic crystal slab.
The EM wave is concentrated inside the waveguide and
decays rapidly upon moving away from the top surface.
This shows good out-of-plane confinement. Additionally,
we also confirm confinement at different frequencies. For
each frequency and z coordinate, we sum up the measured
|Ez| of all x positions; the frequency spectrum of out-of-
plane field confinement is shown in Fig. 4(d). We find that
|Ez| in the frequency range of 5.67–5.92 GHz is larger and
most of the fields are concentrated in the photonic crystal
slab. While out of this frequency range, localization of the
EM wave becomes weak.
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FIG. 4. Field confinement of the measured edge states. In-plane confinement measured for Ez field distributions of the edge states in
(a) straight and (b) �-shaped waveguides at 5.88 GHz (center of the Gaussian pulse) in the x-y plane, which confirms good confinement
and robust transport of the edge states. (c)Out-of-plane confinement measured for Ez field distributions in the straight waveguide at
5.88 GHz in the x-z plane. Out-of-plane distribution shows that the edge states are confined well in the waveguide, but decay rapidly
upon moving away from the top surface of the sample (denoted by white dashed line). (d) Out-of-plane field confinement of edge states
for different frequencies.
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V. CONCLUSIONS

We design a type of VPC slab waveguide standing
on a PEC substrate. The distortionless pulse transmission
in the waveguide is predicted by analyzing the linearity
of the edge dispersion and the nontrivial band topology
of the VPCs. Based on time-domain measurements, we
directly observe distortionless Gaussian pulse signals in
a straight waveguide and an �-shaped waveguide. By
analyzing these pulse signals, we obtain their FWHMs.
The results show a slight variation of the FWHMs. Addi-
tionally, using steady-state near-field scan technology, we
experimentally confirm the field confinement of edge states
in the VPC waveguides. This work gives experimental evi-
dence of distortionless pulse transmission against sharp
bends by using linear valley-projected edge states under
the light line. It is a combination of robust transport and
pulse transmission, which may lead to the potential appli-
cation of VPCs in optical communication. Time-domain
measurements also provide a different method to study the
influence of topology on pulse transmission. Taking advan-
tage of a large time delay, the bent VPC waveguide has the
potential to be used as a robust optical delay line for pulse
signal transmission in integrated photonic circuits.
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APPENDIX A: NUMERICAL BERRY CURVATURE
AND VALLEY CHERN NUMBER

Herein, we study the numerical Berry curvature and val-
ley Chern number of VPC slabs with different diameter
differences between rods A and B (Fig. 5). Based on the
honeycomb lattice in Fig. 5(a), we gradually tune the dif-
ference between the diameters of rods A and B (dA and
dB) and study the evolution of Berry curvature around the
K point and the numerical valley Chern number. In Fig.
5(b), when the diameters of rods A and B are slightly
different (dA = 6.56 mm and dB = 6.54 mm), the Berry cur-
vature is well localized near the K point, and the numerical
valley Chern number is CV = CK−CK ′ = 0.994 ≈ 1. When
the diameter difference become larger (e.g., dA = 7.00 mm
and dB = 6.10 mm), the localization of the Berry cur-
vature will become weaker [Fig. 5(c)]. The numerical
valley Chern number is 0.709, which is smaller than one.
Figure 5(d) shows the case of VPC1 (dA = 7.50 mm and
dB = 5.60 mm). The localization of the Berry curvature is
further weakened, and the valley Chern number is 0.464,
which is much different from one. Notably, the VPCs in
Figs. 5(e)–5(g) are the inversion partners of those in Figs.
5(b)–5(d), so their numerical valley Chern numbers are
−0.994, −0.709, and −0.464, respectively, which are the
opposite values of the valley Chern numbers of VPCs in
Figs. 5(b)–5(d).

As a result, when the diameter difference between the
two rods becomes larger, the localization of the Berry
curvature will become weaker, and the numerical valley
Chern number will increasingly deviate from ±1. This
is because the ideal value of ±1 is derived from the
Dirac equation, H = νD(τ̂zσ̂xδkx + σ̂yδky) + λτ̂zσ̂z. How-
ever, when the diameter difference between the two rods
becomes larger, the bulk bands of the VPC are not well
described by the Dirac equation, leading to a deviation of
the valley Chern numbers from ±1. Although the valley

dA = 6.56 mm
dB = 6.54 mm
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K
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M
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max
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M

M
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K
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M
K
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K

dA = 7.00 mm
dB = 6.10 mm

dA = 7.50 mm
dB = 5.60 mm
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dB = 6.56 mm
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dB = 7.00 mm

dA = 5.60 mm
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(a)

(b) (c) (d)

(e) (f) (g)

FIG. 5. Calculated Berry cur-
vatures of VPC slabs of two
rods with different diameters. (a)
Photograph of the unit cell of
VPC slab with honeycomb lattice.
(b)–(d) Berry curvatures around
the K point when dA>dB. (e)–(g)
Berry curvatures around the K
point when dA<dB.
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Chern numbers of VPC1 and VPC2 deviate from ±1,
the Berry curvatures are opposite to each other and this
indicates the valley-projected edge states.

APPENDIX B: ENLARGING FREQUENCY
BANDWIDTH FOR PULSE TRANSMISSION

Herein, we develop a method to increase the fre-
quency bandwidth of edge states for pulse transmission
and increase the frequency bandwidth from 4.3% to 7.9%.
To increase the frequency bandwidth, we can first reduce
the frequencies of the bulk bands, so that they are located
below the light cone, then enlarge the band gap, and lastly
increase the ratio of edge states inside the band gap. Based
on the above ideas, we have the following optimization:
first, to reduce the frequencies of bulk bands, we can
increase the effective refractive index of the VPC slab by
enlarging the refractive index, diameter, or height of all
rods. In the concrete example, we increase the relative per-
mittivity of all rods from 9 to 16. Then, to enlarge the band
gap, we further increase the diameter difference between
rod A and rod B. In the concrete example, the diame-
ters of rod A and rod B in VPC1 (VPC2) are changed
to dA = 8.00 mm and dB = 5.10 mm (dA = 5.10 mm and
dB = 8.00 mm). Finally, to increase the ratio of the edge
states inside the band gap, we can modify the boundary
morphology. In the concrete example, we change the diam-
eters of two rods at the middle of the boundary to 6.55 mm
[these two rods are named as the transition layer in Fig.
6(a)]. The introduction of this transition layer makes the
edge states locate at the middle frequency of the band
gap, and it effectively increases the ratio of the edge states
inside the band gap. The dispersion of the edge states of the
optimized boundary is shown in Fig. 6(b). The frequency
bandwidth is increased to 7.9% (4.73–5.12 GHz).

(a) (b) Edge states

0.3

5.5

5.0

4.5

4.0
0.5

k
x
 (2π/a)

Transition
layer

VPC1

VPC2

F
re

qu
en

cy
 (

G
H

z)

Light cone

FIG. 6. Design for edge states with larger frequency band-
width. (a) Domain wall with a transition layer between two
VPC slabs. (b) Edge dispersion of the structure in (a). Fre-
quency bandwidth of edge states for pulse transmission is 7.9%
(4.73–5.12 GHz).
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photonics, Nat. Photonics 8, 821 (2014).

[20] A. B. Khanikaev and G. Shvets, Two-dimensional topolog-
ical photonics, Nat. Photonics 11, 763 (2017).

[21] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L.
Lu, M. C. Rechtsman, D. Schuster, J. Simon, O. Zilberberg,
and I. Carusotto, Topological photonics, Rev. Mod. Phys.
91, 015006 (2019).

[22] Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljacic,
Reflection-Free One-Way Edge Modes in a Gyromagnetic
Photonic Crystal, Phys. Rev. Lett. 100, 013905 (2008).

[23] Z. Wang, Y. Chong, J. D. Joannopoulos, and M. Sol-
jacic, Observation of unidirectional backscattering-immune
topological electromagnetic states, Nature 461, 772
(2009).

[24] Y. Poo, R. X. Wu, Z. Lin, Y. Yang, and C. T. Chan,
Experimental Realization of Self-Guiding Unidirectional
Electromagnetic Edge States, Phys. Rev. Lett. 106, 093903
(2011).

[25] M. Hafezi, E. A. Demler, M. D. Lukin, and J. M. Taylor,
Robust optical delay lines with topological protection, Nat.
Phys. 7, 907 (2011).

[26] K. Fang, Z. Yu, and S. Fan, Realizing effective mag-
netic field for photons by controlling the phase of dynamic
modulation, Nat. Photonics 6, 782 (2012).

[27] M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D.
Podolsky, F. Dreisow, S. Nolte, M. Segev, and A. Szameit,
Photonic floquet topological insulators, Nature 496, 196
(2013).

[28] A. B. Khanikaev, S. H. Mousavi, W. K. Tse, M. Kargar-
ian, A. H. MacDonald, and G. Shvets, Photonic topological
insulators, Nat. Mater. 12, 233 (2013).

[29] T. Ma and G. Shvets, All-si valley-hall photonic topological
insulator, New J. Phys. 18, 025012 (2016).

[30] J. W. Dong, X. D. Chen, H. Zhu, Y. Wang, and X. Zhang,
Valley photonic crystals for control of spin and topology,
Nat. Mater. 16, 298 (2017).

[31] T. Ma and G. Shvets, Scattering-free edge states between
heterogeneous photonic topological insulators, Phys. Rev.
B 95, 165102 (2017).

[32] F. Gao, H. Xue, Z. Yang, K. Lai, Y. Yu, X. Lin, Y. Chong,
G. Shvets, and B. Zhang, Topologically protected refraction
of robust kink states in valley photonic crystals, Nat. Phys.
14, 140 (2017).

[33] X. Wu, Y. Meng, J. Tian, Y. Huang, H. Xiang, D. Han, and
W. Wen, Direct observation of valley-polarized topologi-
cal edge states in designer surface plasmon crystals, Nat.
Commun. 8, 1304 (2017).

[34] L. Ye, Y. Yang, Z. Hong Hang, C. Qiu, and Z. Liu, Obser-
vation of valley-selective microwave transport in photonic
crystals, Appl. Phys. Lett. 111, 251107 (2017).

[35] X. T. He, E. T. Liang, J. J. Yuan, H. Y. Qiu, X. D. Chen,
F. L. Zhao, and J. W. Dong, A silicon-on-insulator slab for
topological valley transport, Nat. Commun. 10, 872 (2019).

[36] M. I. Shalaev, W. Walasik, A. Tsukernik, Y. Xu, and N.
M. Litchinitser, Robust topologically protected transport in
photonic crystals at telecommunication wavelengths, Nat.
Nanotechnol. 14, 31 (2019).

[37] X.-D. Chen, W.-M. Deng, F.-L. Shi, F.-L. Zhao, M. Chen,
and J.-W. Dong, Direct Observation of Corner States in
Second-Order Topological Photonic Crystal Slabs, Phys.
Rev. Lett. 122, 233902 (2019).

024002-10

https://doi.org/10.1103/PhysRevLett.77.3787
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/s41566-017-0048-5
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1103/PhysRevLett.100.013905
https://doi.org/10.1038/nature08293
https://doi.org/10.1103/PhysRevLett.106.093903
https://doi.org/10.1038/nphys2063
https://doi.org/10.1038/nphoton.2012.236
https://doi.org/10.1038/nature12066
https://doi.org/10.1038/nmat3520
https://doi.org/10.1088/1367-2630/18/2/025012
https://doi.org/10.1038/nmat4807
https://doi.org/10.1103/PhysRevB.95.165102
https://doi.org/10.1038/nphys4304
https://doi.org/10.1038/s41467-017-01515-2
https://doi.org/10.1063/1.5009597
https://doi.org/10.1038/s41467-019-08881-z
https://doi.org/10.1038/s41565-018-0297-6
https://doi.org/10.1103/PhysRevLett.122.233902

	I. INTRODUCTION
	II. DESIGN OF A WAVEGUIDE FOR DISTORTIONLESS PULSE TRANSMISSION
	III. EXPERIMENTAL DEMONSTRATION OF DISTORTIONLESS PULSE TRANSMISSION
	IV. FIELD CONFINEMENT OF EDGE STATES
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: NUMERICAL BERRY CURVATURE AND VALLEY CHERN NUMBER
	B. APPENDIX B: ENLARGING FREQUENCY BANDWIDTH FOR PULSE TRANSMISSION


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


