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Delay-bandwidth product (DBP) is a key metric in slow light waveguides, requiring a balance between
a large group index and broad bandwidth—two parameters that often involve a trade-off. Here, we
propose and demonstrate a slow light waveguide with large DBP using a pseudospin-polarized
transverse electromagnetic mode. This waveguide features a folded edge configuration that supports
a 200% relative bandwidth from quasistatic limit (zero frequency) and an arbitrarily large group index.
Owing to the pseudospin-polarized design, the dense folding would not introduce backscattering and
the associated group velocity dispersion (GVD). The resulting gapless linear dispersion and pulse
transmission behavior in folded edge waveguide are observed in microwave experiments. Our scheme
provides a way to overcome the trade-off between group index and working bandwidth in slow light
waveguide, which has potential applications in broadband optical buffering, light-matter interaction
enhancement, terahertz radiation source and time domain processing.

Slow light refers to the reduction of the group velocity of light, which
facilitates time-domain processing of optical signals' and has promising
applications in optical buffering™’, light-matter interaction enhancement™”’,
terahertz radiation source’, switching™, etc. This effect can generally be
achieved through extremely strong dispersion either in bulk materials
(electromagnetically induced transparency’”"', coherent population
oscillations'>", stimulated Brillouin scattering'*"”, stimulated Raman
scattering'’, etc) or in artificially engineered structures (photonic
crystals'" ™", coupled resonators™”, gratings*”, etc). The latter approach has
been intensively studied due to its compatibility with on-chip integration.

A fundamental challenge in slow-light systems is the trade-off between
relative working bandwidth (Af/f,,, where Af is the working bandwidth
and f,, is the center frequency) and group index (1), which is indicated by

delay-bandwidth product DBP = n, (A—f) %282 For instance, in typical

photonic-wire waveguides in Fig. 1a, reducing group velocity is typically
accompanied by a narrowing of the working bandwidth, due to the limited
momentum range occupied by the slow-light band. Thus, slow light is only
achievable in a finite frequency range™ [depicted in the blue shaded area of
Fig. 1b]. Relative bandwidth of the photonic-wire waveguide is usually <10%
and group index is usually <10, resulting in a DBP < 1. A similar trade-off is
observed in photonic crystal (PC) line defect waveguide. In a PC line defect
waveguide indicated in Fig. 1c, slow light can be achieved near the Brillouin
zone boundary of dispersion [blue shaded area in Fig. 1d] due to the crossing

coupling between forward and backward guided modes™. Relative band-
width of the PC line defect waveguide is typically <10%, with a group index
<100, yielding a DBP < 10. DBP in both photonic-wire waveguide and PC
line defect waveguide are restricted by the momentum range occupied by
the slow-light band. Recently, an alternative scheme was proposed to gen-
erate a slow-light band winding along the Brillouin zone multiple times by
carefully engineering the edge structure or adding side-coupled resonators,
utilizing the gapless edge mode of topological photonic crystals’ ™.
Although the proposed scheme relaxes the fundamental limitation in
momentum space, the DBP of the slow-light device is still limited by the
narrow frequency bandwidth due to the crystal’s multiple scattering
mechanism and the weak magneto-optical effect of natural materials.
Furthermore, the nonlinearity of dispersion in these designs introduces
group velocity dispersion (GVD), leading to signal deformation. To address
these challenges, it is desirable to relax both bandwidth and momentum
space limitations in a time-reversal invariant manner, ideally without
relying on external magnetic fields. Additionally, minimizing GVD is crucial
for maintaining signal integrity in slow-light systems.

In this article, we propose a slow light waveguide with working fre-
quency spanning from quasistatic limit (zero frequency) to a finite fre-
quency, corresponding to the maximal relative bandwidth of 200%, and
demonstrate a large DBP of 40. Here we use a simple metallic structure to
realize a slow light waveguide without applying external field. By periodi-
cally folding the metal edge in real space, its gapless linear dispersion of
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Fig. 1 | Comparison of the pseudospin-polarized
slow light waveguide and other two types of slow
light waveguides. a Schematic of a photonic-wire
waveguide. b Dispersion and group index of
photonic-wire waveguide. In this type of wave-
guides, slow light can be obtained in a finite fre-
quency regime (shaded in blue), relative bandwidth
is usually <10% and group index is usually <10.

¢ Schematic of a photonic crystal (PC) line defect
waveguide. d Dispersion and group index of PC line
defect waveguide. In PC line defect waveguides, slow
light can be achieved near the Brillouin zone
boundary (middle in the figure) due to the crossing
coupling between forward and backward guided
modes. Its relative bandwidth is usually <10% and
group index is usually <100. e Schematic of a
pseudospin-polarized folded edge waveguide.

f Dispersion and group index of folded edge wave-
guide. In this type of waveguides, pseudospin-
polarized edge mode (blue lines) exists from zero
frequency to a finite frequency, naturally indicating
a relative bandwidth of 200%. Group index can be
increased by lengthening the optical path via a fol-
ded edge configuration. Thus, an extremely large
DBP can be obtained. This densely folding would
not introduce backscattering and subsequent GVD,
due to pseudospin-momentum locking.
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pseudospin-polarized edge modes in momentum space would wind around
the Brillouin zone multiple times and cover the frequency region starting
from zero frequency, leading to a theoretically unlimited DBP and a neg-
ligible GVD. The linear dispersion of slow light waveguide was experi-
mentally verified through field-mapping measurement. Pulse transmission
along the folded edge waveguide was also demonstrated. The experimental
results demonstrate the capability of constructing a slow light waveguide
utilizing the pseudospin-polarized folded edge channel. Moreover, the sig-
nal transport in the folded edge waveguide is robust against backscattering
for its pseudospin-momentum locked feature, while signal transport in
conventional slow light system is usually vulnerable to backscattering for the
enhanced light-matter interaction.

Results

Design of pseudospin-polarized slow light waveguide
Backscattering-immune edge states traversing bulk gap are a feature of
topological insulators and the analogs in classical wave systems™*’. One
example is the quantum spin Hall insulator, where the pseudospin of the
edge state is locked to its linear momentum™***, Further research found that
such pseudospin-polarized states are not exclusive to the edges of topolo-
gical systems. They can also be realized in channels with boundaries sup-
porting certain dual symmetries”. One of the simplest implementations of
this concept is a pseudospin-polarized edge formed between two PEC-PMC
(perfect electric conductor - perfect magnetic conductor) parallel plate
waveguides. This design enables the backscattering-immune transport of
electromagnetic signal along arbitrary paths over a very broad fre-
quency range.

Utilizing the pseudospin-polarized edge mode, a straightforward
method to slow down electromagnetic waves is to construct a periodically
folded edge waveguide [Fig. 1e], which naturally increases the optical path
length and enhances the effective group index. Dispersion and group index
of the folded edge waveguide are plotted in Fig. 1f. The relative bandwidth is
200%, as the pseudospin-polarized edge mode extends from zero frequency.
Additionally, the group index of the folded edge waveguide is comparable to
that of PC line defect waveguide, reaching values of 20 or higher. Conse-
quently, an extremely large DBP of 40 or greater can be achieved. Note that
the folding of the edge waveguide, regardless of the sharpness of the corners,
does not induce backscattering and the resultant band gap opening at
Brillouin zone boundary®. This is the fundamental difference between
conventional folded waveguide and our design.

The design begins with a perfect electrical conductor (PEC) edge
waveguide supporting pseudospin-polarized edge modes as shown in
Fig. 2a. This can be considered equivalent to the pseudospin-polarized PEC-
PMC edge waveguide (more discussion can be seen in Supplementary
Note 1). The edge (blue solid line) is formed between two stacks of PEC
plates with a spacing of h = a, where a = 20 mm is defined as a unit length.
Each stack functions as a series of PEC parallel plate waveguides, where
transverse electric mode cannot propagate but evanescently decay below a
cutoff frequency of f . = 5> = 7.5 GHz. However, when two stacks of PEC
plates with an offset of /1/2 are put together, two counter-propagating edge
modes strongly confined near the edge would emerge. These two edge
modes are both transverse electromagnetic modes (TEM modes)**” and
exhibit linear dispersion of w = 21f = c!kx| with the speed of light ¢, see
Fig. 2b. Figure 2c shows the eigen electric field (magenta arrows) and
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Fig. 2 | Pseudospin-polarized slow light waveguide by constructing a
backscattering-immune folded edge channel. a Pseudospin-polarized edge
waveguide composed of two stacks of metallic plates that can be seen as perfect
electrical conductor (PEC). Transverse electromagnetic (TEM) modes are guided
along the straight edge (blue line) between two stacks. b Dispersion relation of the
pseudospin-polarized edge mode. Two edge bands (blue and red dotted lines) exist
from zero frequency for their TEM feature. The insets show the electric and magnetic
vector of the forward-propagating pseudospin-up edge mode (corresponding to blue
dotted line) and the backward-propagating pseudospin-down edge mode (corre-
sponding to red dotted line). ¢ Eigen EM fields of the pseudospin-up edge mode at
1 GHz. d Pseudospin-polarized waveguide with a folded edge. The inset shows the

groove structure in the top layer. The groove structures of two sets of metallic plates
are complementary to each other to preserve the effective dual symmetry. e Gapless
dispersion for the folded edge waveguide. The pseudospin-polarized bands remain
linear and gapless below the cutoff frequency, implying that the folding introduce a
group delay but no backscattering. f H, amplitude profile of the EM wave propa-
gating along the folded edge. g Conventional folded waveguide by folding a rec-
tangular metallic waveguide. The inset shows the top-view of one unit. h Gapped
dispersion for the folded rectangular waveguide. Note that band gaps open at Bril-
louin zone center for the sake of backscattering occurred at waveguide bends. These
quadratic dispersions near band gaps would lead to nonzero GVD and limit the
working bandwidth. i Zoom-in of the gapped dispersion around 2.5 GHz.

magnetic field (green arrows) of the forward-propagating pseudospin-up
edge mode. The electric and magnetic field distributions of the forward-
propagating edge mode within z € (—h/4,h/4) form an anti-mirror
reflection about the xy plane (black dashed line), due to an effective dual
symmetry”. Conversely, the electric and magnetic fields of the backward-
propagating edge mode form a mirror reflection about the xy plane [show in
inset of Fig. 2b]. These anti-symmetric and symmetric modes belong to
different subspaces of the system and thus are decoupled from each other, as
long as translational symmetry in z-direction and mirror symmetry are
preserved”. These antisymmetric (symmetric) modes are termed as
pseudospin-up (pseudospin-down) polarized modes, highlighted in blue
(red) in Fig. 2b. Hence this edge waveguide exhibits pseudospin-momentum
locking and supports backscattering-immune transport. Note that such
PEC waveguide also supports additional waveguide modes [not shown in
Fig. 2b], such as E_-polarized plane wave modes. However, these additional
modes are decoupled from the pseudospin-polarized edge modes due to
their different parities and can be selectively excited (see more discussions in
Supplementary Note 2).

To increase time delay and to slow down the group velocity, the straight
edge can be bent into a folded edge with a groove shape, where the groove

depth I = 3a, groove width w = a and period 2w, as illustrated in Fig. 2d. The
groove width w must be more than twice the transverse decay length of edge
mode 8.52 mm (see Supplementary Note 4 and 6 for more details on the
decay length). To maintain system symmetry and decoupling of pseudos-
pins, two complementary sets of PEC plates are alternately stacked along the
z-axis. Since the pseudospin-polarized edge mode can pass through each
corner without reflection [Fig. 2f], the time delay introduced by corners is
minimal. The group index of the folded edge is approximately proportional
to the total length per propagation period. Figure 2e shows the band dis-
persion of the folded edge waveguide. Although the bands are folded
between Brillouin zone boundaries due to the introduction of periodicity,
the pseudospin-polarized nature of the modes is preserved. The average
group index can be calculated from the slope of edge band, averaged from
zero to the cutoff frequency: 1, = ¢ - :—‘( = 4.25 (n, is average group index, ¢
is speed of light, k, is total momentum range of the edge band, w, is angular
frequency range of the edge band below cutoff frequency 2*7.5 GHz). It is
noteworthy that the band folding does not introduce any gap opening,
confirming the decoupling of pseudospins. As a result, the edge mode
remains gapless and linear from zero to a finite frequency, corresponding to
a200% relative bandwidth. The linearity indicates a very small GVD, which
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Fig. 3 | Measured dispersions of straight/folded edge waveguides.

a, b Experimental setups for scanning the EM fields inside the straight/folded edge
waveguides. Experimental structures correspond to the simulated structures in
Fig. 2a, d. Scale bars represent 50 mm. ¢, d Measured H, fields at 1 GHz. It shows that
EM waves are well confined and guided along the edges (black dashed lines). e, f Edge
dispersions obtained by Fourier transforming the scanned H, fields. Weak signals
corresponding to pseudospin-down backward modes appear due to reflection at the
output ends of waveguides.
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Fig. 4 | Pulse transmission in the straight/folded edge waveguide. a Snapshots of
measured amplitude profiles at Time = 0.0 ns, 0.5 ns and 1.0 ns for the straight edge.
The input Gaussian pulse is centered at 4 GHz and has a full bandwidth at half
maximum of 3 GHz. b Snapshots of measured amplitude profiles at Time = 0.0 ns,
2.0 ns and 4.0 ns for the folded edge. Pulse transmission time in folded edge wave-
guide is 4.4 times of that in straight edge waveguide, indicating that the group index
is increased from 1 to about 4.

is another concerned issue in slow light device. Collectively, these features
make this system an ideal platform for broadband slow light device with very
low GVD.

For comparison, we also simulate a conventional folded waveguide
based on rectangular waveguide (broad wall dimension a,, =105 mm,
narrow wall dimension b,, = 15 mm, straight height s, = 48.6 mm, period of
pitch p =40 mm), as shown in Fig. 2g. Its working frequency begins at a
nonzero value of 1.43 GHz, corresponding to the cutoff frequency of TE;,
mode, rather than the quasistatic limit. In Fig. 2h, multiple band gaps of TE
modes are observed at the Brillouin zone center, resulting from scattering
between forward and backward modes, which creates a gapped dispersion.

Specifically, a 4.22% gap around 2.5 GHz open as shown in Fig. 2i. These
gaps naturally restrict the working bandwidth of the folded waveguide.
Additionally, the quadratic dispersions near band edges would inevitably
result in significant GVD, which is undesirable for signal transport.

Microwave measurement of slow light transport

To demonstrate our concept in microwave regime, we fabricated two
samples of edge waveguides: one with straight edge [Fig. 3a] and the other
with folded edge [Fig. 3b]. The geometry of both edge waveguides matches
those shown in Fig. 2a, d. Each sample consist of two sets of complementary
steel plates stacked in z-direction (5 periods). Two representative H, field
patterns measured at 1 GHz are plotted in Fig. 3¢, d, for the straight edge and
the folded edge (see field patterns at more frequencies in Supplementary
Note 3). Due to measurement limitations, only the lower half of each field
pattern is shown. The measured electromagnetic fields are strongly confined
and guided along both edges (black dashed lines). By summarizing the
Fourier spectra of scanned H, fields across various frequencies, the band
dispersions of pseudospin-polarized edge modes are mapped in Fig. 3e, f. As
expected, edge folding does not introduce any minigap at Brillouin zone
boundaries. The gapless dispersion of pseudospin-up (pseudospin-down)
edge mode winds along Brillouin zone multiple times, resulting in a
broadband slow light effect starting from zero frequency. Although the
folded edge sample in our experiment achieved a group index of only about
4, this could in principle be increased by simply extending the perimeter of
folded edge. In addition, Fourier components of the forward band are
apparently stronger than that of the backward mode due to the excitation
from the source horns. Weaker signals for backward edge band are attrib-
uted to the small reflectance at waveguide exit.

A more direct method to verify broadband slow light effect is to con-
duct a pulse transmission experiment. In this experiment, a Gaussian pulse
was loaded onto the measured signal in the frequency domain, and the time-
domain pulse transmission results were obtained by performing Fourier
transform (see Methods). The pulse had a center frequency of 4 GHz and a
full bandwidth at half maximum (FBHM) of 3 GHz, with its envelope nearly
covering the working frequency range of 0 to 7.5 GHz. Figure 4a, b shows the
snapshots of intensity profiles at various time intervals over a 300 mm-long
section around the edge waveguides. The moment the pulse center reaches
the left end of the measured area is defined as time zero. The pulse trans-
mission times for the straight and folded edge waveguides were 1.0 ns and
4.4 ns, respectively. Since the pseudospin mode guided along a straight edge
waveguide is a TEM mode, its group velocity is expected to be ¢ (the speed of
light in vacuum). Thus the group index of folded edge waveguide can be
estimated by the ratio of the transmission times 4.4 ns (folded) and 1.0 ns
(straight), that is equal to 4.4. The pulse transmission results further
demonstrate the slow light effect with a group index close to 4.25.

Achieve a large delay-bandwidth product

Although a folded edge waveguide with the group index of 4.4 is demon-
strated in our experiment, a waveguide with an arbitrary large group index
ng can theoretically be achieved, which would be numerically confirmed
below. The group index is approximately the ratio of the edge path length
per propagation period, (I + w) / w, and can be increased by either enlarging
groove depth I or reducing groove width w (a fractal edge waveguide for
achieving a large group index is also presented in Supplementary Note 5).
The calculated group index 1, in Fig. 5a shows good agreement with the path
length ratio (I4+w) / w. As an example, Fig. 5b shows the edge mode
dispersion for the case where I=194, w=a and h=a [red diamond in
Fig. 5a]. The average group index in this case is 1, = 20.26. From blue curve
in Fig. 5¢, it is found that the group index fluctuates around 20. This fluc-
tuation is due to side couplings between adjacent edges caused by the narrow
width w, which is evidenced by the wandering path of light in Fig. 5d. Such
couplings could result in undesired GVD near these frequencies. One
approach to address this issue is to minimize the transverse decay length of
the edge mode by reducing the vertical spacing h. As shown in Fig. 5e, the
transverse decay length is proportional to h due to the scaling property of
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Fig. 5| Large DBP by lengthening the optical path of folded edge. a Group index as
a function of the path length ratio (I + w) / w. The inset shows the groove structure of
the folded edge and the geometry parameters. b Dispersion of the edge states of the
waveguide with /=194, w = a and h = a. DBP of the folded edge waveguide is
approximately 40. Zoom-in of the dispersion within 3.5-4.0 GHz is plotted, and a
reference straight line is added to show the slight nonlinear of the dispersion.

¢ Group index for different values of /. Fluctuations in group index are caused by the

side coupling between adjacent edges and the resultant slight nonlinear of edge
dispersion, see the zoom-in plot in b. Red curve shows the group index for 4 = 0.2a,
showing a nearly constant group index of 20. Further lowering h would lead to more
localized EM field and less side coupling between adjacent edges. d Field profile for
the case of i = a. e Transverse decay lengths of the H, fields for different h. f Field
profile for the case of h = 0.2a.

Maxwell’s equations (see Supplementary Note 4 for details). By decreasing
the spacing to h=0.2a, side couplings between adjacent edges becomes
negligible [as illustrated in the field pattern in Fig. 5f]. Consequently, the
group index becomes almost constant [red curve in Fig. 5¢], indicating that
the edge dispersion becomes more linear with reduced GVD. Thus, a slow
light waveguide with an extremely large DBP of 20.26 x 200% = 40.52 is
numerically demonstrated.

Conclusions

In conclusion, we have proposed and demonstrated a pseudospin-polarized
slow light waveguide. Due to its pseudospin-polarized properties, electro-
magnetic wave can be confined within a densely folded channel without
introducing backscattering. This enables a linear dispersion starting from
zero frequency, resulting in an extremely large DBP and negligible GVD,
both critical parameters for slow light devices. Our scheme relieves the
inherent trade-off between a large group index and a wide working band-
width, which is a fundamental limit on achieving large DBP in slow light
application. The multiply folded band dispersion and the pulse transmission
process in folded edge waveguide are experimentally observed in microwave
regime. This design can be readily extended to the terahertz regime and
holds potential for various applications, including broadband optical buffers
and terahertz radiation sources.

Methods

Experimental setup

The two samples of edge waveguides are composed of two sets of com-
plementary steel plates stacked in z-direction (5 periods). The steel plates
in each stack are separated by air and supported by acrylic blocks posi-
tioned at the edge of the sample. An E,-polarized horn is put 2 cm away
from the waveguide entrance to excite the pseudospin-up edge mode
propagating along +x direction. A magnetic loop antenna fixed on a
motor scanning platform is inserted into the edge area to scan H, fields
inside the sample.

Method of reconstructing pulse transmission results

Time domain pulse transmission images in Fig. 4 is reconstructed based on
the microwave near-field measurement. In H, field pattern measurements,
frequency spectrum at the spatial points around the two edge waveguides
have been measured. Then the measured frequency signals are reshaped by
loading a Gaussian pulse, whose center frequency is 4 GHz and full band-
width at half maximum (FBHW) is 3 GHz. Time domain pulse signals at
each spatial points can be reconstructed by performing an inverse Fourier
transform on the reshaped frequency signals. Finally, the snapshots of
intensity profiles at different instants can be obtained by collecting time
domain signals of all spatial points.
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Data availability
The simulated and experimental data supporting the findings of this study
are available from the corresponding authors on reasonable request.
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