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ABSTRACT 

In order to transport information with topological protection, we explore experimentally the short group delay using edge states 
in one-dimensional (1D) Su–Schrieffer–Heeger (SSH) chains. The group delay is investigated in both one- and two-dimensional 
(2D) models with topological non-trivial band structures. The fast transport is inherited with the wavefunction localization, giving 
a stronger effective coupling strength between the mode and the measurement leads. Also the group delay in one-dimension 
is independent of the system size. To verify the assertion, we implement a chain of split-ring resonators (SRRs) and their 
complementary ones with controllable hopping strengths. By performing measurements on the group delay of non-trivially 
topological edge states with pulse excitations, the group delay between two edge states is directly observed with chain length 
up to 20 . Along the route to harness topology to protect optical information, our experimental demonstrations provide a crucial 
guideline for utilizing photonic topological devices. 
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 Introduction 

omposed of dimers with staggered hopping amplitudes, a
opological phase transition can be revealed in the Su–Schrieffer–
eeger (SSH) model owing to the topological invariant character-
zed Zak phase defined as the integral of the one-dimensional (1D)
erry connection over the 1D Brillouin zone. [ 1, 2 ]. By utilizing the
SH model, people have illustrated the difference between bulk
nd boundary, chiral symmetry, adiabatic equivalence, topologi-
al invariants, and bulk–boundary correspondence [ 3 ]. Through
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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the analogy in single-particle Hamiltonian, topologically non-
trivial zero or 𝜋modes can also be observed in photonic systems,
through a periodically setting of the confining potentials [ 4–8 ].
With the topologically protected edge states, we can implement
new types of lasing modes [ 9, 10 ] and optical control [ 11, 12 ]
even under continuous deformations. As the edge modes in a
1D SSH model are zero-dimensional, by definition, they do not
have a group velocity. However, for the practical implementation,
instead of infinite chains, only a finite number of dimers can
be fabricated. Moreover, to harness topology to protect optical
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 (a) The SSH model with chain length 𝑁 = 20 and 
𝑣 ∕𝜔0 , 𝑤 ∕𝜔0 = − 0 . 01597 , 0 . 07256 . |𝑤 ∕𝑣 | = 4 . 54 . (b) The wavefunction of 
the edge mode Ψ9 supported in this finite-sized SSH model. (c) Calculated 
delay time 𝜏𝑑 as a function of normalized frequency( 𝜔∕𝜔0 ) with intrinsic 
loss 𝜅𝑖 ∕𝜔0 = 10− 4 and the coupling loss 𝜅𝑐, 0 ∕𝜔0 = 5 × 10− 3 . The edge 
mode Ψ9 is indicated by the red arrow. (d) The Haldane mode with 
𝑁 = 11 × 6 and coupling strengths 𝑡1 ∕𝜔0 , 𝑡2 ∕𝜔0 = 0 . 05 , 0 . 02 𝑗. (e) The 
wavefunction of an edge mode Ψ33 supported in a finite-size Haldane 
mode. (f) Calculated 𝜏𝑑 as a function of normalized frequency with 
𝜅𝑖 ∕𝜔0 = 10− 5 and 𝜅𝑐, 0 ∕𝜔0 = 5 × 10− 3 . The edge mode Ψ33 is indicated by 
the red arrow. 
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nformation [ 13 ], a natural question arises on the corresponding
ransport properties in the supported non-trivially topological
tates. It is the common belief that the wavefunctions of supported
dge states in a finite-size chain should remain staying localized
trongly at their respective boundaries and decay exponentially
n the bulk, with a penetration depth 𝜉 depending on the contrast
etween coupling strengths. 

rior studies have extensively explored signal transmission and
ommunication between localized excitations across photonic
nd electromagnetic (EM) platforms. For example, topological
hispering-gallery modes have been employed to protect uni-
irectional wave propagation in circular microcavities [ 14–17 ],
acilitating edge-to-edge spatial coupling [ 18, 19 ]. These efforts
ave primarily focused on subwavelength non-radiative coupling,
nd disorder-robust energy transfer. Alternatively, efficient edge-
o-edge state transfer has been demonstrated by dynamically
odulating internal intersite couplings, leveraging topological
umping protocols in 1D coupled-waveguide arrays [ 20–23 ].
lthough capable of transfer over extended spatial ranges,
hese approaches rely on active, time-dependent modulations or
diabatic parameter sweeps. 

n the contrary, in this paper, we reveal that one can transport
nformation between two supported edge states with non-trivially
opological protection with a longer distance, and achieving a
uch shorter group delay. In an open, port-coupled topological
etwork, the scattering group delay associated with the topolog-
cal edge state does not scale with chain size, which is a major
roperty of the group delay by the bulk modes. Because the edge
tate is spatially localized at the boundaries, its strong spatial
verlap with external leads provides enhanced port coupling,
nabling an order-of-magnitude reduction in latency relative to
ulk modes while maintaining robust protection against internal
tructural disorder. 

xperimentally, the existence of non-trivially optical topological
dge states in a chain of dimers with split-ring resonator (SRR)
nd its counterpart, the complementary split-ring resonator
CSRR), is illustrated with a proper setting on the intra- and
nter-cell coupling strengths between SRRs and CSRRs [ 24 ]. By
xtracting the amplitude and phase from the transmission spec-
roscopy, a photonic band gap in the passband is measured when
he inversion symmetry is broken [ 25, 26 ]. In addition to verifying
dge-state transmission in the regime where the system size
ignificantly exceeds the penetration depth, the corresponding
roup delay was extracted from continuous-wave(CW) scatter-
ng data and confirmed via time-domain pulse measurements.
xperimentally, we demonstrate that topological edge modes
xhibit significantly shorter group and pulse delays compared to
ulk modes. 

 Theoretical Results 

he 𝑁-site SSH model can be described by the Hamiltonian 

𝐻𝑆 𝑆 𝐻 =
𝑁 ∑
𝑗= 1 

𝜔0 𝑎
†
𝑗 𝑎𝑗 +

𝑁− 1 ∑
𝑗= 1 

𝑔𝑗 𝑎
†
𝑗+ 1 𝑎𝑗 + ℎ.𝑐. (1)
of 8

i

where 𝑎𝑗 is the anhillation operator for site 𝑗, and 𝑔𝑗 = 𝑣 and 𝑤 for
odd and even 𝑗, respectively (Figure 1a ). This staggered coupling
in the “diatomic basis” opens a band gap in the infinite chain
case. The SSH model is known for its topological features and
undergoes a transition from a trivial phase to a topological phase
as it is tuned across 𝑤∕𝑣 = 1 . In the topological phase ( 𝑤∕𝑣 > 1 ),
the model supports protected edge modes whose energy lies at the
center of the band gap. Outside this band center, one recovers the
typical Bloch solutions expected for periodic systems. For a finite-
size system a non-zero value of the energy difference Δ𝑒 occurs
for “near-zero” modes even when 𝑤∕𝑣 > 1 . Given 𝑤∕𝑣 > 1 , Δ𝑒 

can be approximated by Δ𝑒 = 2 𝑤 (
𝑤 

𝑣 
)− 𝑁 ∕2 [1 − (

𝑤 

𝑣 
)− 2 ]∕[1 − (

𝑤 

𝑣 
)− 𝑁 ] ,

in which 𝑁 is the chain length (number of lattice sites) [ 27 ]. Asso-
ciated with a finite Δ𝑒 , the corresponding modes are no longer
isolated at one end, but become a symmetric or anti-symmetric
combination of the isolated edge modes and characterized by the
penetration depth 𝜉 = 2∕ ln ( 𝑤 ∕𝑣 ) as presented in Figure 1b [ 27 ].
In this context, Δ𝑒 ∕2 can be viewed as a coupling energy of the
localized modes on each edge, scaled exponentially by 𝑁. 

To analyze the transport properties of the 1D chain, we model a
setup where measurement leads (or feedlines) are coupled to the
ends of the chain. This configuration, combined with the gapped
band structure of the SSH model, creates a system that resembles
a typical molecular junction, with the chain itself acting as a long
junction barrier. We can describe the photon transport to and
from the leads by adding corresponding hopping terms to the
Advanced Materials Technologies, 2026
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amiltonian: 

𝐻 = 𝐻𝑆 𝑆 𝐻 + 𝑔𝑙 𝑎1 + 𝑔𝑟 𝑎𝑁 + ℎ.𝑐., (2)

here 𝑔𝑙 is the hopping strength between the first resonator
nd the left lead, and 𝑔𝑟 is the hopping strength between the
ast resonator and the right lead. For the transmission-type lead
onfiguration shown in Figure 1a , the transmission complex
mplitude 𝑇( 𝜔) is related to the transmission susceptibility 𝜒𝑇 ( 𝜔)

y 𝑇( 𝜔) = − 𝑖
√
𝑔𝑙 𝑔𝑟 𝜒𝑇 ( 𝜔) . The susceptibility is defined as [ 28, 29 ]:

𝜒𝑇 ( 𝜔) = 𝑖 ∫
∞

0 

𝑑 𝑡𝑒𝑖𝜔𝑡 
⟨ [
𝑎𝑁 ( 𝑡) ,

(
𝑎1 + 𝑎†1 

)]⟩ 

(3)

ere, 
(
𝑎1 + 𝑎†1 

)
represents the generalized force applied to the

ystem at the first site, and 𝑎𝑁 ( 𝑡) is the system’s response observed
t the last site. Similarly, the reflection susceptibility, 𝜒𝑅 ( 𝜔) , can
e calculated by replacing the response operator 𝑎𝑁 ( 𝑡) with 𝑎1 ( 𝑡)
n Equation ( 3 ). 

he group delay time for the photon transport via a resonance
ode can be extracted from the phase data of 𝑇( 𝜔) as detailed in
ef. [ 30 ]. By denoting 𝜅𝑐 and 𝜅𝑖 as the coupling decay rate and the
ntrinsic decay rate, respectively, and 𝜅 = 𝜅𝑐 + 𝜅𝑖 as the total decay
ate, the maximum (group) delay time associated with trans-
ission is 𝜏𝑑,𝑚 = 2∕ ( 𝜅𝑖 + 𝜅𝑐 ) = 2∕ 𝜅 at the resonance frequency
 = 𝜔𝑟 . Conversely, the reflected signal exhibits a negative delay,
hich indicates a pulse “advance” with 𝜏𝑎,𝑚 = − 2𝜅𝑐 ∕𝜅𝑖 ( 𝜅𝑖 + 𝜅𝑐 ) .
ntriguingly, the difference between the maximum delay and the
aximum advance depends only on the system’s intrinsic loss
ate 𝜏𝑑,𝑚 − 𝜏𝑎,𝑚 = 2∕𝜅𝑖 . This result shows that achieving larger
elay or advance times is contingent on using low-loss resonators.

n a system of coupled resonators, the projection of an eigenmode
Ψ𝑠 ⟩ onto the contact sites plays a critical role in governing trans-
ission amplitude 𝑇 and reflection amplitude 𝑅, by modifying
he effective coupling decay rates for collective modes. For 𝑅,
he effective coupling rate is 𝜅𝑐 = 𝜅𝑐0 |𝜓1 |2 , in which 𝜓1 = ⟨1 |Ψ𝑠 ⟩
s the wavefunctions at lattice site 1 , and 𝜅𝑐0 is a geometry-
ependent coupling strength. For 𝑇, the total coupling decay
ate involves both the input and output ports as 𝜅𝑐 = 𝜅𝑖𝑛 + 𝜅𝑜𝑢𝑡 =
𝑐0 (|𝜓1 |2 + |𝜓𝑁 |2 ) . Leveraging the parity symmetry of the modes
 𝜓𝑁 = 𝑒𝑖𝜙𝑠 𝜓1 ), this can be approximated as 𝜅𝑐 ∼ 2 𝜅𝑐0 |𝜓1 |2 . 
he effective 𝜅𝑐 modifies the delay times for bulk modes to be
𝑑,𝑚 = 2∕ ( 𝜅𝑖 + 𝜅𝑐 ) = 2∕

(
𝜅𝑖 + 2 𝜅𝑐0 |𝜓1 |2 ). Close to the edge modes,

here is the small splitting Δ𝑒 comparable to 𝜅 between them, and
he maximum delay time is 𝜏𝑑,𝑚 = 2 𝛾∕ ( 𝜅𝑖 + 𝜅𝑐 ) ∼ 2 𝛾∕ ( 𝜅𝑖 + 𝜅𝑐0 ) ,
n which 𝛾 is a factor decreases from 2 to 1, as Δ𝑒 increases over 𝜅.
his doubling of the delay time is attributed to the superposition
f the 2 𝜋 phases contributed by each of the two hybridized
dge modes. On the other hand, the maximum advance time for
ulk modes is 𝜏𝑎,𝑚 = − 2𝜅𝑐0 |𝜓1 |2 ∕𝜅𝑖 ( 𝜅𝑖 + 𝜅𝑐0 |𝜓1 |2 ) . For edge modes
𝑎,𝑚 ∼ − 2∕𝜅𝑖 , by assuming 𝜅𝑐0 > 𝜅𝑖 , and the edge modes have
ignificantly larger wavefunctions at the edge, with |𝜓1 |2 ∼ 1 

n short, the key difference in delay times between edge and bulk
odes stems from the wavefunction’s amplitude at the contact
ite, |𝜓1 |, and is easy to understand in the ideal case 𝜅𝑖 = 0 . For
dvanced Materials Technologies, 2026
bulk modes, we assume these behave like Bloch waves, with
population equally distributed along the chain, |𝜓1 |2 ∼ 1∕ 𝑁. The
maximum delay time becomes 𝜏𝑑,𝑚 = 1∕( 𝜅𝑐0 |𝜓1 |2 ) ∼ 𝑁∕𝜅𝑐0 , scal-
ing linearly with 𝑁. For edge modes, the wavefunction is localized
at the boundary, giving |𝜓1 |2 ∼ 1 . This results in a maximum
delay time of 𝜏𝑑,𝑚 ∼ 2 𝛾∕𝜅𝑐0 , which is 𝑁-independent. Although
the long delay time for bulk modes is a direct consequence of
their small effective coupling rate, a classical interpretation is
that the bulk mode transport is akin to a sequential, site-by-
site hopping process, while edge mode transport resembles a
single-step tunneling event. Meanwhile, the amplitude of the
transmission, 𝑇, provides an estimate of the transfer efficiency for
either process. 

Topological protection against bulk disorder extends directly to
the edge-mode group delay, which can be formally understood
via first-order perturbation theory. We consider two standard
types of defects localized at site 𝑛𝑑 : an on-site defect Δ𝐻 =
Δ𝜔|𝑛𝑑 ⟩⟨𝑛𝑑 | and a coupling defect Δ𝐻 = Δ𝑔|𝑛𝑑 + 1 ⟩⟨𝑛𝑑 | + h.c.
The first-order shift in eigenfrequency 𝜔𝑠 for an eigenstate |Ψ𝑠 ⟩
is given by Δ𝜔𝑠 = Δ𝜔|⟨𝑛𝑑 |Ψ𝑠 ⟩|2 for on-site defects and Δ𝜔𝑠 =
2Re [ Δ𝑔⟨𝑛𝑑 + 1 |Ψ𝑠 ⟩∗ ⟨𝑛𝑑 |Ψ𝑠 ⟩] for coupling defects. Because the
edge-mode wavefunction |Ψ𝑠 ⟩ is exponentially localized near
the boundary, the spatial overlap |⟨𝑛𝑑 |Ψ𝑠 ⟩| vanishes rapidly as
∝ 𝑒− 𝑛𝑑 ∕𝜉 for any bulk site 𝑛𝑑 beyond the localization length 𝜉.
Consequently, bulk disorder produces virtually zero perturbation
to the edge-mode resonance frequency. 

Furthermore, under strong external port coupling ( 𝜅𝑐0 ≫ 𝜅𝑖 ),
variations in the group delay are governed by perturbations to the
boundary wavefunctions, ⟨1 |ΔΨ𝑠 ⟩ and ⟨𝑁|ΔΨ𝑠 ⟩. From first-order
non-degenerate perturbation theory, the eigenstate correction is
|ΔΨ𝑠 ⟩ = ∑

𝑗≠𝑠 ⟨Ψ𝑗 |Δ𝐻|Ψ𝑠 ⟩|Ψ𝑗 ⟩∕(𝜔𝑠 − 𝜔𝑗 

)
. When |Ψ𝑠 ⟩ is a local-

ized edge state and |Ψ𝑗 ⟩ is a bulk state, the matrix element⟨Ψ𝑗 |Δ𝐻|Ψ𝑠 ⟩ = Δ𝜔⟨𝑛𝑑 |Ψ𝑗 ⟩∗ ⟨𝑛𝑑 |Ψ𝑠 ⟩ (or Δ𝑔[ ⟨𝑛𝑑 + 1 |Ψ𝑗 ⟩∗ ⟨𝑛𝑑 |Ψ𝑠 ⟩ +
h.c. ] ) is exponentially suppressed whenever the defect 𝑛𝑑 is
located deep in the bulk. Consequently, bulk disorder exerts
negligible influence on the boundary overlaps and the resulting
edge-mode group delay. 

A critical scenario occurs when a defect is positioned near
a boundary ( 𝑛𝑑 ≤ 𝜉 ≈ 1 ), where mixing within the quasi-
degenerate subspace of the two edge states must be accounted
for. In a finite system, the symmetric and antisymmetric linear
combinations of the left and right edge modes ( |Ψedge ,𝐿 ⟩ and|Ψedge ,𝑅 ⟩) have unperturbed eigenfrequencies of − Δ𝑒 ∕2 and
+ Δ𝑒 ∕2 . An on-site defect near the left boundary introduces
the mixing of eigenstates with strength 𝜂 ≡ Δ𝜔|⟨𝑛𝑑 |Ψedge ,𝐿 ⟩|2 ,
yielding perturbed eigenfrequencies 𝜔 =

(
𝜂 ±

√
Δ2 
𝑒 + 𝜂2 

)
∕2 ,

defining an enlarged splitting of Δ′
𝑒 =

√
Δ2 
𝑒 + 𝜂2 . For an

intersite coupling defect, the mixing strength is given
by 𝜂′ = 2Re 

[
Δ𝑔⟨𝑛𝑑 + 1 |Ψedge ,𝐿 ⟩∗ ⟨𝑛𝑑 |Ψedge ,𝐿 ⟩], with the

corresponding splitting obtained by substituting 𝜂 → 𝜂′.
This effective splitting Δ′

𝑒 plays a critical role in dictating the
peak group delay time. Under strong disorder ( 𝜂 ≫ Δ𝑒 ), the
hybridized states decouple back into localized left and right
edge modes. When the effective splitting exceeds the resonance
linewidth ( Δ′

𝑒 > 𝜅), spectral peak splitting occurs, which reduces
the maximum delay time by approximately half. Consequently,
unless a defect is located directly at or adjacent to the boundary
3 of 8

ve C
om

m
ons L

icense



FIGURE 2 (a) SSH model realized in a finite-size chain by combining SRRs and CSRRs. The two leads at the front and end nodes are implemented 
by two transmission lines, denoted with the input port 1 , reflection port 2 , and transmission ports 3 and 4 , respectively. (b) The micrographs for the 
sapphire-based sample, in which the lighter regions represent aluminum (Al) metallization. Scale bars represent 800 and 1000 μm for the left and right 
panels, respectively. 
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uch that 𝜂 (or 𝜂′) > 𝜅 > Δ𝑒 , the edge-mode group delay remains
irtually unchanged, exhibiting robust topological immunity
ompared to the high sensitivity of bulk modes. 

ollowing Equation ( 3 ), the group delay 𝜏𝑑 = 𝑑 𝜙∕𝑑 𝜔 is calculated
nd plotted in Figure 1c , with blue symbols indicating 𝜏𝑑,𝑚 at
ach resonance. The distribution of these resonances allows
or the clear identification of the band gap and the topological
dge mode, which is indicated by a red arrow. The central
inding asserts that the edge mode transport has a much smaller
roup delay time than the bulk mode transport. As detailed in
he Supporting Information , the protection against disorder are
erified by exact numerical calculations with disorder strengths
f Δ𝜔 = Δ𝑔 = 0 . 01 . The relative shift in delay time ( Δ𝜏𝑑,𝑚 ∕𝜏𝑑,𝑚 )
or edge transmission is ∼ 0 . 2% for on-site defects and ∼ 2% for
oupling defects when placed deep in the bulk. In contrast, for
 boundary defect at 𝑛𝑑 = 1 (or 𝑁), the defect-induced splitting
ignificantly reduces the normalized peak delay 𝜏𝑑,𝑚 𝜔0 from ∼

00 to ∼ 250 . 

o confirm that this reduction in group delay is not restricted
o the 1D case, we performed a similar calculation for a two-
imensional (2D) Haldane model, which have been proposed
o produce topological effects in the optics [ 31 ]. With hopping
trengths 𝑡1 ∕𝜔0 , 𝑡2 ∕𝜔0 = 0 . 05 , 0 . 02 𝑗, the finite system consists of
 × 5 honeycombs and features a total of 66 modes (Figure 1d ).
igure 1e illustrates the wavefunction distribution ( |Ψ𝑠 |2 ) for one
f these edge modes 𝑠 = 33 . The group delay for this model is
hown in Figure 1f . The distribution of resonances reveals the
and gap and the 10 corresponding edge modes, in which the
 = 33 mode is marked by a red arrow. The result confirms again
hat the group delay for the topological edge modes is significantly
maller than those of the bulk modes. 

 Experimental Methods 

o demonstrate the transport with short group delay supported
y the topological edge states, we build 1D chains combining
RRs and CSRRs, fabricated on the front and back layers of
of 8
a substrate, respectively, as illustrated in Figure 2 . Following
the dimer structure, we manipulate the intra- and inter-cell
coupling strengths by varying the orientation of SRRs and CSRRs.
This control is possible because the coupling strength between
SRRs is highly dependent on angle rotations [ 32–34 ], and the
coupling between an SRR and a CSRR is greatly impacted by
their orientation texture [ 35, 36 ]. We fabricated two different types
of samples: The superconducting Al resonators are fabricated
on the substrate sapphire at a operation frequency of about 6
GHz, and the normal conducting Cu resonators are fabricated
on the Roger 4003 C printed circuit board (PCB) at a operation
frequency of about 3 GHz. The Al resonators are designed
with 1 . 406 mm in diameter( 𝑟), 0 . 148 mm in line width( 𝑠), gap
between two rings( 𝑔1 ), and split for the ring gaps( 𝑔2 ), and 3 . 7
mm for the lattice constant. The Cu resonators are designed with
𝑟 = 7 . 6 mm, 𝑠 = 𝑔1 = 𝑔2 = 0 . 4 mm, and 10 mm for the lattice
constant. To investigate the non-trivial topological case, we set
the orientation angles of the SRR and CSRR to (30◦, 110◦) . For
these selected angles, the resulting coupling ratio 𝑤 ∕𝑣 is 4 . 67
for the Al resonators and 4 . 54 for the Cu resonators. To perform
direct measurements of the transmission and reflection spectra,
we introduce two leads at the first and last nodes of the chain.
With the help of the transmission lines, we define the input (port
1), reflection (port 2), and transmission (ports 3 and 4) ports.
Full-wave electromagnetic simulations were performed using the
ANSYS HFSS [ 37 ] driven modal solver. 

4 Experimental Results 

Figure 3a–c presents the experimental results for the 𝑁 = 20

superconducting resonator chain. The plots show the reflec-
tion amplitude( |𝑆21 |), transmission amplitude( |𝑆31 |), and the
advance/delay time at the eigenmodes, respectively. The mea-
sured band structure reveals a lower band ranging from 4.5 to
5.1 GHz, a higher band from 5.6 to 6.1 GHz, and an edge mode
in the band gap at 5.4 GHz. The group delay time for the edge
mode is much smaller than those associated with the bulk modes.
In this sample, the advance time is also long, with a magnitude
comparable to the delay time. Furthermore, consistent with
Advanced Materials Technologies, 2026
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FIGURE 3 (a) The measured reflection amplitude |𝑆21 | for a chain of 20 superconducting resonators. The edge mode is indicated by the blue 
arrow. (b) The measured transmission amplitude |𝑆31 |. (c) The maximum advanced time (red) and delay times (blue) as a function of frequency. The 
edge mode is indicated by the blue arrow. (d) The simulated reflection amplitude |𝑆21 |. The edge mode is indicated by the blue arrow. (e) The simulated 
transmission amplitude |𝑆31 |. (f) The maximum advanced time (red) and delay times(blue) as a function of frequency. The edge mode is indicated by 
the blue arrow. 

FIGURE 4 (a) Normalized transmitted waveforms of 1- μs pulses for the reference at 5.1296 GHz (blue), the edge mode at 5.715 GHz (green), bulk 
mode 1 at 4.5298 GHz (red), and bulk mode 2 at 5.8533 GHz (magenta). Vertical arrows indicate the mode-dependent pulse peak delays. (b) Transmitted 
waveforms (in mV ) through bulk mode 1 with 𝑡𝑝 from 0 . 1 to 3 μs . (c) Group delay as a function of pulse width for the edge mode (green), bulk mode 
1 (red), and bulk mode 2 (magenta). (d) Group delay as a function of frequency derived from CW phase data (blue curve) and time-domain pulse 
measurements (red symbols). Vertical arrows highlight the resonance frequencies of the three examined modes. Excellent agreement between the two 
methods confirms sufficient mode bandwidth for distortionless 1- μs pulse transmission. 
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FIGURE 5 (a) The delay time as a function of chain length 𝑁
for edge modes(red) and bulk mode(blue) determined by calculated 
transmission amplitude. The intrinsic loss and coupling rates are 𝜅𝑖 ∕𝜔0 = 

10− 5 and 𝜅𝑐0 ∕𝜔0 = 5 × 10− 3 . (b) The delay time as a function of chain 
length 𝑁 with a higher intrinsic loss and coupling rates 𝜅𝑖 ∕𝜔0 = 10− 4 

and 𝜅𝑐0 ∕𝜔0 = 5 × 10− 3 . The green line indicates the upper limit of the 
delay time due to the intrinsic loss. (c) The delay times deduced from 

the 𝑆31 data obtained by finite-element simulations. The edge modes are 
indicated by the arrows. (d) The advance time deduced from the 𝑆21 data 
obtained by finite-element simulations. (e) The delay times deduced from 

the 𝑆31 data from the 𝑁 = 10 and 𝑁 = 20 normal conducting samples. 
Vertical arrows indicate the results for edge modes. (f) The advance 
time deduced from the 𝑆21 data from the 𝑁 = 10 and 𝑁 = 20 normal 
conducting samples. 
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imulated results, both advance and delay times trend shorter as
he frequency increases. 

o verify that the group delay extracted from CW phase spec-
roscopy accurately represents physical signal latency, we per-
ormed time-domain transmission measurements using Gaussian
ulses (width 𝑡𝑝 = 1 μs ) with carrier frequencies tuned to individ-
al resonant modes. As shown in Figure 4a , the normalized 𝑆31
ransmitted signals exhibit distinct pulse delay times for the edge
ode ( 5 . 715 GHz ), bulk mode 1 ( 4 . 5298 GHz ), and bulk mode

 ( 5 . 8533 GHz ), relative to an off-resonance reference pulse at
 . 1296 GHz . Edge-mode transmission is substantially faster than
ulk-mode transport, yielding measured pulse delays of 15 ns for
he edge mode compared to 270 ns and 217 ns for bulk modes
 and 2, respectively. Figure 4b illustrates Gaussian pulse trans-
ission through bulk mode 1 for pulse durations 𝑡𝑝 ranging from
 . 1 to 3 μs . For pulse widths below 0 . 5 μs , the narrow resonance
andwidth of the bulk mode induces envelope distortion and
rtificially reduces the measured delay. Figure 4c summarizes
he pulse delay as a function of 𝑡𝑝 across all three modes. While
ulk-mode delays decrease rapidly for 𝑡𝑝 < 1 μs , the edge-mode
ulse remains undistorted down to 𝑡𝑝 = 0 . 1 μs , maintaining a
onstant delay of 15 ns . Such pulse distortion occurs when 𝑡𝑝 <
∕ 𝐵, where the operational bandwidth 𝐵 is determined by the
esonance linewidth 𝜅. The measured linewidths for the edge
ode, bulk mode 1, and bulk mode 2 are 𝜅 = 30 , 9 . 4 , and 8 . 2MHz ,
espectively. Finally, Figure 4d provides a comprehensive com-
arison between the CW phase-derived group delays and the
easured pulse delays ( 𝑡𝑝 = 1 μs ) across the lower passband (left
anel), the edge mode, and the upper passband(right panel).
he excellent quantitative agreement between the two methods
onfirms that the resonant modes provide sufficient bandwidth
o accommodate 1- μs pulses without significant distortion. 

he delay time as a function of chain length 𝑁 for edge modes
nd bulk modes can be predicted by transmission amplitude cal-
ulations as presented in Figure 5a,b , respectively using 𝜅𝑖 ∕𝜔0 =
0− 5 and 10− 4 , and both 𝜅𝑐0 ∕𝜔0 = 5 × 10− 3 . The red line shows
he expected delay time for edge mode, 𝜏𝑑,𝑚 = 2∕ 𝜅𝑐0 . The blue
ashed curves indicates the linear dependence of 𝜏𝑑,𝑚 and 𝑁,
hile the blue solid line includes the correction with a finite 𝜅𝑖 .
he green line is the expected upper bound of delay time when
he intrinsic loss is large. In Figure 5c,d , we present the delay
imes obtained by finite-element simulations with the normal
onductor structures with 𝑁 = 10 and 20. In simulations, the
elay time of bulk mode transport increases with chain length,
hile the edge mode group delay remain similar for 𝑁 = 10 and
 = 20 , as expected by theory for low-loss systems. 

xperimentally, the length dependence of the group delays is
nvestigated using the normal conducting samples, which have
 larger intrinsic loss. In a high-loss regime where 𝜅𝑖 > ∼ 𝜅𝑐0 ,
he delay time is dominated by the intrinsic loss 𝜏𝑑,𝑚 ∼ 2∕𝜅𝑖 ,
nsensitive to the chain length 𝑁 for both bulk and edge modes.
owever, the scaling of the advance time can be deduced as
𝑎,𝑚 ∼ − 2𝜅𝑐0 |𝜓1 |2 ∕𝜅2 𝑖 . For bulk modes, this advance time scales
s |𝜓1 |2 ∼ 1∕ 𝑁, while for edge modes, 𝜏𝑎,𝑚 is 𝑁-independent. As
ne can see in Figure 5e,f , the aforementioned expectations are
erified except that the edge mode has an unexpected long delay
ime of 117.5 ns for 𝑁 = 10 , that may be impacted by unwanted
ubstrate modes. Overall, substantial internal losses in these
of 8

i

normal conducting devices preclude direct experimental verifi-
cation of 𝑁-independent edge-mode group delays. Consequently,
experimentally demonstrating length-scaling behavior requires
low-loss multi-length platforms, leaving superconducting device
testing as a promising direction for future work. 

Beyond pulse delay, key performance metrics such as power
attenuation and spectral bandwidth strongly impact practical
signal quality. In particular, to ensure undistorted pulse transport
that aligns with the expected scattering group delay, the temporal
pulse width must satisfy 𝑡𝑝 > 1∕ 𝐵(∼ 1∕ 𝜅) > 1∕Δ𝑒 . Consequently,
optimizing edge-mode transmission performance requires care-
fully balancing the dimerization ratio 𝑤 ∕𝑣 and the chain length
𝑁. To clarify the constraints governing edge-state transmission
as 𝑁 scales, we performed exact numerical calculations with
representative system parameters ( 𝜅𝑖 ∕𝜔0 = 10− 4 and 𝜅𝑐0 ∕𝜔0 =
5 × 10− 3 ) across chain lengths from 𝑁 = 6 to 20 as detailed in
Supporting Information . Peak transmittance decays exponen-
tially with 𝑁 for both state types, with the edge mode exhibiting
an insertion loss rate of − 6 . 57 dB/site compared to − 1 . 73 dB/site
for the bulk modes. The total linewidth from the resonance
spectrum remains nearly constant, decreasing slightly from
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 . 95 × 10− 3 𝜔0 ( 𝑁 = 6 ) to 4 . 70 × 10− 3 𝜔0 ( 𝑁 = 20 ), as it is pre-
ominantly determined by external port coupling ( 𝜅𝑐0 ). The
elay-bandwidth product ( DBP = 𝜏𝑑,𝑚 𝜅) remains constant across
ystem sizes, shifting only from 1 . 99 ( 𝑁 = 6 ) to 1 . 94 ( 𝑁 = 20 ).
inally, the speed-throughput figure of merit ( FoM = |𝑇|2 ∕𝜏𝑑,𝑚 ),
ormally defining the operational trade-off window where latency
dvantages outweigh transmission losses, decreases exponen-
ially with 𝑁 due to power transmittance decay. 

 Conclusions 

n conclusion, we have investigated the short group delay sup-
orted by the edge modes in low dimensional topological models,
hich is originated from the large effective coupling between
he edge mode and measurement leads. Regarding experimental
emonstrations, we implement a chain of interleaved split-
ing resonators and complementary split ring resonators with
 proper setting in the orientation texture. The existence of
on-trivially topological edge states, which are zero modes, is
ot only demonstrated through the transmission spectra, but
lso verified through the observation of a short group delay.
heoretical analysis reveals that in an open, port-coupled topo-
ogical network, the scattering group delay of the edge state is
ndependent of system size. The strong spatial overlap between
he edge wavefunction and external leads provides enhanced port
oupling, yielding an order-of-magnitude reduction in latency
elative to bulk modes while maintaining robust protection
gainst internal structural disorder. The group delay revealed
nd verified in our experiments provides a crucial guideline
or utilizing photonic topological devices, which demonstrates
he possibility to transport optical information with topological
rotection [ 38–42 ]. While practical pulse transport via edge
odes in the 1D SSH model is constrained by low transmission
fficiency at large system sizes, the benefit of reduced group
elay persists in higher-dimensional topological systems, where
oundary transport is significantly more efficient. Consequently,
erifying fast edge-mode transport in 2D topological platforms
epresents a promising direction for future research. 
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