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Integrated photonic chips have gradually become a significant option for information transmission
and processing, in which the integration density will play an increasingly important role similar to that
witnessed in integrated circuits. To date, great efforts have been made for silicon-on-insulator wafers
to achieve dense integration with low crosstalk, although it remains quite challenging in the emerging
lithium-niobate-on-insulator (LNOI) platform. Here, we report a strategy utilizing Floquet-mode-index
modulation to realize broadband zero crosstalk with minimal impact on other performance metrics on
the LNOI chips. The underlying physics of zero crosstalk is attributed to the collapse of the Floquet
quasienergy, which is further experimentally verified by ultrabroadband low-crosstalk transmissions with
low excess loss. Moreover, we demonstrate broadband eight-channel light transmissions in a compact
LNOI waveguide array, showing an advantage over the conventional ones in comparison. Our work pro-
vides an alternative approach for improving the integration density of on-chip photonic circuits, opening
up different possibilities for dense waveguide applications in the promising LNOI platform.
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I. INTRODUCTION

Integrated photonics is becoming increasingly signifi-
cant in information processing technology, including chip-
scale optical interconnects [1,2], space-division multiplex-
ing [3,4], parallel computing [5–7], and sensing [8]. The
increasing complexity and versatility of a photonic inte-
grated chip require more and more components, thus
miniaturization with low power consumption in photonic
devices is highly desired. However, the waveguide mode
exhibits exponentially decaying evanescent fields in the
cladding, which would overlap to give rise to near-field
coupling. Although this near-field coupling can be har-
nessed to achieve directional coupler or splitter functions,
they also result in significant interchannel crosstalk, thus
limiting the chip’s integration density and scalability [9–
14]. To overcome the long-standing challenge of crosstalk
reduction in high-density photonic chips, great efforts
have been made by incorporating superlattices [9,10,
15], extreme-skin-depth waveguides [13,14,16], artificial-
gauge-bending designs [17–20], etc. These approaches
mainly focused on a silicon-on-insulator (SOI) wafer that
has a large refractive-index contrast and high fabrication
accuracy, which provides high flexibility in designing tiny
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subwavelength metamaterials or bending the waveguides
without encountering high scattering losses. Moreover,
achieving broadband low crosstalk is still quite challeng-
ing.

Lithium niobate on insulator (LNOI), as a promising
photonic integration platform, has received much con-
sideration in recent years due to its advantages, such
as high-speed electro-optical modulators and nonlinear-
signal generation [21–27]. Yet, low refractive-index con-
trast and relatively immature fabrication techniques of
the LNOI make it difficult to directly transplant existing
schemes into the LNOI platform. Recently, it was revealed
that, instead of bending the waveguide, periodically mod-
ulating on-site potentials also exhibited high flexibility
for manipulating optical fields, giving rise to nontrivial
Floquet topological phases known as bimorphic Floquet
topological insulators [28]. This can circumvent addi-
tional losses entailed by curved waveguide trajectories in
conventional Floquet topological insulators [29–31], and
inspires us to utilize waveguide-mode-index modulation
to reduce crosstalk without introducing excessive bending
losses on the LNOI chips.

Here, we propose an alternative approach to realize
broadband zero crosstalk by Floquet engineering of the
mode index in LNOI waveguides. By periodically vary-
ing the waveguides along the light-propagation direction,
the resulting Floquet-quasienergy spectrum will collapse
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under certain driving conditions, giving rise to the inhi-
bition of light-tunneling effects. As such, an effective
zero coupling can be obtained to achieve low-crosstalk
light transmission, which is further verified in LNOI
experiments with ultrabroadband and robust performances.
In addition, eight-channel low-crosstalk broadband light
transmissions are demonstrated, suggesting practical appli-
cations in massive photonic integrations. This work pro-
vides an alternative method for achieving high-density
waveguides with broadband low crosstalk, which are
promising for advancing device performance on the LNOI
platform.

II. FLOQUET ANALYSIS OF BROADBAND ZERO
COUPLING

We start our analysis on an on-site Floquet modula-
tion with frequency �= 2π /p that is applied to a one-
dimensional waveguide array along the light-propagation
direction, z, with driving phase difference ϕ between adja-
cent waveguides. In the paraxial approximation, such a
tight-binding lattice can be described by

H(z) =
N∑

n=1

β0a†
nan +

N∑

n=1

A sin
(
�z + θ + (−1)n

ϕ

2

)
a†

nan

+
N−1∑

n=1

κn,n+1a†
nan+1 + h.c., (1)

and light evolution is governed by a time-dependent
Schrödinger-type equation (treating propagation distance
z in our waveguide system as time):

i
∂

∂z
|ψ(z)〉 = H(z)|ψ(z)〉, (2)

where a†
n(an) is the creation (annihilation) operator, θ is

an initial phase, A = 2πn
′
eff/λ is the modulation amplitude

with detuning n
′
eff, and κn,n+1 is the coupling coefficient

between the nth and (n + 1)th waveguides.
For an initial state |ψ(0)〉, the light evolution can

be expressed as |ψ(z)〉 = U(z, 0)|ψ(0)〉, where U(z, 0) =
T exp

[−i
∫ z

0 H(z)dz
]

is the unitary evolution operator and
T is the z-ordering operator. According to Floquet theory
[32–34], the periodically driven system can be described
by quasienergy ε derived from the z-dependent Hamilto-
nian in Eq. (1) [see Appendix A]. We find that, when the
modulation phase difference of neighboring waveguides is
inverted (ϕ=π ), special quasienergy collapse [35–37] can
occur, which, in turn, creates localization. Below we con-
sider this situation, i.e., out-of-phase modulation on the
LNOI waveguide array with waveguide-mode-index engi-
neering, as illustrated in Figs. 1(a) and 1(b), where the
width (w) of the waveguide varies along light-propagation
direction z with frequency �= 2π /p [other cases with

(a) (b)

(c) (d) (e)

(f)

(g)

FIG. 1. (a) Schematics of periodically modulated LN waveg-
uides. (b) Cross-section and top view of the waveguides, where
w = 900 nm, g = 1000 nm, h1 = h2 = 300 nm, and δw = 105 nm.
(c) Floquet-quasienergy spectrum as a function of modulation
frequency. Quasienergy collapses around the resonant frequency
(purple region). Quasienergy spectrum in the first Brillouin zone
with modulation frequency�= 8κ (d) and�= 4.5κ (e), marked
by the upright green triangle and inverted purple triangle, respec-
tively, in (c). Corresponding light-evolution behavior in modu-
lated (f) and normal (g) waveguides. N = 25, A = 5κ , L = 2Lc,
Lc =π /κ .

arbitrary phase difference ϕ are demonstrated in Appendix
B], and Eq. (1) can be reduced to

H(z) =
N∑

n=1

β0a†
nan +

N∑

n=1

(−1)nA cos(�z + θ)a†
nan

+
N−1∑

n=1

κn,n+1a†
nan+1 + h.c. (3)

Coupling can be taken as independent of z (κn,n+1 =
κ*n+1,n = κ) given that the modulation is weak here
(A �β0) and the spacing between the core of adjacent
waveguides remains constant along the propagation direc-
tion. By solving Eq. (3), as illustrated in Figs. 1(c)–1(e),
Floquet-mode-index modulation at a specific frequency
(i.e., resonant frequency) leads to quasienergy band col-
lapse [the pale-purple region in Fig. 1(c)] and flat dis-
persion in k space [Fig. 1(e)], which are more intriguing
than other nonresonant regions [normal dispersion shown
in Fig. 1(d)]. For a clearer comparison, Figs. 1(f) and 1(g)
show light evolution in the modulated and normal (i.e.,
without modulation) waveguide array, respectively. Light
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remains localized in the input waveguide for the modu-
lated case [Fig. 1(f)] due to quasienergy collapse, sug-
gesting zero crosstalk between neighboring waveguides.
In contrast, if one removes modulation, light will couple
with other waveguides and exhibit a discrete diffraction
phenomenon [Fig. 1(g)].

By applying the substitution z′ = z + θ /� and a unitary
transformation in Eq. (3), in the rotating frame we obtain

i
∂

∂z′ |φ(z′)〉 = H ′(z′)|φ(z′)〉, (4)

where

H ′ = R−1
(

H − i
∂

∂z′

)
R, |ψ〉 = R|φ〉,

and

R =
N∑

n=1

ei(−1)n+1 ∫ z′
0 A cos(�z′′)dz′′

a†
nan

is the unitary transformation matrix, which adjusts the
phase of the state and the light intensity remains
unchanged. So, the coupling between adjacent waveguides
is

κ ′
n,n+1 = 〈

φ′
n−1

∣∣ H ′|φ′
n〉 = κei(−1)n ξ sin(�z′), (5)

where |φ′
n〉 is the transverse-waveguide-mode func-

tion for the nth waveguide and ξ = 2A/�= 4πn′
eff/(λ�).

Obviously, effective mode-index modulation leads to
z-dependent coupling in Eq. (5). Using the Bessel-
generating function exp[iξsin(�z′)] = J 0(ξ )+�n �=0inJn(ξ )
exp[in�z′], and neglecting all high-order terms, one gets
the effective coupling:

κeff = κJ0(ξ), (6)

which is dominated by the zero-order Bessel function,
J 0(ξ ). It becomes zero when the parameter ξ takes the
roots of the function (ξ 0 ≈ 2.405, 5.520. . . ), suggesting the
possibility of zero crosstalk in dense integrations.

Notably, Eq. (6) is similar to the result obtained by bend-
ing waveguides (the so-called artificial-gauge field [17,31,
38]). Differently, the coupling phase obtained by gauge
transformation consists of the dot product of the gauge
field and a position vector for bending waveguides [17],
which is different from this approach by modulating the
effective mode index (the detuning) that can be well inter-
preted by Floquet engineering. Fortunately, here, the cou-
pling modulation is achieved without having to bend the
waveguides, and thus, will not introduce excessive bending
losses, which would benefit a low-refractive waveguide
system, such as the LNOI waveguide. According to our

experimental results, the propagation losses for mode-
index engineering (δw = 0.105 μm) and artificial-gauge-
bending (A′ = 2 μm) waveguides are 0.57 and 5.81 dB/mm,
respectively (see details in Appendix C), Therefore, our
scheme would favor large-scale photonic integration.

Notably, although there have been many proposals for
light propagation with low crosstalk, they usually work
only for a particular wavelength or structure parameter,
and broadband crosstalk reduction is still quite challeng-
ing. Interestingly, the Floquet modulation here provides
flexibility in engineering the dispersion of coupling, which
can produce a flat zero-coupling band, and thus, gives
rise to broadband and robust zero coupling for densely
arranged waveguides (see Appendix D for a theoreti-
cal analysis). Therefore, our design demonstrates low-
crosstalk transmissions, even if the wavelength or struc-
tural parameters vary, as shown in Sec. III.

III. SIMULATIONS AND EXPERIMENTS

The designed shallow-etched-ridge lithium niobate
waveguides are 900 nm wide (w) and 300 nm thick (h1)
[see Fig. 1(b)], allowing a fundamental mode (TE) in the
broad wavelength region of 1300–2100 nm. The modu-
lation amplitude, period, and initial phase are chosen as
δw = 105 nm, p = 70 um, and θ =π /2, respectively, to sat-
isfy the resonant (zero-coupling) condition. A commercial
finite-element-analysis solver (COMSOL Multiphysics) is
employed for full-wave simulations. The simulated effec-
tive coupling coefficient between two LN waveguides is
shown in Fig. 2(b) (red curve), which matches well with
the theoretical prediction (black curve). It is found that,
as the modulation amplitude, δw, increases, the effective
coupling gradually decreases and becomes negative. There
is a critical zero-coupling point (κeff = 0) for a certain
modulation strength (δw = 105 nm).

Moreover, we examine the wavelength dependence of
the effective coupling. Figure 2(c) shows the theoreti-
cal and simulated effective coupling as a function of
wavelength (1300–2100 nm) with different modulation
amplitudes. The coupling curves become flatter as the
modulation increases, implying the reduction of cou-
pling dispersion. As expected, there is a wide wave-
length range (around 1400–1700 nm) over which zero
coupling and dispersionless coupling are very close,
which indicates broadband zero crosstalk [Fig. 2(d)].
For a clearer comparison, optical field evolutions in two
coupled waveguides with (δw = 105 nm) and without
(δw = 0 nm) modulation are shown in Fig. 2(e). Light
remains localized at the input waveguide for the modula-
tion case, even if λ changes. In contrast, light transfers to
another waveguide, and the coupling length changes dras-
tically in the conventional one, due to strong dispersion.
Figure 2(f) shows the transmissions of two waveguides
for the modulation case (solid curve) and conventional
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(a) (b)

(c) (d)

(e) (f)

FIG. 2. (a) Schematics of conventional (top) and modulated
(bottom) coupled LN waveguides. (b) Effective coupling coef-
ficients as a function of modulation amplitude, δw. Here,
λ= 1550 nm. (c) Effective coupling coefficients as a function
of λ. From top to bottom, δw = 0, 60, and 100 nm. (d) Cou-
pling dispersion ∂κeff/∂λ as functions of λ and δw; white dashed
curve represents dispersionless coupling (∂κeff/∂λ= 0) and black
dashed curve represents zero coupling (κeff = 0). (e) Simulated
optical field dynamics in two coupled waveguides with (left)
and without (right) modulation for different wavelengths. (f)
Transmissions of coupled waveguides. Solid curves indicate the
modulated case and dashed curves for the unmodulated case.

case (dashed curve). The modulated waveguides exhibit
high through transmission across a very broad bandwidth
(1300–2100 nm), and the crosstalk remains <−20 dB in
the spectrum at 1300–1900 nm (bandwidth >600 nm).
Although crosstalk increases as the wavelength increases,
it is still <−12.5 dB, even for λ= 2100 nm. In con-
trast, conventional unmodulated waveguides with the same
waveguide pitch show large crosstalk, where the transmis-
sion curves exhibit oscillation features as the wavelength
varies [dashed curves in Fig. 2(f)].

In experiments, we fabricated modulated LNOI waveg-
uides and normal waveguide samples for comparison (see
Appendix E for the fabrication procedure). As shown in
Fig. 3(a), the two waveguides are extended to connect with
the grating couplers for light input (port I 1 and I 2) and out-
put (port O1 and O2). The bottom panels of Fig. 3(a) show

(a)

(b) (c)

(d) (e)

FIG. 3. (a) Top, microscope image of experimental samples
on the LNOI platform. Bottom, enlarged scanning-electron-
microscopy images of modulated (left) and unmodulated (right)
samples. (b) Experimentally recorded light intensities in mod-
ulated (top) and conventional (bottom) samples. (c) Intensities
of two output ports in modulated (top) and conventional (bot-
tom) samples for different wavelengths (1480, 1510, 1570, and
1620 nm). Experimentally measured transmissions as a function
of wavelength for modulated (d) and unmodulated (e) samples.

enlarged pictures of the two samples, where the waveguide
width variation can be clearly observed for the modulated
samples. A near-infrared laser (1480–1620 nm) is inputted
to port I 1 for the two kinds of samples and light-coupling-
in and -out signals can be collected by a near-infrared cam-
era (Xeva-1.7-320) through a microscope objective. Figure
3(b) displays the experimentally captured optical propaga-
tions for the modulated and normal samples at 1550 nm.
Detailed output intensities of different wavelengths (1480,
1510, 1570, and 1620 nm) for the two kinds of samples are
displayed in Fig. 3(c). Light obviously couples to neigh-
boring waveguides for the normal samples and the output
intensities are influenced by the input wavelength, while
it is suppressed in the modulated case for different wave-
lengths. Measured transmission data of ports O1 and O2 for
the modulated samples are shown in Fig. 3(d). Crosstalk
can be lower than −20 dB across a broad wavelength
range from 1480 to 1620 nm. As a comparison, the major-
ity of light energy tends to transfer to the other waveg-
uide across the measured waveband, exhibiting significant
crosstalk in this dense arrangement [Fig. 3(e)]. Moreover,
we also fabricated samples with intentionally introduced
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discrepancies in the waveguide width (±100 nm devia-
tions), which demonstrated low crosstalk (<−20 dB) in
the discrepancy region −40–20 nm (fabrication tolerance,
60 nm) in the experiment, showing good robustness of our
scheme (see Appendix D for experimental details).

IV. BROADBAND EIGHT-CHANNEL
TRANSMISSION

To further validate the feasibility of our proposal, eight-
channel transmission in a dense LN waveguide array is
demonstrated with an arbitrary coding input, “10011010,”
as shown in Fig. 4(a), here “1” (“0”) represents with
(without) light input. The experimentally measured output
images of modulated and conventional waveguide arrays
with different wavelengths (1530, 1550, and 1570 nm)
are shown in Figs. 4(b) and 4(c), respectively [see more
experimental results in Appendix F]. The conventional
unmodulated case exhibits obvious crosstalk between

(a)

(b)

(c)

FIG. 4. (a) Microscope image of experimental samples with
two enlarged regions showing input (top right) and output (bot-
tom right) channels. Experimentally recorded output intensities
(top) and corresponding normalized intensity profiles (bottom)
for different wavelengths (1530, 1550, and 1570 nm) in mod-
ulated (b) and conventional (c) waveguide arrays. Orange bars
indicate light output from the desired channel, while gray bars
indicate crosstalk.

waveguides and a lot of energy couples to undesired chan-
nels [gray bars in Fig. 4(c)]. However, the optical field
can be transmitted with high efficiency in the modulated
waveguide array with the same waveguide pitch for dif-
ferent wavelengths [Fig. 4(b)], implying broadband and
low-crosstalk multichannel transmission in dense integra-
tions.

V. CONCLUSION AND DISCUSSION

We developed a strategy to realize ultrabroadband low-
crosstalk transmission in dense lithium niobate waveg-
uides by Floquet engineering. The underlying physics
is attributed to collapse of the quasienergy band by
mode-index modulation, which gives rise to broadband
zero-coupling effects. We theoretically demonstrate ultra-
broadband crosstalk reduction in the wavelength range
of 1300–2100 nm, which is further confirmed by experi-
ments, showing <−20-dB crosstalk in the communication
band from 1480 to 1620 nm. To validate the feasibility
of our scheme, we further demonstrate broadband eight-
channel transmission in a compact waveguide network,
indicating the potential for large-scale integration.

Different from previous strategies that either utilize the
detuning of guided modes to make a mismatch [9,10,15]
or suppressing the evanescent field to reduce coupling
[13,14,16], here we propose dynamic modulation (i.e.,
Floquet engineering) to generate a quasiflat band, which
can prohibit light diffraction and coupling among waveg-
uides. In principle, this is due to phase modulation in the
coupling coefficient [see Eq. (5)], which leads to a cancel-
lation of the total coupling in one propagation period. It
is similar to wavy waveguides [20], but without bending
loss. Here, we achieve low crosstalk in the LNOI plat-
form. The Floquet-mode-index modulation scheme pro-
posed here is suitable for the LN waveguide because it
does not require the fabrication of tiny structures or bend-
ing the waveguide, as required by previous strategies,
thus enabling waveguide transmissions with lower excess
loss compared to the gauge-bending structure. Besides,
the reported bandwidth is also very broad (>140 nm for
crosstalk <−20 dB, see Table I in Appendix G), thanks to
lower material dispersion of the LN materials. Moreover,
our strategy also shows good robustness against fabrication
errors (<−20 dB, with fabrication tolerance of 110 nm in
the simulation and 60 nm in experiments), thus allowing
scaling to large circuits. In combination with the electro-
optical effects of LN, our approach is expected to be able
to control the phase of light in each waveguide in a dense
array, thus realizing the optical-field-sweep function, i.e.,
optical phased array. Other advanced dense and broadband
photonic devices, such as chip-scale optical interconnects
and space-division multiplexing optical interconnects, are
also possible application scenarios for the promising LNOI
platform.
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APPENDIX A: FLOQUET THEORY

Equation (1) in the main text is a periodic Hamiltonian,
i.e., H (z) = H (z + p), with period p = 2π /�. A solution of
the Schrödinger equation, Eq. (2) in the main text, can
be written as a superposition of Floquet states in terms of
Floquet theory [32–34]:

|ψα(z)〉 = exp(−iεαz)|uα(z)〉, (A1)

where εα is the z-independent quasienergy and |uα(z)〉
is the associated Floquet mode. By substituting Eq. (A1)
into the Schrödinger equation, Eq. (2) in the main text, an
eigenvalue equation for εα reads

(
H(z)− i

∂

∂z

)
|uα(z)〉 = εα|uα(z)〉. (A2)

It should be mentioned that the quasienergies are defined
up to integer multiples of ω and the Floquet modes are
p-periodic functions, i.e., |uα(z + p)〉 = |uα(z)〉. To obtain
the z-independent Floquet equation, the spectral decompo-

sition method is performed on the Hamiltonian and Floquet
modes:

H(z) =
+∞∑

n=−∞
e−in�zHn, (A3)

|uα(z)〉 =
+∞∑

n=−∞
e−in�z|un

α〉, (A4)

and we get

(H0 − n�)|un
α〉 +

∑

m �=0

Hm|un−m
α 〉 = εα|un

α〉, (∀n ∈ Z).

(A5)

Now the quasienergy can be calculated in terms of Eq.
(A5). First, we rewrite Hamiltonian Eq. (1) as a sum of
time-independent and time-periodic parts:

H(z) = H0 + Hp(z), (A6)

where

H0 =
N∑

n=1

β0a†
nan +

N−1∑

n=1

κn,n+1a†
nan+1 + h.c., (A7)

Hp(z) =
N∑

n=1

(−1)nA cos(�z + θ)a†
nan. (A8)

Then, we take β0 = 0 and express H 0 and Hp as N × N
matrices:

H0 =

⎛

⎜⎜⎝

0 κ 0 · · ·
κ 0 κ

0 κ 0
...

. . .

⎞

⎟⎟⎠

N×N

, (A9)

Hp(z) = A
2

⎛

⎜⎜⎜⎜⎝

eiθei�zeiϕ + e−iθe−i�ze−iϕ 0 · · ·
0 eiθei�z + e−iθe−i�z 0
... 0 eiθei�zeiϕ + e−iθe−i�ze−iϕ

. . .

⎞

⎟⎟⎟⎟⎠

N×N

,

= H1ei�z + H−1e−i�z,

(A10)

where

H±1 = A
2

⎛

⎜⎜⎜⎝

e±iθe±iϕ

e±iθ

e±iθe±iϕ

· · ·

⎞

⎟⎟⎟⎠

N×N

. (A11)
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So, time-independent Eq. (A5) can be represented as the following eigenvalue problem with a block-matrix operator:

⎛

⎜⎜⎜⎜⎜⎝

. . .
H0 +� H−1

H+1 H0 H−1
H+1 H0 −�

. . .

⎞

⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎝

...
u−1
α

u0
α

u+1
α
...

⎞

⎟⎟⎟⎟⎟⎟⎠
= εα

⎛

⎜⎜⎜⎜⎜⎜⎝

...
u−1
α

u0
α

u+1
α
...

⎞

⎟⎟⎟⎟⎟⎟⎠
, (A12)

then the quasienergy can be calculated and is demonstrated
in Fig. 1 in the main text.

APPENDIX B: EFFECTS OF MODULATION
PHASE

Here, we analyze how the modulation phase differ-
ence of adjacent waveguides affects the evolution of light.
We have calculated the quasienergy bands for different
phase differences (ϕ= 3π /4, π /2, π /4, 0), as shown in

Figs. 5(a)–5(d). When ϕ deviates slightly from π , such
as ϕ= 3π /4 in Fig. 5(a), the quasienergy-band collapse
still exists and the corresponding light evolution retains
well-localized behavior [Fig. 5(e)]. As ϕ continues to
decrease, the modulation frequency of the quasienergy-
band-collapse region [purple inverted triangles in Figs.
5(a)–5(d)] decreases and the collapsed region interacts
with other quasienergy bands, resulting in a weak col-
lapse effect, while the light field no longer remains
well localized [Figs. 5(f)–5(h)]. For ϕ= 0, which is

(a) (b) (c) (d)

(e)

(f)

(g)

(h)

FIG. 5. (a)–(d) Floquet-quasienergy spectrum as a function of modulation frequency with different modulation phase differences, ϕ.
Quasienergy-band-collapse regions move in the direction of decreasing frequency, �, when ϕ decreases to 0. (e)–(h) Corresponding
light-evolution behavior. All parameters are consistent with Fig. 1, except for ϕ and �: �= 4.05κ (e), 2.8κ (f), 1.5κ (g), and 3.5κ (h).
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equivalent to in-phase modulation, light always exhibits
the same diffraction behavior, regardless of the modulation
frequency. It is for these reasons that we have mainly stud-
ied the case of ϕ=π in the main text, as it exhibits the best
localization effect.

APPENDIX C: LOSS MEASUREMENTS

It is found that zero coupling can be realized for
artificial-gauge-bending waveguides with bending ampli-
tude A′ = 2 μm and modulation period p = 70 μm [see Fig.
6(b)]. However, light obviously leaks into the cladding
and indicates excess loss. We carried out experiments
to measure the propagation losses of Floquet-mode-index
engineering (δw = 0.105 μm) and artificial-gauge-bending
(A′ = 2 μm) waveguides (a straight waveguide is also mea-
sured for comparison), as shown in Fig. 6. We fabricate
single waveguides with different lengths for each set, as
shown in Fig. 6(a). In the experiment, the laser is inci-
dent on the input grating (the input power is denoted by
Pin; here, Pin= 10 mW) through a single-mode fiber, then
the transmission signals are collected by another fiber and

connected to an optical power meter to measure the out-
put intensity (Pout). The results are shown in Fig. 6(c) with
the fitting curve, where the slope represents the propa-
gation loss, α. It is shown that the losses for a straight
waveguide, Floquet-mode-index-engineering waveguide,
and artificial-gauge-bending waveguide are about 0.53,
0.57, and 5.81 dB/mm, respectively. These results illus-
trate that the losses in Floquet-mode-index engineering and
straight waveguides are very close to each other, while
the bending waveguide has significant propagation loss,
which demonstrates lower-loss superiority compared to
the bending scheme, and it is more applicable for low-
crosstalk large-scale photonic integration. Additionally, we
also obtain loss data for the grating coupler, which is found
to be about 11–12 dB by fitting the intercepts of the curves.

APPENDIX D: BROADBAND AND ROBUSTNESS
ANALYSIS

Here, we focus on the dispersion of coupling and
crosstalk reduction. To highlight the wavelength depen-
dence of coupling, we rewrite the expression as κeff(λ)
and calculate the derivative of κeff to λ, so the coupling

(a)

(b) (c)

FIG. 6. (a) Microscope image of single-waveguide samples with different lengths. From top to bottom, straight, mode-index Floquet
engineering, and bending waveguides. Magnifications of the structures are shown in the right panel. (b) Simulation results for crosstalk
reduction in dual artificial-gauge-bending LNOI waveguides. w = 900 nm, h = 300 nm, g = 1000 nm, L = 140 μm, θ =π /2, A′ = 2 μm,
and p = 70 μm. (c) Experimental results of propagation loss for different waveguide configurations.
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(a)

(b)

FIG. 7. (a) Experimental output of LNOI samples with inten-
tionally introduced fabrication errors. (b) Simulation and exper-
imental crosstalk for different fabrication errors, �w. Central
wavelength in our design is λ= 1550 nm.

dispersion is written as

∂κeff(λ)

∂λ
= J0(ξ)

∂κ

∂λ
+ κJ1(ξ)

∂ξ

∂λ
. (D1)

It is intuitive that the effective coupling dispersion is deter-
mined by the first term, the coupling dispersion, and the
second one, the modulation-induced dispersion. Around
zero effective coupling, i.e., J 0(ξ 0) ≈ 0, the intrinsic cou-
pling dispersion is fully suppressed, so the wavelength
dependence of crosstalk reduction is just determined by the
modulation-induced dispersion. Notably, ξ is a function
of detuning, n

′
eff, which indicates that modulation-induced

dispersion is related to the material dispersion. Because
the LNOI we use here has lower material dispersion

FIG. 8. Fabrication process for the lithium niobate waveg-
uides.

(a)

(b)

FIG. 9. Eight-channel light transmissions (10011010) at differ-
ent wavelengths in modulated (a) and normal (b) eight-channel
waveguide arrays.

(compared to SOI), it is promising for achieving broadband
crosstalk reduction.

We have demonstrated theoretically and experimen-
tally in the main text the ultrabroadband feature of our
scheme. To further clarify the mechanism of robustness,
we keep the pitch constant and purposely change the width
(w +�w) and spacing (g −�w) of the waveguides with
fabrication error �w, which is commonly encountered in
practical fabrication processes. Similar to the dispersion
analysis in Eq. (D1), we calculate the derivative of κeff to
�w and obtain

∂κeff

∂�w
= J0(ξ)

∂κ

∂�w
+ κJ1(ξ)

∂ξ

∂�w
≈ J0(ξ)

∂κ

∂�w
. (D2)

Notably, ξ = 4πn′
eff/(λω) and the detuning, n′

eff, are
mainly determined by δw and almost negligibly influ-
enced by �w, so we can neglect the term ∂ξ /∂�w ≈ 0
and get the approximation in Eq. (D2). Since we are
only concerned with the vicinity of the resonance region
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TABLE I. Comparison of crosstalk-reduction schemes in an integrated photonics platform.

Ref. Platform Structure Bandwidtha (nm) Structural tolerance (nm) Crosstalk (dB) Pitch (nm)

This work LNOI Floquet
engineering

>600 theor 110 theor <−20 1900b

>140 expt. 60 expt.
[9] SOI Superlattice >70 . . . <−20 780
[15] 100 . . . <−20 800
[10] 80 . . . <−19.5 780
[13] Extreme-skin-

depth
waveguides

. . . . . . <−30 1000
[14] >80 . . . −30 to −60 870–1000
[16] ∼80 . . . −50 1190
[17] Artificial gauge

bending
∼50 . . . <−20 770

[18] >20 40 −26 695
[19] >40 . . . −18 695
[20] 120 . . . −30 750
[11] Inverse design >60 . . . −22.9 600

aHere, bandwidth is defined as the range of wavelength where crosstalk <−20 dB; some studies actually have a wider bandwidth but
are not fully demonstrated, so we denote them by “>.”
bThe pitch of LNOI waveguides is larger than that of SOI waveguides due to their low refractive index.

(ξ ≈ ξ 0, J 0(ξ ) ≈ 0), the effective coupling is tolerant of the
fabrication errors (∂κeff/∂�w ≈ 0).

To confirm the theoretical results, we designed 20
samples that intentionally introduced fabrication errors
(�w = ±10, ±20, . . . , ±100 nm). As illustrated in Fig.
7(a), the experimental results show that light remains in the
excited channel, although fabrication errors are introduced.
The simulation and experimental results of crosstalk are
demonstrated in Fig. 7(b); crosstalk can remain below
−20 dB in error regions −60–50 nm (fabrication tolerance,
110 nm) and −40–20 nm (fabrication tolerance, 60 nm),
respectively, which shows good robustness of our scheme.

APPENDIX E: FABRICATION OF LITHIUM
NIOBATE WAVEGUIDES

The devices are fabricated based on 600-nm-thick X-cut
lithium niobate with 2-μm-thick SiO2 substrate and air
cladding. The experimental samples were fabricated using
electron-beam lithography (EBL) and a dry-etching pro-
cess (see Fig. 8). The substrates were cleaned in an ultra-
sound bath with acetone, isopropyl alcohol, and deionized
water for 15 min each and dried under a flow of clean nitro-
gen. After that, the waveguide arrays and grating nanos-
tructures were exposed to EBL. The samples were then
used to dry etch the lithium niobate layer in a 16:1 mix-
ture of Ar and CHF3 plasma, and the residual photoresist
was stripped off by an oxygen-plasma stripper.

APPENDIX F: ADDITIONAL EXPERIMENTAL
RESULTS FOR THE EIGHT-CHANNEL

WAVEGUIDE ARRAY

Experimentally measured transmissions of the mod-
ulated (δw = 0.105 um) and conventional (δw = 0 um)
eight-channel waveguide arrays with different wavelengths

(1480, 1520, 1540, 1560, 1580, and 1620 nm) are shown
in Figs. 9(a) and 9(b), respectively. The optical field can be
transmitted with high efficiency in the modulated waveg-
uide array, while it exhibits obvious crosstalk between
waveguides for conventional unmodulated case.

APPENDIX G: COMPARISON OF
CROSSTALK-REDUCTION SCHEMES IN
INTEGRATED PHOTONICS PLATFORMS

Table I shows the comparison of crosstalk-reduction
schemes in an integrated photonics platform. The reported
bandwidth in this work is very broad and shows good
robustness against fabrication errors.
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