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ABSTRACT
All optical wavelength converters (AOWCs) that can effectively and flexibly switch optical signals between different wavelength chan-
nels are essential elements in future optical fiber communications and quantum information systems. A promising strategy for achieving
high-performance AOWCs is to leverage strong three-wave mixing processes in second-order nonlinear nanophotonic devices, specifically
thin-film periodically poled lithium niobate (TF-PPLN) waveguides. By exploiting the advantages of sub-wavelength light confinement and
dispersion engineering compared with their bulk counterparts, TF-PPLN waveguides provide a viable route for realizing highly efficient
and broadband wavelength conversion. Nevertheless, most existing approaches rely on a single TF-PPLN device to perform both frequency
doubling of the telecom pump and the wavelength conversion process, resulting in significant crosstalk between adjacent signal channels.
Here, we address this challenge by demonstrating a two-stage TF-PPLN nonlinear photonic circuit that integrates a second-harmonic gen-
eration module, a signal wavelength conversion module, and multiple adiabatic directional coupler-based pump filters on a single chip. By
decoupling the two nonlinear processes and leveraging the high pump-filtering extinction ratio, we achieve low-crosstalk AOWC with a side-
channel suppression ratio exceeding 25 dB, substantially surpassing the performance of single-stage devices. Furthermore, our device exhibits
an ultra-broad conversion bandwidth of 110 nm and a relatively high conversion efficiency of −15.6 dB, making it an attractive solution for
future photonic systems. The two-stage AOWC design shows promise for low-noise phase-sensitive amplification and quantum frequency
conversion in future classical and quantum photonic systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0268177

I. INTRODUCTION

The exponential growth of global Internet traffic has under-
scored the significance of wavelength division multiplexing (WDM)
technology,1 which enables the simultaneous transmission of

multiple signal channels over a single optical fiber. As the num-
ber of WDM channels increases and the demand for reconfigurable
interconnects intensifies, the need for efficient channel conversion
and dynamic resource allocation becomes increasingly pressing.
To address this challenge, a dynamic traffic allocation mechanism

APL Photon. 10, 076121 (2025); doi: 10.1063/5.0268177 10, 076121-1

© Author(s) 2025

 29 July 2025 14:39:13

https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0268177
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0268177
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0268177&domain=pdf&date_stamp=2025-July-28
https://doi.org/10.1063/5.0268177
https://orcid.org/0000-0002-7268-1453
https://orcid.org/0000-0002-4857-6709
https://orcid.org/0000-0001-8598-152X
https://orcid.org/0000-0002-9226-7401
https://orcid.org/0000-0001-8152-3062
https://orcid.org/0009-0001-5131-788X
https://orcid.org/0000-0002-1939-1422
mailto:wenzhao.sun@cityu-dg.edu.cn
mailto:cwang257@cityu.edu.hk
https://doi.org/10.1063/5.0268177


APL Photonics ARTICLE pubs.aip.org/aip/app

based on frequency conversion at optical intermediate nodes has
been proposed for next-generation multi-band optical networks.2,3

Traditional optoelectrical wavelength converters are limited to han-
dling frequency conversion of a single wavelength channel with
rigid data format and bit rate requirements4 and introduce sig-
nificant latency to the network. In contrast, all-optical wavelength
converters (AOWCs), which utilize all-optical methods to convert
the frequency of light signals “on the fly,” provide a more flexible
and efficient solution to these limitations. Furthermore, AOWCs
are also fundamental building blocks for a variety of classical
and quantum photonic applications, including quantum frequency
conversion,5,6 near-deterministic single-photon sources,7 nonlin-
ear distortion mitigation,8 and up-conversion-based single-photon
detectors.9,10

AOWCs can be achieved through various methods. One
approach is to utilize the third-order nonlinearity in semiconduc-
tor optical amplifiers,11,12 which, however, exhibits a limited tuning
range constrained by the semiconductor gain bandwidth, as well as
elevated noise and significant crosstalk inherent to the amplifica-
tion process. In contrast, AOWCs based on pure second (χ(2)

) or
third (χ(3)

) order optical nonlinear processes are more appealing
due to their simplicity in theoretical modeling and minimal addition
of noise. For instance, χ(3)-based AOWC has been demonstrated in
platforms such as silicon and silicon nitride, achieving the simulta-
neous conversion of multiple wavelength bands with minimal excess
noise. However, the relatively weak χ(3) process usually necessitates
long highly nonlinear optical fibers2 or waveguides13–15 to achieve
a reasonable frequency conversion efficiency. The conversion effi-
ciency can be substantially enhanced using optical resonators, at the
cost of compromised signal bandwidth.5,16,17

In comparison, χ(2)-based AOWC could potentially achieve
much higher conversion efficiencies by taking advantage of the
leading nonlinear optical effect.18 In addition, χ(2)-based AOWCs
have shown relatively smaller crosstalk with an increasing num-
ber of input signal channels19 and a broader tuning range com-
pared with fiber-based χ(3) counterparts.4,20 Traditionally, χ(2)-based
AOWCs typically rely on bulk or weakly guided periodically poled
lithium niobate (PPLN) waveguides with limited nonlinear interac-
tion strengths, necessitating device lengths of several centimeters.
This not only increases the system size and cost but also limits
the phase-matching bandwidth of the nonlinear processes. Further-
more, an efficient and low-crosstalk AOWC system requires sev-
eral nonlinear optical modules with high performance consistency,
which are challenging due to the limited scalability of the tradi-
tional lithium niobate platform, necessitating separate fabrication
and implementation of these modules.

The emergence of the thin-film periodically poled lithium nio-
bate (TF-PPLN) platform offers a promising next-generation solu-
tion for AOWCs with high integration level, broad operation band-
width, and high conversion efficiency. Thanks to its sub-wavelength
light confinement and capability for dispersion engineering, TF-
PPLN waveguides exhibit dramatically higher normalized con-
version efficiency21–23 and broader bandwidth24 in nonlinear
wavelength conversion processes. More importantly, the excellent
scalability of the TF-PPLN platform now enables the integra-
tion of multiple linear and nonlinear devices on a single chip
through wafer-scale fabrication,25 enabling a variety of functional

nonlinear photonic integrated circuits. These include flat-top opti-
cal frequency comb generators,26 octave-spanning optical para-
metric oscillators,27,28 and integrated Pockels lasers.29 However,
existing TF-PPLN AOWCs have been limited to demonstrations
based on a single nonlinear waveguide, where the two nonlin-
ear processes, i.e., pump second-harmonic generation (SHG) and
difference-frequency generation (DFG)-based signal conversion
processes, occur simultaneously.30,31 As a result, the input signal
light also mixes with the telecom pump light through undesired
sum-frequency generation (SFG) processes, leading to substan-
tial crosstalk between neighboring signal channels. In principle,
crosstalk-free AOWC can be achieved by directly pumping at the
second-harmonic (SH) frequency; however, this would rely on costly
near-visible laser sources.

In this article, we propose and demonstrate a two-stage AOWC
that achieves minimal signal crosstalk, broad operation bandwidth,
and compact system size. Our AOWC design consists of two TF-
PPLN waveguides and a wavelength multiplexer comprising three
cascaded adiabatic directional couplers (ADCs), monolithically inte-
grated on a single nonlinear photonic chip. Experimental results
showcase an efficient AOWC, which boasts a relatively high con-
version efficiency of −15.6 dB, a broad operation bandwidth of
110 nm, and a 25 dB suppression in signal crosstalk compared to
single TF-PPLN-based AOWCs. These findings demonstrate the
feasibility of TF-PPLN devices in achieving high-efficiency and low-
crosstalk AOWC, which holds promise for future applications in
high-performance chip-integrated optical parametric amplifiers and
phase-sensitive amplifiers.

II. DESIGN AND FABRICATION
Figure 1(a) schematically illustrates the proposed chip-scale

AOWC circuit consisting of three main modules: (i) a pump fre-
quency doubling module that performs SHG of telecom-band pump
light at ωp via a first PPLN waveguide to 2ωp, which serves as the
SH pump light for subsequent processes; (ii) visible-telecom wave-
length multiplexers that filter out the residual telecom pump light
and combine the SH pump with signal light ωs, which is designed
and implemented using a sequence of three adiabatic directional
couplers (ADCs); (iii) a DFG module that converts the input sig-
nal light to idler light at ωi = 2ωp − ωs. The circuit features four
ports, among which ports 1–3 are the telecom-pump input, signal
input, and amplified signal output ports, respectively. A tap channel,
i.e., port 4, is designed to evaluate the coupling ratio of the adiabatic
taper.

Figure 1(b) presents an optical microscopy image of the fabri-
cated device, with a zoom-in view of the ADC structure detailed in
Fig. 1(c). The ADCs are engineered with adiabatically tapered width
profiles, as described in Ref. 32, while the waveguide gap is main-
tained at a constant value of 1.1 μm. This design allows the generated
SH pump to pass through with minimal disturbance while effectively
filtering out the residual telecom-band pump light and coupling in
the signal light simultaneously. The total coupling length of each
ADC is chosen to be 450 μm, optimized to facilitate a high coupling
efficiency while minimizing the overall device footprint. According
to our simulation results, the coupling efficiency of telecom light for
a single ADC can reach 96% within a working bandwidth of 100 nm,
while the coupling loss for SH light is less than 0.02 dB.
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FIG. 1. (a) Schematic of the pro-
posed nonlinear photonic circuit for all-
optical wavelength conversion. The tele-
com pump light is first converted to its
second-harmonic (SH) frequency via a
first periodically poled lithium niobate
(PPLN) module. After filtering out the
residual telecom pump, the SH pump
mixes with the signal light to generate
the converted signal light (i.e., the idler
light). (b) Optical microscope images of
the fabricated device. (c) and (d) Scan-
ning electron microscope images of the
adiabatic directional coupler [(ADC (c)]
and the PPLN region (d). (e) Measured
coupling efficiency of our fabricated ADC
from ports 1 to 3 (blue) and from ports 2
to 3 (red) in the telecom band.

Figure 1(d) shows a zoom-in scanning electron microscope
(SEM) image of the poling region, highlighting high poling fidelity
with a duty cycle of ∼40%. The non-ideal poling duty cycle is
attributed to the suboptimal poling conditions during the domain
inversion process and can be improved by better poling waveform
design and calibration. The PPLN waveguides feature a 600-nm total
thickness, a 220-nm etching depth, and a 60○ sidewall angle with sil-
ica cladding. We use an identical waveguide width of ∼950 nm and
poling period of 4.3 μm for both PPLN waveguides to ensure consis-
tent quasi-phase-matching (QPM) peak wavelengths for both SHG
and DFG processes. This design yields a theoretical absolute conver-
sion efficiency of 4500% W−1 cm−2. The lengths of the two PPLN
waveguides are both 6 mm.

The overall conversion efficiency of the AOWC, ηAOWC,
depends on the efficiencies of both nonlinear optical processes and
the coupling and propagation losses in the intermediate section, as
expressed in the following equation:

ηAOWC =
Pidler

Psignal
=

Pidler

Psignal ⋅ PSH,2
⋅ PSH,2

= ηDFG ⋅ (κADC ⋅ PSH,1)

= ηDFG ⋅ κADC ⋅ ηSHG ⋅ (α ⋅ Ppump
2
), (1)

where ηSHG and ηDFG represent the normalized conversion effi-
ciencies for SHG and DFG processes in PPLN 1 and PPLN 2,
respectively; κADC is the SH pump coupling loss in the three cas-
caded ADC devices; α is the on-chip telecom pump propagation
loss before entering the PPLN 1; Ppump and Psignal are the input tele-
com pump and signal power; Pidler is the converted idler light power;
PSH,1 and PSH,2 stand for the SH pump light generated from PPLN
1 and that entering the PPLN 2, respectively, which differ by κADC.

All powers here correspond to on-chip powers, excluding fiber-chip
coupling losses. Overall, the conversion efficiency of the two-stage
AOWC goes quadratically with the input telecom pump power and
is independent from the input signal power.

We fabricate our device using a wafer-scale fabrication and pol-
ing process established in our previous work.25 Specifically, a 600 nm
thick magnesium-doped lithium niobate-on-insulator (LNOI) wafer
(NANOLN) is first patterned with poling electrodes in selected
regions for SHG and DFG processes via ASML ultraviolet (UV)
stepper photolithography, followed by electron-beam evaporation of
chromium/gold and a standard lift-off process. An automated pol-
ing process applies high-voltage electrical pulses to each set of poling
electrodes in sequence utilizing the same methodology as described
in Ref. 25, ensuring consistent and precise poling. After removing all
poling electrodes, the optical waveguides are formed using a second
aligned stepper lithography step, followed by an inductively coupled
plasma reactive ion etching (ICP-RIE) process. The surface is then
cleaned and protected with an 800 nm thick silica cladding. Finally,
we cleave the edges of the chip for efficient end-fire coupling using a
fiber array (FA).

III. RESULTS AND DISCUSSION
A. Linear performance characterization

To comprehensively evaluate the performance of individual
modules within the nonlinear circuit, we first conduct a series of
meticulous linear optical characterizations by measuring the trans-
mission loss between channels 1 to 3, 1 to 4, 2 to 3, and 2 to 4 at
both the QPM wavelength of 1603 nm and its corresponding SH
wavelength of 801.5 nm. For telecom band measurements, we inject
light from a tunable continuous-wave (CW) laser (Santec TSL-710)
into the devices using a lensed fiber. A fiber polarization controller
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(FPC) is used to excite the fundamental transverse-electric (TE00)

mode, which aligns with the largest d33 nonlinear tensor component
of lithium niobate (LN) for later nonlinear experiments. Figure 1(e)
shows the measured transmission coefficients of the ADC in the tele-
com band when injecting light from port 1 (blue) and port 2 (red)
and measuring the output from port 3. The measured extinction
ratio (ER) of 24.5 dB at the QPM wavelength of 1603 nm indicates
a strong suppression of the residual telecom-band pump light after
passing through the three ADCs, while maintaining minimal loss for
coupling in the signal light from port 2. The fluctuation in the mea-
sured crosstalk (ports 1–3) mainly stems from the noise limit of our
photodetection system. Thanks to the adiabatic coupler design, high
coupling ER can be achieved across the entire measured wavelength
range between 1480 and 1640 nm, ensuring robust system perfor-
mance against potential QPM wavelength shift caused by fabrication
deviation.

We then input a near-visible light source (M-Squared SOLSTIS
PI) at the SH wavelength of 801.5 nm into port 2 and compare the
output power difference between ports 3 and 4. The results reveal
a transmission difference of −7 dB, indicating more than 80% of
the generated SH pump could remain in the original waveguide
through one ADC structure. This suggests that our ADC design can
efficiently multiplex visible and telecom-band signals. Further char-
acterization of other combinations of input and output ports, as well
as comparisons with reference devices on the same chip, yields esti-
mated waveguide propagation losses of 2.2 dB/cm in the near-visible
band and 1 dB/cm in the telecom band (see the supplementary
material for details). The propagation loss can be further reduced
by optimizing the fabrication process, including the dry etching
and post-etching annealing techniques,33 and adopting waveguide
designs with wider widths or shallower etch depths.34 The edge cou-
pling efficiency is estimated to be 4.5 and 6 dB/facet for telecom and
visible bands, respectively.

B. Second harmonic generation (SHG)
characterization

We further evaluate the nonlinear wavelength conversion per-
formances of the two TF-PPLN modules by conducting a thorough
examination of their QPM spectra and conversion efficiencies using
the experimental setup depicted in Fig. 2(a). We characterize the
two PPLN devices by injecting telecom pump light to ports 1
and 2, respectively, and collect the output SH signal from port 3
using another lensed fiber connected to a visible photodetector (PD,
Newport 1801). Figure 2(b) shows the measured small-signal SHG
efficiencies of the two fabricated PPLN devices as functions of pump
wavelength, indicating nearly aligned peak QPM wavelengths of
1603 and 1603.7 nm. The normalized conversion efficiencies of the
two TF-PPLN devices are ∼625% W−1 cm−2 and 750% W−1 cm−2,
which are estimated by considering the propagation loss, edge cou-
pling loss, and the ADC coupling ratios at both visible and telecom
bands, using the linear measurement results obtained earlier. The
measured conversion efficiencies are lower than the theoretical val-
ues in this batch of device fabrication, likely due to unsatisfactory
poling depth and film thickness variations, and can be substan-
tially improved by further optimizing the poling waveform35–37 and
introducing segmented microheaters for QPM fine tuning.25

FIG. 2. (a) Schematic of the second-harmonic generation (SHG) characterization
setup. (b) Measured normalized SHG conversion efficiency vs pump wavelength
for the two TF-PPLN devices. (c) Measured and fitted absolute SHG conversion
efficiency vs on-chip pump power. TLS, tunable laser source; EDFA, erbium-doped
fiber amplifier; PC, polarization controller; PD, photodetector.

To achieve an efficient AOWC, the TF-PPLN devices are
required to operate in the high-power regime with substantial abso-
lute power conversion. To characterize the device performance in
this regime, we further amplify the input pump light using an
erbium-doped fiber amplifier (EDFA, Amonics, AEDFA-L-30-B-
FA). The measured absolute SHG efficiency reaches ∼20% under an
on-chip input power of 190 mW [Fig. 2(c)].

C. Two-stage AOWC performance characterization
We next characterize the conversion efficiency and gain band-

width of the full two-stage AOWC using the experimental setup
depicted in Fig. 3(a). In this experiment, the telecom pump laser
is fixed at the peak QPM wavelength of 1603 nm, whereas another
tunable CW laser (Santec TSL-550, 1500–1630 nm) at a nearby
wavelength is used as a signal light source for the AOWC process.
The two optical signals are input to ports 1 and 2 of the two-stage
AOWC chip via an FA. At the chip output end of port 3, a 90/10
splitter is utilized to simultaneously observe the SH power using
the visible photodetector and the output spectra using an optical
spectrum analyzer (OSA). The SH power at the Si-PD serves as an
indicator of the optimized polarization and coupling state during the
measurements.

First, we characterize the operation bandwidth by sweeping
the signal wavelength while fixing the on-chip pump power at 17.2
dBm. As shown in Fig. 3(b), effective conversion can be consistently
achieved at signal wavelengths from 1550 to 1600 nm, resulting in
idler light at 1610–1660 nm. The conversion efficiency drops by 3 dB
at an idler wavelength of 1660 nm due to dispersion-induced grad-
ual phase-matching walk-off. Due to the reciprocity between signal
and idler wavelengths, we estimate the full 3-dB bandwidth of the
AOWC to be 110 nm, i.e., from 1550 to 1660 nm.

We further increase the pump power to achieve higher absolute
conversion efficiency, as shown in Fig. 3(c). The measured con-
version efficiency clearly increases with increasing on-chip pump
power, with a fitted slope of 1.9 in double-logarithmic scale, which
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FIG. 3. (a) Schematic of the two-stage all-optical wavelength converter (AOWC) characterization setup. (b) Measured AOWC spectra at various input signal wavelengths
with the on-chip pump power fixed at 17.2 dBm. (c) Measured AOWC efficiency vs on-chip pump power with the on-chip signal power fixed at −15 dBm. (d) Measured
conversion efficiency vs the on-chip signal power with the on-chip pump power fixed at 17.2 dBm.

aligns with the expected quadratic input–output power relation-
ship according to Eq. (1). The maximum measured conversion
efficiency reaches −15.6 dB under an on-chip pump power of
22.8 dBm, currently limited primarily by the non-ideal poling
and ADC performance in the current batch of devices. Assum-
ing a higher normalized conversion efficiency of 3800% W−1 cm−2

achieved in our earlier work25 and a reduced visible coupling loss
of 0.07 dB per ADC, the conversion efficiency could potentially
be enhanced to above 10 dB under an on-chip pump power of
250 mW.38 This would be highly relevant for future applications
in optical parametric amplifiers and ultra-low noise phase-sensitive
amplifiers. On the other hand, the conversion efficiency is insensi-
tive to input signal power, as illustrated in Fig. 3(d), with an average
value of −25.6 dB (dashed line) for a fixed on-chip pump power
of 17.2 dBm.

D. Low-crosstalk AOWC characterization
As previously discussed, signal crosstalk due to nonlinear inter-

actions between different signal channels can significantly degrade
the system performance in dense wavelength division multiplexing
(DWDM) applications. In the case of single-stage χ(2)-based AOWC
devices, the pump light at ω0 not only is frequency doubled through
the desired SHG process but also inevitably mixes with input signal
light ωs1 , leading to an SFG signal at ωSF = ω0 + ωs1 . The gener-
ated ωSF light could further interact with neighboring signals, e.g.,
at ωs2 , via an undesired DFG process. This creates a crosstalk signal
at ω′XT = ωSF − ωs2 = ω0 + ωs1 − ωs2 , which could be spectrally close
to the target idler frequency ωidler = 2ω0 − ωs1 if ωs1 − ωs2 = ω0 − ωs1 .
In contrast, our approach minimizes the direct nonlinear interac-
tion between the telecom pump and signal by effectively filtering out
the residual telecom pump after the SHG module, thereby reducing

the crosstalk and preserving the quality of the converted signal. To
evaluate the crosstalk reduction performance of our device in com-
parison with existing single-stage AOWC schemes, we introduce a
second telecom signal laser using the setup depicted in Fig. 4(a).
The two signal paths are combined using an off-chip 50/50 fiber
coupler before injecting into the chip through the FA. We main-
tain an identical on-chip power level for the two signal lasers during
the measurement. Figures 4(b) and 4(c) show the measured out-
put spectra of a single-stage and the proposed two-stage AOWCs,
respectively. To make this contrast experiment more convincing, we
evaluate the performance of single-stage AOWC (as reference) by
injecting both pump and signal light into port 2 of the two-stage
device and bypassing the first PPLN, such that the same PPLN 2
is used for AOWC in both experiments. As shown in Fig. 4(b), the
single-stage AOWC generates a significant crosstalk signal λXT near
the target idler light at λi1 , featuring a signal-to-crosstalk ratio of less
than 11 dB. In contrast, as shown in Fig. 4(c), our two-stage AOWC
exhibits strongly suppressed crosstalk with a signal-to-crosstalk ratio
of 40 dB, thanks to the decoupled pump-SHG and signal-conversion
processes. The significant suppression of the undesired SFG process
can also be observed from the SFG signals in the measured spec-
tra (labeled as λSF1 ), which is an artifact half-harmonic signal from
the OSA but qualitatively indicates the difference in the SFG signals
from the two devices.

To further investigate quantitatively the crosstalk of the two
AOWC architectures, we measure the power ratio between crosstalk
and idler at different input signal powers, as illustrated in Fig. 4(d).
Since the crosstalk is primarily generated through the cascaded SFG
and DFG nonlinear processes, which can be expressed as

PXT ∝ ηDFG ⋅ Ps2 ⋅ PSF1 ∝ ηDFG ⋅ Ps2 ⋅ (ηSFG ⋅ Ppump ⋅ Ps1), (2)
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FIG. 4. (a) Schematic of the experimental setup for crosstalk characterization. (b) and (c) Optical spectra of the single-stage (b) and two-stage (c) AOWCs when injecting
two signals simultaneously. (d) Dependence of the generated crosstalk on input signal powers.

where Ppump, Ps1 , and Ps2 represent the powers of input telecom
pump, signal 1, and signal 2, respectively; ηDFG and ηSFG denote
the normalized nonlinear conversion efficiencies of the DFG and
SFG processes. For simplicity, we ignore the propagation and ADC
coupling losses here, as these linear terms do not affect the qual-
itative trend analysis. On the other hand, the target idler signal
Pidler is proportional to Ppump

2
⋅ Ps1 following Eq. (1). Therefore, the

crosstalk-to-signal ratio can be estimated as

PXT

Pidler
∝

Ppump ⋅ Ps1 ⋅ Ps2

Ppump
2
⋅ Ps1

=
Ps2

Ppump
. (3)

This relationship indicates that the crosstalk-to-idler ratio increases
linearly with the interfering signal power Ps2 for a fixed telecom
pump power, leading to a theoretically expected slope of 1 in a
double-logarithmic scale in Fig. 4(d). The fitted slopes of actual
experimental results are ∼0.8 for the two-stage AOWC and 0.9
for the single-stage AOWC, respectively. The more substantial
deviation in the two-stage case may be attributed to measure-
ment uncertainty from the exceptionally low crosstalk level of
∼−70 dBm approaching the noise floor. Importantly, the two-stage
AOWC device (blue) shows a consistent crosstalk suppression ratio
of 25 dB compared with the single-stage reference (red) at vari-
ous signal power levels, which is crucial for practical applications
where densely packed wavelength channels are used simultaneously.
The crosstalk situations in multi-channel input (>2) scenarios are
discussed in more detail in the supplementary material.

IV. CONCLUSION
In conclusion, we present a two-stage chip-integrated AOWC,

which exhibits a broad working bandwidth of 110 nm, a relatively
high conversion efficiency of −15.6 dB, and significant potential for
large-scale integration. The two-stage AOWC architecture leads to a
remarkable 25 dB reduction in crosstalk compared to AOWC based
on a single TF-PPLN device. The absolute conversion efficiency
can be further improved by optimizing the ADC and PPLN perfor-
mances, as well as increasing the edge-coupling efficiency between
the lensed fiber and the chip. By introducing a copier module and
thermal-optic phase shifters,39 the realization of a fully integrated,
ultra-low-noise phase-sensitive amplifier becomes potentially fea-
sible based on the fabrication method and device architecture in
this work. The demonstrated two-stage AOWC structure has the
potential to play a crucial role in various applications, including
high-speed optical communication systems, quantum information
processing, and spectroscopy.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information.
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