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ABSTRACT
Four-wave-mixing (FWM) based wavelength conversion offers a versatile solution for flexible optical networks. Significant research has
focused on developing new materials and structures to enhance FWM performance. However, high-efficiency waveguide-based wavelength
converters typically require either long interaction lengths or high pump power, which in turn limits their phase-matching bandwidth and
complicates integration with on-chip lasers. Although microring resonator-based wavelength converters can substantially improve conversion
efficiency (CE), they suffer from reduced signal bandwidth due to the resonance filtering effect. In this work, we propose a Fabry–Perot Bragg
grating cavity-based singly resonant FWM scheme to enhance CE without compromising the signal bandwidth. In this configuration, only
the pump light is resonantly enhanced within the cavity, while the signal and idler light undergo a single pass. We achieve CE enhancements
of 16.7 dB in such a cavity compared to a waveguide with the same length on the AlGaAs-on-insulator platform with a phase-matching
bandwidth exceeding 200 nm. We also demonstrate a continuously tunable wavelength conversion system, showcasing its potential to support
high signal data rates. Our approach provides a promising pathway for on-chip laser-driven nonlinear signal processing, enabling efficient
high-speed wavelength conversion and applications where both high CE and data rate are crucial.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0239950

I. INTRODUCTION

The invention of optical fiber connected people from all over
the world, turning the globe into a small village. As the demand for
the internet and mobile phones increases, the need for high-speed
and energy-efficient signal processing becomes more pressing in
the optical communication system. Traditionally, the optical signal
is processed in the electrical domain by optical-to-electrical con-
version, significantly limiting the data bandwidth and generating

excessive energy consumption. Consequently, all-optical signal pro-
cessing (OSP) attracts intense attention as it addresses the power
efficiency and speed constraints inherent in its electrical counter-
part.1 A pivotal function within the OSP is wavelength conversion,
which enables all-optical reconfigurability of wavelength-division-
multiplexing networks.2 In addition, wavelength conversion can
compensate for the optical fiber nonlinearities3 and open up new
communication wavelength bands.4 A commonly employed scheme
to achieve wavelength conversion is based on the four-wave-mixing
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(FWM) effect. It provides the advantage of transparency to mod-
ulation formats with a nearly instantaneous response on the
femtosecond scale.5

High-performance FWM was previously achieved in highly
nonlinear fibers. However, hundreds of meters of fiber were required
due to low material nonlinearity.6 Over the past decade, inte-
grated nonlinear photonic waveguides have exhibited significantly
higher effective nonlinearity than that of silica fibers and allow
lithographically tailored dispersion, making it promising to achieve
highly efficient and broadband chip-based FWM.7 The heteroge-
neous integration technology8 further enables the combination of
lasers and nonlinear materials on a single chip, facilitating the real-
ization of a fully integrated wavelength converter and unlocking
practical applications. Various integrated nonlinear photonic plat-
forms have been explored to achieve highly effective nonlinear
processes.9 In low-index material platforms with large bandgaps,
such as Si3N4, the weak light confinement leads to a relatively low
effective nonlinearity.10–12 Although 100 Gbps wavelength conver-
sion with a conversion efficiency (CE) of up to −0.6 dB has been
demonstrated on the Si3N4 platform, it requires a waveguide length
of more than 1 m and an operating power exceeding 1 W.10 In the
case of high-index material platforms, such as silicon-on-insulator
(SOI), CE is limited due to the two-photon absorption (TPA) in
the telecommunication band.13 Therefore, finding a material plat-
form with highly effective nonlinearity and low nonlinear loss is
challenging. A recently developed AlGaAs-on-insulator (AlGaAsOI)
platform stands out as a good candidate, offering large intrinsic
nonlinearity, strong light confinement, and low linear and non-
linear material absorption.14,15 Based on a 3-mm-long AlGaAsOI
waveguide, a CE of −4 dB was obtained at a pump power of
400 mW.16

However, waveguide-based wavelength converters still require
high pump power operation, which is difficult to achieve with on-
chip lasers. Novel device configurations need to be introduced to
improve CE further, thereby reducing the pump power require-
ment. Microring resonators have been utilized to enhance CE by
leveraging the large circulating power. For instance, a microring
resonator demonstrated a remarkable 53-dB CE improvement com-
pared to an equivalent-length waveguide (110 μm) at the same pump
power.17 However, the high-Q microresonators exhibit a narrow res-
onance linewidth, typically at the megahertz scale, which imposes
significant limitations on handling broadband data signals, essen-
tial for high-speed optical signal processing. Coupled resonators
have been proposed to break the signal bandwidth constraint of sin-
gle resonators.18,19 However, the trade-off relationship between the
enhancement factor and signal bandwidth persists, and improve-
ment is achieved at the expense of increased structural complexity
and footprint. The demonstrated microresonator-based wavelength
converter still shows limited performance concerning the signal
bandwidth, with the maximum data rate achieved being 40 Gbit/s.19

Therefore, achieving a high CE without signal bandwidth limitation
remains a challenge.

Here, we propose using a Fabry–Perot Bragg grating (FPBG)
cavity to achieve a singly resonant FWM process. Unlike microring
resonators, which distribute resonant modes across the entire spec-
trum, the band-structured FPBG cavity confines resonant modes
within a narrow photonic stopband.20–22 Consequently, the pump
wavelength can be positioned to operate in a resonant mode within

the stopband, while the signal and idler waves can be situated outside
the stopband. This approach enhances FWM efficiency compared
to the waveguide-based device without sacrificing the operational
signal bandwidth imposed by microring schemes. In this work, we
achieved a CE enhancement of 16.7 and 10.2 dB in 1- and 3-mm-
long FPBG cavities, respectively, compared to a bare waveguide
counterpart. We also showed that the FPBG device can relax the
length requirement, thereby increasing the phase-matching band-
width. Using a 1-mm-long device, we achieved a conversion band-
width of 214 nm, significantly larger than the 108 nm bandwidth
of the 3-mm-long device, despite their similar CEs. Based on the
FPBG-based wavelength converter, we also demonstrated continu-
ous wavelength conversion with consistent performance, indicating
potential for high-speed data rate operation.

II. STRUCTURE AND PRINCIPLE
Figure 1(a) presents the schematic of a singly resonant FWM-

based all-optical wavelength conversion in an FPBG cavity on an
AlGaAsOI chip. The low-power continuous wave (CW) pumping
light (green) and the data-encoded signals (blue) are simultaneously
coupled into the FPBG cavity. Inside the cavity, the pump power
accumulates to a high level while the signal pulse undergoes a sin-
gle pass. The accumulated high pump power facilitates an efficient
FWM process, replicating signal pulses to idler pulses at another fre-
quency (red). The single-pass configuration for both the signal and
idler ensures high-speed operation. Here, the FPBG cavity consists
of two distributed Bragg reflectors (DBRs) positioned on both sides
of a nonlinear waveguide. The DBR is implemented by introduc-
ing sinusoidal corrugations into a waveguide, as shown in Fig. 1(b).
Each corrugation period corresponds to a unit cell in the DBR, char-
acterized by its length (Λ), mean width (W), and corrugation depth
(ΔW), as illustrated in Fig. 1(c). Figure 1(d) displays a scanning elec-
tron microscopy (SEM) image of one of our fabricated DBRs, where
smooth boundaries are observed. The periodic corrugation of DBR
induces a stopband where the pump light can be located. The length
of the DBRs determines the reflectivity and coupling strength to the
waveguide, influencing the intensity enhancement of the pump light.
A critical coupling condition needs to be met to achieve maximum
pump power enhancement. Thus, the output mirror reflectivity is
designed to be close to 100%, and the input mirror reflectivity is
adjusted by changing the number of periods to match the round trip
loss of the cavity (see Fig. S1 of the supplementary material).

Next, we compared the CE of FWM under different resonant
schemes. The frequency-domain nonlinear coupled-mode equa-
tions5 were used to calculate it numerically (see the supplementary
material). In the undepleted pump regime, the CE is proportional to
(γPpLeff )

2, where γ is the effective nonlinearity of the waveguide,
Pp is the on-chip pump power, and Leff is the waveguide’s effec-
tive length.5 Figure 2(a) shows the calculated CE for a non-resonant
waveguide device under different lengths (L) and loss ( α), assum-
ing the effective nonlinearity γ is 400 W−1 m−1 and the pump power
Pp is 10 mW. The CE in the waveguide shows a strong dependence
(quadratic scaling) on the waveguide’s effective length. Achieving a
higher CE necessitates a longer effective waveguide length. In con-
trast, a higher CE with a shorter length can be achieved in a micror-
ing resonator, where all three waves are on-resonant, as shown in
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FIG. 1. (a) The schematic of FWM-based
wavelength conversion in an AlGaAsOI
FPBG cavity. (b) The schematic of the
DBR structure. (c) The illustration of the
unit cell of DBR. (d) The SEM picture of
one of the fabricated DBRs.

Fig. 2(c). The CE is proportional to (γPpLef f )
2
(IEp)

2
(IEs)(IEi),

where IEp/s/i represents the intensity enhancement in the cavity of
the pump, signal, and idler light. However, the linewidth of the
resonance will significantly limit the operated signal bandwidth. A
critical coupling condition was assumed to achieve maximum pump
power enhancement in the cavity. As shown in Fig. 2(c), the sup-
ported bandwidth is only 2.4 GHz for a 4 dB/cm waveguide loss.
In contrast to the triply resonant FWM process, the FPBG cavity-
enabled singly resonant scheme proposed in this work can break
the CE-signal bandwidth constraints, as illustrated in Fig. 2(b). The

CE can be improved by a factor of (IEp)
2 compared to the non-

resonant scheme, while the signal bandwidth is no longer limited by
the resonance linewidth compared to the triply resonant scheme. In
the singly resonant scheme, half of the circulating pump power co-
propagates and interacts with the single-pass signal during the FWM
process. The pump light enhancement (IEp) scales with both the
device length and waveguide loss, following a trend similar to that
observed in microresonators (as shown in Fig. S2). A shorter cavity
length results in a larger IEp, thereby alleviating the length require-
ment to achieve high CE for non-resonant waveguides [see Fig. 2(b)]

FIG. 2. Illustration of the FWM-based wavelength conversion (upper panel) and the corresponding calculated CE (lower panel) at a pump power of 10 mW with an effective
nonlinearity of 400 W−1 m−1 under different resonant schemes: (a) non-resonant FWM based on a waveguide, (b) singly resonant FWM based on an FPBG cavity, and (c)
triply resonant FWM based on a microring resonator. The star marks represent the corresponding experimental results.
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and broadening the phase-matching bandwidth. Although the CE
in this scheme is lower compared with the triply resonant scheme,
the single-pass signal lifts the signal bandwidth limit imposed by the
resonance linewidth. It should be noted that for ultra-broadband
operation, radiation modes of the DBR with a much higher fre-
quency than the stopband of the DBR may affect the phase-matching
bandwidth (see Fig. S3). Nonetheless, the signal bandwidth
(data rate) remains unaffected within the conversion bandwidth
range.

III. RESULTS AND DISCUSSION
A. Device fabrication and linear characterizations

We experimentally demonstrated the FPBG cavity-based singly
resonant FWM process in the AlGaAsOI platform. The 300 nm-
thick AlGaAsOI wafer is prepared by wafer bonding and substrate
removal processes.23 The DBR mirrors and FPBG cavities are pat-
terned using an optimized electron-beam lithography process and
a boron trichloride (BCl3)-based dry etching process. A 100-nm-
thick Al2O3 and 3-μm thick SiO2 layers were deposited as the
upper cladding using atomic layer deposition (ALD) and plasma-
enhanced chemical vapor deposition (PECVD), respectively. The
inverse tapered edge couplers have also been fabricated in the input
and output waveguide ports to achieve efficient chip-to-fiber cou-
pling. Manual cleaving was applied to the chip for edge coupling, and
the average fiber-to-chip coupling loss was estimated to be around
2.5 dB/facet. To analyze the relationship between CE and the lengths
of FPBG cavities, we fabricated two chips with waveguide lengths of
1 and 3 mm, respectively, on the same wafer sample.

A tunable external cavity laser and an optical power meter are
synchronized with a 3 pm resolution to record the transmission and
reflection spectrum of the devices simultaneously. A low-intensity
TE-polarized light was launched into the devices to avoid ther-
mal and nonlinear effects. The measured normalized transmission
spectrum of DBRs with varied number of periods (N) is presented
in Fig. 3(a), where the unit cell of the DBRs has dimensions of
W = 800 nm, Λ = 290 nm, and ΔW = 50 nm. The central wavelength
and bandwidth of the stopband are 1533 and 4 nm, respectively.
We noted that the central wavelength deviates from the designed

1550 nm due to fabrication discrepancies. Figure 3(a) illustrates that
the DBR mirror reflectivity can be adjusted by changing the number
of periods. To achieve the critical coupling condition of the FPBG
cavity, the period number of the output mirror was set to 800 to
achieve a reflectivity of almost 100%, while the number of grating
periods of the input mirror was varied to balance the round trip cav-
ity loss. The measured reflection spectrum of a 1-mm long FPBG
cavity is shown in Fig. 3(b), revealing an extinction ratio of up to
20 dB at the wavelength of 1533 nm, where the critical coupling con-
dition is nearly satisfied. In this case, the input mirror was set to
500 periods. Figure 3(c) presents a typical resonance spectrum of
fabricated FPBG cavities featuring a 1.06 GHz linewidth correspond-
ing to a 2 dB/cm waveguide propagation loss.24 The measured finesse
for the 1- and 3-mm long FPBG devices are 36.7 and 12.2, respec-
tively, corresponding to intracavity power enhancements of 10.7 and
5.9 dB at low pump power levels.

B. Nonlinear characterizations
We performed FWM experiments based on the 1- and 3-mm-

long FPBG cavities and the waveguide counterparts fabricated on the
chips. CW signals and pump waves were generated through tunable
external-cavity lasers and combined using a WDM coupler. Both
signal and pump waves were aligned with polarization controllers
to the TE polarization of the AlGaAsOI waveguide. Lensed fibers
were used to couple light into and out of the chip, and the out-
put spectrum was recorded by an optical spectrum analyzer (OSA).
Figures 4(a) and 4(b) show the measured FWM spectrum for these
devices. The CE is −47 and −40.5 dB for 1- and 3-mm-long wave-
guides at a pump power of 9 mW, respectively. Here, the CE was
obtained through the output spectrum, CEoutput = Pi(L)/Ps(L). As
the maximum waveguide length is 3 mm, the propagation loss for
the signal is negligible; therefore, we define the measured CEoutput as
the CE [CE = Pi(L)/Ps(0)] of the FPBG cavity. The measured CE for
the straight waveguides is marked with a star symbol in Fig. 2(a),
showing good agreement with the theoretical predictions. Due to
the pump power enhancement in the FPBG cavities, the CEs are
enhanced by 16.7 and 10.2 dB for the 1- and 3-mm devices, respec-
tively. Here, it is worth mentioning that the resonances within the
stopband have different extinction ratios, leading to varying IEs.

FIG. 3. (a) The measured transmission spectrum of the DBR (W = 800 nm, Λ = 290 nm, and ΔW = 50 nm) with different number of periods (N). (b) The measured
reflectance spectrum of the 1 mm-long FPBG cavity with 500 periods in the input mirror and 800 periods in the output mirror. (c) The typical resonance spectrum of the
FPBG cavity.
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FIG. 4. (a) and (b) Measured FWM spectrum for the wave-
guide (blue) and FPBG cavity (orange) when the input
on-chip power is 9 mW with the device length of (a) 1 mm
and (b) 3 mm, respectively. The pink bar represents the
stopband of the FPBG cavity. (c) Measured CE vs on-chip
power without the use of EDFA. (d) Measured CE vs the
signal-pump separation.

Therefore, the pump light was carefully tuned within the stopband
to align with the resonance supporting the largest IE by monitor-
ing the generated idler power using the OSA to ensure maximum
CE enhancement. To simplify the precise pump light tuning pro-
cess, a broadband DBR with flat reflectivity is highly desirable in
the future. The experimental results are labeled in Fig. 2(b). The
CE of the FPBG-based devices becomes strongly dependent on the
waveguide propagation loss while the length requirement is greatly
relaxed. The minor discrepancy between the experimental result and
theoretical prediction may be attributed to additional coupler losses
from DBRs and variations in coupling conditions at high intracavity
power levels.

The relationship of CE vs on-chip power was also investigated,
as shown in Fig. 4(c). The CE follows a quadratic relation with the
pump power, ranging from 5 to 10 dBm, without using an erbium-
doped fiber amplifier (EDFA) to amplify the pump power. Based
on the measurements of the 1- and 3-mm long waveguide devices,
a linear function was used to fit the measured data. The dashed
lines represent the fitting result from which an average effective
nonlinearity of 400 W−1 m−1 is derived, which was utilized for the
simulation in Sec. II. We noted that the device exhibits a lower
effective nonlinearity compared to our previous work in Refs. 16
and 17 due to the differences in waveguide cross-sectional dimen-
sion. To assess the FWM enhancement provided by the FPBG,
both straight waveguides and FPBG resonators with identical cross-
sectional dimensions were fabricated on the same chip in this study.
Figure 4(d) shows the CE of the FWM as a function of signal-pump
wavelength separation (conversion bandwidth) for 1- and 3-mm
waveguides and FPBG cavities. Due to limitations in laser avail-
ability, the smallest measurable signal-pump separation is ∼25 nm.
The injected on-chip pump power is kept at 9 mW. The measured
CE bandwidth matches well with the simulated data for the 1- and

3-mm long waveguides at the pump power of 9 mW, showing a 3-dB
bandwidth of about 179 and 103 nm. In contrast, the CE bandwidth
for the 1- and 3-mm long FPBGs are 214 and 108 nm, respectively,
corresponding to waveguide lengths of 0.7 and 2.7 mm. We note
that the effective cavity length is less than the nominal device length
since the DBR mirror has a reflection depth, which explains why
the FPBG cavity CE bandwidth is slightly larger than the wave-
guide counterpart. Here, we emphasize that the cavity enhancement
of the FPBG device enables a shorter nonlinear interaction length
than the standard nonlinear waveguide when targeting the same
CE. Consequently, the short length of the FPBG device will mitigate
the impact of the phase mismatch, allowing for a wider conversion
bandwidth.5

C. System demonstration of all-optical wavelength
conversion for communications

We experimentally characterize wavelength conversion of
broadband optical signals using a 3-mm-long FPBG AlGaAsOI chip
to validate the device performance in nonlinear optical signal pro-
cessing applications. The experimental setup is shown in Fig. 5(a).
In the transmitter, the signal light emitted from an external-cavity
laser is modulated by a Mach–Zehnder modulator to generate a
10 Gbit/s non-return-to-zero on-off-key (NRZ-OOK) data signal.
The generated signal is coupled into the photonic chip-based wave-
length converter, where a CW light at the resonance of around
1532 nm is used as the pump wave. An EDFA is used to adjust the
pump power, and the amplified spontaneous emission (ASE) noise
from the EDFA is filtered with a bandpass filter. The wavelength
converter generates an idler light—a replica of the data-encoded sig-
nal light—through the degenerate FWM process. An OSA is used
to monitor the generated idler light amplitude to ensure the pump
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FIG. 5. (a) Experimental setup for all-optical wavelength conversion of a high-speed data signal using a nonlinear AlGaAsOI chip. (b) Measured CE vs pump power with the
use of EDFA. (c) Measured FWM spectrum at different signal wavelengths of 1505, 1510, and 1515 nm when the pump wavelength is 1532 nm at the on-chip input power
of 25 mW. The pink bar represents the stopband of the FPBG cavity. (d) Measured signal and idler spectrum by scanning the frequency of the signal light over 135 GHz.
The consistent CE ensures wavelength conversion of data signals beyond 100 Gbaud. (e) Measured BER for the 10 Gbit/s back-to-back (B2B) and wavelength-converted
data signal vs received optical power after bandpass filter (BPF). Inset: eye diagram of the back-to-back and the converted idler at BER of around 10−9.

light is aligned with one of the cavity resonances. In the receiver, a
bandpass filter rejects the pump and signal light and transmits the
idler light. An EDFA was used to amplify the idler so that the optical
power level is in the optimum detection range of the receiver. After
that, a bandpass filter was used to filter out the ASE noise. The con-
verted idler is finally sent to the bit-error-rate tester (BERT) for the
BER evaluation.

Figure 5(b) shows the measured CE of the 3-mm-long FPBG
cavity vs on-chip pump power, with an EDFA used to amplify the
pump power. The CE begins to saturate when the pump power
exceeds 16 dBm, despite the pump still operating in the unde-
pleted regime. This saturation is accompanied by a reduction in the
extinction ratio of the pump resonance, which may be attributed to
increased nonlinear losses caused by surface states of the AlGaAs
waveguides.25,26 The nonlinear loss depends not only on the input
pump power but also on the intensity enhancement of the FPBG cav-
ity. Due to the enhanced pump power within the cavity, saturation
occurs at an intracavity pump power of 21 dBm for the FPBG device.
In contrast, the waveguide device reported in Ref. 16 exhibits CE sat-
uration at −4 dB when the on-chip power reaches 26 dBm. This dis-
crepancy is likely due to increased nonlinear losses, which may arise
from variations in wafer quality and fabrication processes. To reduce
the nonlinear loss for a given input pump power in an FPBG device,
one can increase the device length, thereby reducing the intracav-
ity power. While lower intracavity power may initially decrease CE,
the longer nonlinear interaction length for the single-pass signal
wave compensates for this effect. Consequently, compared to shorter

devices with higher intracavity power and nonlinear loss, longer
devices achieve improved CE. Moreover, implementing an effec-
tive surface passivation technique27 could help mitigate surface state
effects, thereby mitigating nonlinear losses. Further improvements
in CE also require minimizing linear loss. One effective strategy is
adopting deep ultraviolet (DUV) lithography with reflowed pho-
toresist,28 which can reduce scattering losses and enhance device
performance. Here, we chose a pump power of 25 mW for the OSP
experiment to avoid nonlinear absorption.

To show the signal wavelength tunability of the FPBG
devices, we chose three signal wavelengths of 1505, 1510, and
1515 nm randomly to conduct the wavelength conversion experi-
ment. Figure 5(c) shows the measured FWM optical spectrum at a
pump power of 25 mW. We noted that the spectral shape of the
pump light comes from the remaining ASE noise of the EDFA.
A CE of −20 dB was obtained for these three signal wavelengths
under such pump power. The nearly consistent CE indicates that
this device is suitable for multi-wavelength conversion. The group
velocity dispersion and the length of the cavity waveguide deter-
mine the wavelength conversion range. A shorter FPBG wavelength
converter with an engineered higher-order dispersion can further
improve the operation bandwidth.16 To further show the device’s
potential for high-speed operation, the signal carrier wavelength was
scanned across a 135 GHz range with a dense frequency step, and
the converted idler spectrum maintains a uniform amplitude in this
range, as shown in Fig. 5(d), which is greatly larger than the reported
engineered resonance linewidth of 40 GHz.19 In principle, the device
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is suitable for high-speed operation. Here, we used a 10 Gbit/s data
rate as an example. The measured BERs of the back-to-back signals
at different wavelengths and the corresponding converted idlers are
shown in Fig. 5(e), where the system power penalty of around 1 dB
was achieved at the BER of 10−9. The penalty may arise due to the
unstable fiber-to-chip coupling. All the converted idlers have almost
the same performance, further showing the high-speed operation
potential of the FPBG-based wavelength converters.

D. FWM-based integrated wavelength
converters discussion

We summarize the experimental results of the state-of-the-art
FWM-based all-optical wavelength conversion achieved with dif-
ferent integrated photonic platforms and structures in Table I. In
recent years, silicon photonics has attracted intense attention due
to the compatibility of CMOS fabrication technology. Various pas-
sive and active components are investigated and demonstrated in
the SOI platform to make the function of the photonic integrated
circuits more powerful. The FWM-based wavelength converter was
also successfully demonstrated in the SOI platform.13,29 However,
the TPA-induced free carrier absorption (FCA) limits the ultimate
CE. To mitigate the FCA effect, a p-i-n diode was utilized to remove
the generated carriers, which helped to improve CE.30 Neverthe-
less, it requires complex fabrication processes and limited freedom
to change its waveguide layout, which increases the waveguide loss
and fabrication cost and limits the dispersion engineering ability.

Therefore, other TPA-free integrated nonlinear material plat-
forms have been developed, such as a-Si,31 As2S3,32 Hydex,33

Si3N4,10 and AlGaAs.16 Among them, AlGaAsOI exhibits the largest
effective nonlinearity, making it a promising candidate for enabling
a broadband and efficient FWM process. However, achieving a
high CE still requires either a long waveguide length or high pump
power. This makes it challenging to integrate the single-pass wave-
guide with the on-chip laser, preventing it from becoming a fully
integrated wavelength converter. To further increase the effective
nonlinearity, special waveguide structures such as slot waveguides34

or plasmonic waveguides35 have been employed to reduce the effec-
tive mode area. However, these waveguides exhibit high propagation
loss, which limits their performance. Photonic crystal (PhC) wave-
guides utilizing the slow light effect have also been exploited, while
the conversion bandwidth is smaller than 13 nm due to the nar-
row bandwidth of the PhC.36 Microring resonators have also been
used to enhance CE. However, the narrow resonance linewidth
(on the order of megahertz) of high-Q microresonators limits the
maximal data rate. Therefore, there are only a few demonstrations
of the OSP in microresonators.17,37,39,40 Resonance linewidth engi-
neering has been made recently, but the improvement is limited.18,19

So far, the highest data rate using a double-ring resonator is still
only 40 Gbit/s.19 In this work, we proposed using an FPBG cavity
to balance the trade-off between CE and the supported signal data
rate.

Figure 6 shows the calculated CE vs data rate for different
resonant structures—waveguide, microring resonator, and FPBG
resonator in the AlGaAsOI platform. The lengths of the FPBGs and
waveguides are set at 3 mm to ensure a conversion bandwidth of
over 100 nm, as illustrated in Fig. 4(d), assuming waveguide losses

TABLE I. A summary of reported FWM-based wavelength conversion performance realized on integrated platforms. Note: γ: effective nonlinearity, α: waveguide loss, L: device
length, Pp: on-chip pump power, CE: conversion efficiency, BW: conversion bandwidth, DDR: demonstrated data rate, and SDR: support data rate (which depends on RL:
resonance linewidth, and the demonstrated maximum linewidth is 40 GHz).19

Device design Material γ (W−1 m−1) α (dB/cm) L (mm) Pp (mW) CE (dB) BW (nm) DDR (Gbit/s) SDR Ref.

WG Si 126a 2.3 28 160 −10.6 19 10 BW 13
WG Si 247a 3–4 6 32 −28.49 60 10 BW 29
WG p-i-n Si 30a 0.3 30 457 −8.5 40 1024 BW 30
WG a-Si 800 ± 50 3.7 1 70 −26 50 20 BW 31
WG As2S3 9.8 1 60 730 −27.5 40 40 BW 32
WG Hydex 0.22 0.07 500 158 −40 >10 32 BW 33
WG Si3N4 1 1.4 1420 1230 −0.6 27 128 BW 10
WG AlGaAs 630 1.3 3 35.5 −23 750 1280 BW 16
Slot WG Polymer 100 16 4 1340 −37 18 42.7 BW 34
Plasmonic WG Polymer 7.7 × 104 NA 0.002 30 000 −13.3 60 NA BW 35
PhC WG Si NA NA 0.096 895 −33 <13 10 BW 36
MR Si NA 3 0.7 9 −30 NA 10 RL 37
MR Si NA 1.68 0.434 2.7 −15.57 400 NA RL 38
CROW MR Si NA 2 0.63 16 −36 120 10 RL 18
MR Si–graphene NA 6 0.63 20 −38 20 10 RL 39
MR Hydex NA NA 0.302 165 −28.5 27 2.5 RL 40
MR AlGaAs 720 2 0.110 32 −16 130 40 RL 17
Coupled MR AlGaAs 720 4.5 0.453 1 −37.6 160 38 RL 19
FPBG Si3N4 0.99 0.36 0.39 5.3 −37.7 NA NA RL 21
FPBG AlGaAs 400 2 1/3 25 −20 214/108 10 BW This work
aDerived value according to the available data provided in relevant references.
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FIG. 6. Comparison of relative CE vs data rate for different resonant
structures—waveguide (dotted line), FPBG resonator (solid line), and microring
resonator (dashed lines) in the AlGaAsOI platform. The lengths of the FPBGs and
WGs are set at 3 mm, while the length of the ring resonator is set at 110 μm to
ensure they have a similar conversion bandwidth (∼100 nm).17 Different wave-
guide losses of 0.5, 1, 2, 3, and 4 dB/cm (indicated by different line colors) are
considered here.

of 0.5, 1, 2, 3, and 4 dB/cm. The length of the ring resonator is set at
110 μm to achieve a conversion bandwidth of ∼100 nm.17 The power
intensity enhancement depends on the resonance linewidth for the
ring resonators, imposing a strict trade-off relationship between the
CE and data rate. Although the single-pass waveguide-based devices
support a large data rate, their CE is relatively low. The CE remains
nearly consistent for different waveguide losses due to the short
length of the waveguides. The triply resonant devices (ring res-
onators) exhibit higher conversion efficiencies at lower data rates,
but the efficiency significantly decreases at high data rates (larger res-
onance linewidths), making the ring resonator suitable only for low
data rate operation. Therefore, our scheme (FPBG)—employing a
pump-recycled singly resonant FWM process—is highlighted by its
larger signal bandwidth and improved CE. In addition, the CE of the
FPBG device can be significantly improved by reducing the wave-
guide loss. The singly resonant FWM scheme is inherently generic
and can be applied across various material platforms, such as Si3N4
(see Fig. S4 of the supplementary material). This versatility high-
lights its potential to significantly relax both device length and pump
power requirements, making it a broadly applicable approach for
enhancing FWM performance in diverse photonic systems.

IV. CONCLUSION
In summary, we have successfully demonstrated a singly reso-

nant FWM process utilizing a band-structured FPBG cavity in the
AlGaAsOI platform. This approach enables a broadband FWM with
high CE, requiring significantly lower absolute pump power and
shorter device length compared to conventional single-pass non-
linear waveguides. Moreover, it supports higher data rates than
mirroring-resonator-based all-optical wavelength converters. The
experimental results show a 16.6 dB enhancement in CE using a
1-mm-long FPBG cavity compared to its waveguide counterpart of
the same length. Further reducing propagation loss in the FP cavity

could enhance FWM efficiency even more. Our approach establishes
the groundwork for a green and high-speed fully, integrated wave-
length converter and facilitates various broadband FWM-enabled
nonlinear applications, including quantum optics41 and Raman
spectroscopy.42

SUPPLEMENTARY MATERIAL

See the supplementary material for calculations on intensity
enhancement in cavities, numerical simulations of FWM conversion
efficiency, an analysis of DBR’s radiation modes, and a numerical
investigation of the Si3N4 platform.
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