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ABSTRACT

Wavelength conversion technology is imperative for the future high-speed all-optical network. Nonlinear four-wave mixing (FWM) has
been used to demonstrate such functionality in various integrated platforms because of their potential for the realization of a chip-scale,
fully integrated wavelength converter. Until now, waveguide-based wavelength conversion on a chip requires a pump power beyond the
reach of available on-chip lasers. Although high-quality factor (Q) microresonators can be utilized to enhance the FWM efficiency, their
narrow resonance linewidths severely limit the maximal data rate in wavelength conversion. In this work, combining the ultrahigh effective
nonlinearity from a high-confinement aluminum gallium arsenide waveguide and field enhancement from amicroring resonator with a broad
resonance linewidth, we realize all-optical wavelength conversion of a 10-Gbaud data signal by using a pump power, for the first time, at a
submilliwatt level. With such a low operation power requirement, a fully integrated high-speed wavelength converter is envisioned for the
future all-optical network. The waveguide cross-sectional dimension is engineered in a submicron scale to enhance the light confinement,
which pushes the device effective nonlinearity to 720 W−1 m−1 while maintaining a broad operation bandwidth covering the telecom S-, C-,
and L-bands. Moreover, we demonstrate that a single microring resonator is capable of handling a high-speed data signal at a baud rate up to
40 Gbit/s. All the wavelength conversion experiments are validated with bit-error rate measurements.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5115232., s

Optical signal processing (OSP) has the potential to vastly out-
perform its electrical counterpart in terms of both capacity and
power consumption.1 A critical operation within OSP is optical
routing,2 which can be realized by wavelength conversion through
the parametric four-wavemixing (FWM) process.3 The FWM-based
wavelength conversion offers strict transparency with respect to
modulation formats by preserving phase and amplitude informa-
tion and may play a key role in interconnecting wavelength division
multiplexing (WDM) networks.

In recent years, integrated photonic chips have been shown to
be able to perform highly efficient FWM. The dispersion engineering

enables ultrabroadband operation in integrated waveguides, and the
femtosecond-scale response of the parametric FWM process enables
ultrafast OSP.4 The development of heterogeneous integration tech-
nology5 makes it possible to combine laser and nonlinear materials
on a single complementary metal-oxide-semiconductor (CMOS)-
compatible chip realizing on-chip laser-driven wavelength convert-
ers. However, most of the integrated waveguide-based wavelength
conversion demonstrations6–16 require a pump power beyond the
reach of available on-chip lasers.

Microresonators can be utilized to enhance the FWM efficiency
significantly because of the large circulating power.17,18 Efforts on
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pushing thequality factor (Q) for such integratednonlinearmicrores-
onators have led to optical parametric oscillation and thus frequency
comb generation.19 However, for high-speed OSP, the narrow reso-
nance linewidth (in the order ofmegahertz) of such highQmicrores-
onators limits the maximal data rate, as the optical response of the
resonance is essentially a bandpass filter. Therefore, the benefit of
efficiency enhancement in microresonators is severely constrained
in OSP of the high-speed data signal (at the gigahertz data mod-
ulation speed). Because of this, there are only a few demonstra-
tions for OSP of data signals in microresonators so far20–23 although
the prospect of wavelength conversion in microring resonators has
been suggested two decades ago.17 In low-index material platforms
such as Hydex, wavelength conversion of a data signal at a speed of
2.5Gbit/s has been demonstrated in amicroring resonator.20 Because
of the lowdevicenonlinearity, the requiredpumppower is larger than
150 mW. In the case of high-index material platforms such as sili-
con, Hu et al. demonstrated a wavelength conversion of a 10 Gbit/s
quadrature phase shift keying data signal in a microring resonator
with a graphene layer deposited on top. Although the required pump
was reduced to 20 mW because of a higher device nonlinearity, the
conversion efficiency is limited due to the two-photon absorption
(TPA) in siliconandhighabsorption lossof graphene.21 Therefore, an
integrated platform with high device nonlinearity and low nonlinear
loss is highly desirable to take advantages of the efficiency enhance-
ment frommicroresonators in wavelength conversion of high-speed
data signals. It isworthnoting that although the signalwavewill expe-
rience a phase change at a resonance, the original phase information
can be recovered by using phase recovery algorithms [e.g., decision-
directed phase-locked loop (DDPLL) and blind phase search] in
the digital signal processing (DSP) flow in the coherent detection
because the phase response for a certain microresonator is fixed and
known. Therefore, microresonators are also suitable for FWM-based
wavelength conversion for advanced modulation formats such as
quadrature amplitude modulation (QAM).

In the last decade, tremendous efforts have been made
to develop different integrated nonlinear material platforms.16–34

Among those platforms, our recently developed platform AlGaAs-
on-insulator (AlGaAsOI)29 exhibits an ultrahigh effective nonlinear
coefficient as an AlGaAsOI nanowaveguide combines a large mate-
rial nonlinear index (on the order of 10−17 W/m2) and strong light
confinement due to its high index contrast. The bandgap of AlGaAs
can be engineered to mitigate TPA at telecommunication wave-
lengths.35 Thanks to the ultrahigh effective nonlinearity, we have
previously demonstrated OSP at speeds beyond Terabit per second
by ultrabroadband wavelength conversion,36 wavelength conversion
of 256-QAMdata signals,37 and a broadband frequency comb source
supporting 661 Tbit/s data transmission38 based on dispersion engi-
neered AlGaAsOI nanowaveguides. In this work, we reduce the
waveguide cross-sectional dimension compared to our earlier work
(280 nm × 640 nm)36 to enhance the effective nonlinear coefficient
to 720 W−1 m−1. The waveguide dispersion is kept low enough to
ensure a broad FWM bandwidth over 130 nm. We fabricate AlGaA-
sOI microresonators with such a waveguide dimension that they
exhibit moderate Qs (resonance linewidths at a gigahertz range).
We achieve ultraefficient continuous-wave (CW) FWM processes
in the microring resonators and realize a wavelength conversion
of 10-Gbaud non-return-zero on-off-key (NRZ-OOK) data signal
using a pump power of just 0.9 mW. We evaluate the influence of

the filtering effect, induced by the finite resonance linewidth, on
high-speed wavelength conversion in a single microresonator by
pushing the operating data rate to 40 Gbit/s. Such highly nonlinear
microresonators can be a building block for next-generation WDM
network.

The schematic illustration of FWM-based all-optical wave-
length conversion in a nonlinear microring resonator is shown in
Fig. 1(a). The low-power CW pumping light (green) and the data
encoded light pulses (blue) are evanescently coupled from the bus
waveguide to the microring resonator. Circulating in the nonlin-
ear resonator, both pump and signal power build up to such a high
level that an FWM process results in an efficient generation of idler
pulses at another frequency (red) and thus replication of data sig-
nals from one frequency to another at the output of the photonic
AlGaAsOI chip. The AlGaAsOI wafer, where a high-quality thin
AlGaAs film on top of a low-index insulator layer (SiO2) resides on
a semiconductor substrate, is fabricated through wafer bonding and
substrate removal processes.39 The AlGaAsOI microring resonators
are defined using an optimized electron-beam lithography process40

and a chloride-based dry etching process. Figure 1(b) shows the
scanning electron microscopy (SEM) image of a fabricated AlGaA-
sOI microresonator with a diameter of 34.4 μm and a free spectral
range (FSR) of 690 GHz. Figure 1(c) shows the AlGaAsOI waveg-
uide with a nominal cross-sectional dimension of 290 nm × 465 nm.
Such submicron dimensions offer an ultrahigh effective nonlinear-
ity of 720W−1 m−1 (see the supplementary material), which is larger
than our previous result29 due to the reduced effective mode area.
According to our previous characterization of AlGaAsOI waveg-
uides,39 the propagation loss will increase from 1.3 dB/cm to around
2 dB/cm when the waveguide width is reduced from 640 nm to
around 465 nm. To prepare the AlGaAsOI chip for characterization,
inverted-nano tapers41 were used at both sample facets to facilitate
an efficient fiber-to-chip coupling (3 dB/facet).

The experimental setup for the wavelength conversion of the
NRZ-OOKdata signal is shown in Fig. 1(d). In the transmitter, a CW
light emitted from an external-cavity laser is modulated by a modu-
lator to generate a high-speed (10–40 Gbit/s) NRZ-OOK data signal.
The generated signal pulses at 1538.2 nm are coupled into the pho-
tonic chip-based wavelength converter where CW light at 1543.6 nm
is used as the pump wave. Both pump and signal waves are aligned
to the TE polarization of the AlGaAsOI nanowaveguide while their
wavelengths are tuned to the resonant wavelengths of the AlGaAsOI
microresonator. Erbium-doped fiber amplifiers (EDFAs) are used to
adjust the coupled power for both pump and signal waves. Band-
pass filters (BPFs) are used before and after the AlGaAsOI chip to
filter out the amplified spontaneous emission (ASE) noise from the
EDFAs and to separate the pump and signal waves at the output.
The converted idler is then sent to the receiver where the idler is
evaluated by a bit-error-rate tester (BERT).

We first performed wavelength conversion of a 10-Gbit/s data
signal in an AlGaAsOI microring resonator where there is little fil-
tering penalty induced by the resonance linewidth. An overcoupled
microring resonator with a resonance linewidth of ∼10 GHz was
used in this case (see the supplementary material). In the experi-
ment, the pump laser was first manually tuned following the res-
onance thermal red-shift until thermal soft locking is achieved42

where the heating of the resonator was balanced by convective and
diffusive cooling. As the average power of the signal pulses was

APL Photon. 4, 100804 (2019); doi: 10.1063/1.5115232 4, 100804-2

© Author(s) 2019

https://scitation.org/journal/app
https://doi.org/10.1063/1.5115232#suppl
https://doi.org/10.1063/1.5115232#suppl


APL Photonics ARTICLE scitation.org/journal/app

FIG. 1. (a) Schematic illustration of all-optical wavelength
conversion of data signals based on four-wave mixing
(FWM) in a nonlinear microring resonator on an AlGaAs-on-
insulator (AlGaAsOI) chip. [(b) and (c)] Scanning electron
microscopy (SEM) pictures of an AlGaAsOI microring res-
onator with a diameter of 34.4 μm (b) and the cross section
of its waveguide (c) before it is clad with a silica layer. The
AlGaAs material is denoted by artificial blue color, and the
top left-over layer is the electron-beam resist which is used
as an etching mask for patterning. (d) Experimental setup
for all-optical wavelength conversion of a high-speed data
signal using a nonlinear AlGaAsOI chip.

always kept 6-dB lower than that of the CW pump light, after the
signal laser was tuned into the resonance, only a few iterative fine-
tuning operations were performed for the pump and signal wave-
lengths to achieve the maximum conversion efficiency. Although no
temperature controlling element is used during the bit-error rate
(BER) characterization, the power variation of the converted sig-
nal is kept less than 1 dB, thanks to the relatively large resonance
linewidth. With a coupled pump power of 2.9 mW, the measured
BER of the back-to-back signal (blue) and wavelength converted
idler (red) are shown in Fig. 2(b), where an error-free operation
(BER = 10−9) was achieved for the idler with a conversion efficiency
of −21.6 dB (see the supplementary material). Figure 2(c) shows the
measured BER and conversion efficiency as a function of the coupled
pump power in the bus waveguide. It is seen that the achieved BER is
below the hard-decision forward error correction (HD-FEC) thresh-
old (3.8 × 10−3 with 7% overhead), which is required to perform
FEC on the converted idler data signal to get error-free operation
(BER < 10−12). The pump power is only 0.9 mW, which corresponds
to a very low switching energy per bit (90 fJ/bit).

To realize such a submilliwatt power operation, we engineered
the AlGaAsOI nanowaveguide in such a way that the device effec-
tive nonlinearity can be enhanced while the dispersion is maintained
low enough to support a broadband operation in the commonly
used telecommunication bands. To perform FWM characterization
without a data signal, we use the setup shown in Fig. 1(d) with the
modulator by-passed and the receiver replaced by an optical spec-
trum analyzer (OSA). Figure 2(d) shows the measured normalized
conversion efficiency of the microring resonator and the waveg-
uide as a function of signal wavelength. The simulated conversion
efficiency matches well with the measured data for the 3-mm-long

waveguide and shows a 3-dB bandwidth of about 130 nm covering
the telecom S-, C-, and L-bands. We obtained nearly constant con-
version efficiency within the entire tuning range of our signal laser
source although some efficiency fluctuation can be found due to the
variation of Q over the different resonances.

The FWM efficiency can be further enhanced to reduce the
required pump power if the signal to be converted is with a
lower data rate. We measured the FWM conversion efficiency for
microresonators with the same intrinsic Q (∼105) but with different
coupling conditions (coupling gaps: 210–330 nm) when the pump
power is fixed at 1 mW. The conversion efficiency is defined by
the ratio between the generated idler power and the coupled signal
power in the bus waveguide (see the supplementary material). As
shown in Fig. 2(e), one can find the trade-off between the achievable
conversion efficiency and the maximal data rate the device can han-
dle without a filtering effect.43 The efficiency reaches the maximum
at a slightly undercoupled condition (linewidth of 2.6 GHz), and the
achievable data rate reaches the maximum at a very overcoupled
condition (linewidth of 9.7 GHz). Figure 2(f) shows the measured
normalized transmission spectra in these two cases. As the coupling
coefficient between the bus and the ring is a determining factor in
the resonance linewidth and the conversion efficiency, active tuning
of the coupling region44 could be a practical scheme for optimizing
the device performance on-the-fly. In the case where a high data rate
is crucial, one may use the device with a broad resonance linewidth
at the expense of a compromised efficiency.

The resonance linewidth limits the maximal data rate for the
wavelength conversion as the filtering effects lead to spectral distor-
tion and sideband attenuation. To support wavelength conversion at
a higher data rate beyond 10 Gbit/s, we used a microresonator with
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FIG. 2. (a) Measured transmission spectrum of an overcoupled AlGaAsOI microresonator with an intrinsic Q factor of around 105 and a resonance linewidth of around
10 GHz. (b) Bit-error rate (BER) measurements for the 10 Gbit/s back-to-back and wavelength converted signal from the AlGaAsOI microring resonator vs the received
power with system penalties indicated at BER = 3.8 × 10−3 (hard-FEC limit) and BER = 1 × 10−9 (error-free limit), respectively. The inset shows the eye diagrams with BER
error-free limit. (c) Measured BER (black) and conversion efficiency (CE) (green) for 10 Gbit/s wavelength conversion vs the total coupled power in the bus waveguide. The
inset shows the eye diagrams at the HD-FEC limit. (d) Measured normalized CE vs signal wavelength. (e) CE vs resonance linewidth at a pump power of 1 mW. Different
coupling conditions are indicated as blue (undercoupled), gray dashed line (critically coupled), and red (overcoupled). (f) Measured normalized transmission spectra of the
microresonators with different coupling gaps (blue: 300 nm, red: 210 nm). The colored circles are the measured data, and the colored solid curves are the corresponding fit
(Lorentzian); the colored arrows indicate the corresponding linewidth of the resonances.

a lower intrinsic Q (∼2.7 × 104) than those used in the aforemen-
tioned experiment. Operated in a highly overcoupled condition, the
microring resonator has a resonance linewidth of about 25 GHz (see
the supplementary material). In the wavelength conversion experi-
ment, a fixed pump power of 32 mW was used to achieve a conver-
sion efficiency of approximately −16 dB. In order to test the data rate
limit and the influence of the filtering effect when the signal pulses
have a spectral bandwidth larger than the resonance linewidth of the
resonator, we also increased the data rate from 30 Gbit/s to 40 Gbit/s
for the signal pulses.

Figure 3(a) shows the measured BER for the wavelength con-
version of the 30-Gbit/s data signal. The system penalty is indi-
cated by the horizontal arrows. Even with the presence of the
detrimental filtering effect, it is still possible to achieve error-free
operation (with BER at 10−9) due to the high conversion efficiency.
Figure 3(b) shows the BER measurement in the case of a data signal
at a speed of 40 Gbit/s. Although an error floor is observed due to the
strong filtering effects, we obtained a BER below the hard-FEC limit
(3.8 × 10−3) with a system penalty of 8.8 dB. We measured the sys-
tem penalty at the hard-FEC limit as a function of the data rates from

FIG. 3. (a) Measured BER for the 30 Gbit/s back-to-back and wavelength converted data signal. Inset: eye diagram of the wavelength converted signal at BER = 10−9.
(b) Measured BER for the 40 Gbit/s back-to-back and wavelength converted data signal. Inset: eye diagram of the wavelength converted signal at BER = 3.8 × 10−3.
(c) Measured system penalty as a function of the data rate with BER at the HD-FEC limit.
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30 Gbit/s to 40 Gbit/s, as shown in Fig. 3(c), where a steady increase
in penalty for higher data rates due to the filtering effect is evident.
Data rates below 30 Gbit/s were not measured, as it is expected that
due to a small filtering effect, the system penalty would be much
smaller. Because of the reduced build-up factor in the microring
resonator with a relatively larger resonance linewidth, the required
pump power is increased by more than an order of magnitude
compared with the 10-Gbit/s wavelength conversion case.

Table I shows a performance comparison of different
approaches (waveguide designs and nonlinear materials) in FWM-
based wavelength conversion. Most of the wavelength conver-
sion demonstrations are realized in strip or slab waveguides.9–12,29

Efforts to enhance the light confinement enabled efficient FWM in
short waveguides while dispersion engineering enabled ultrabroad-
band operation. It allows wavelength conversion of data signals
at a record-high speed (>600 Gbit/s).10,29 However, the required
pump power level is still at the few-tenth-milliwatt level. To fur-
ther enhance the effective nonlinearity, slow-light effects in pho-
tonic crystal (PhC) waveguides have been exploited. As the effec-
tive nonlinearity scales as the square of the slowdown factor, up
to 2900 W−1 m−1, nonlinearity has been demonstrated in a PhC
waveguide.14 However, the major limitation of PhC waveguides is
the operation bandwidth of the slow light. State-of-the-art disper-
sion engineered PhC waveguides exhibit a constant group index of
∼30 over a 13 nm bandwidth,45 which results in an even smaller
FWM bandwidth and limits their application in OSP. In order to
avoid TPA at the telecom wavelengths, different high-index materi-
als such as amorphous silicon (a-Si),11 chalcogenide,12 and GaInP14

have been used as nonlinear materials. Alternatively, low-index
nonlinear polymer materials15,16 have also been used in the sili-
con slot or plasmonic waveguides. Although a large peak power
(>1 W) can be used without suffering from TPA in both cases, no
superior FWM performance concerning conversion efficiency and
conversion bandwidth is demonstrated due to a relatively low
nonlinearity and a large propagation loss for the slot and plas-
monic waveguides, respectively. Compared with the aforementioned

approaches, the microresonator-based approach offers more than
one order of magnitude lower power consumption and a much
smaller device form factor. Combining the ultrahigh effective non-
linearity of AlGaAs and the microresonator design, the required
pump power for 10-Gbit/s wavelength conversion can be pushed
down to the submilliwatt level while a broad conversion bandwidth
(covering S-, C-, and L-bands) is maintained. Although the maxi-
mal data rate is not limited by the conversion bandwidth as in PhC
waveguides, it is limited by the resonance linewidth in the single-
microresonator configuration. The achievable data rate for the wave-
length conversion can be increased by using the coupled-resonator
optical waveguide (CROW) design.23 For instance, the overall res-
onance linewidth of an eight-ring CROW can be increased from
30 GHz to 80 GHz at the expense of a reduced FWM enhancement.
Although the CROW is also potentially capable of supporting even
higher data rates by a more sophisticated design, the further reduced
efficiency enhancement will make the CROW solution less favor-
able. The advantage of using microresonators (or CROW) still lies
in OSP of data signals at a relatively low speed where the operation
power can be reduced to within the reach of on-chip laser sources.
The CROWdesign can also be utilized to enhance efficiency.23 Alter-
natively, graphene-based materials (e.g., graphene oxide46) with a
giant Kerr response and a low TPA can be combined with AlGaAsOI
devices.

In conclusion, we demonstrate the first submilliwatt pump
power wavelength conversion of a high-speed (10 Gbit/s) data
signal in an integrated AlGaAsOI microring resonator. The first
wavelength conversion in integrated microresonators at data rates
beyond 10 Gbit/s, specifically obtaining error-free performance at 30
Gbit/s and the BER remaining below the HD-FEC limit at 40 Gbit/s,
has been demonstrated. Despite the inevitable performance trade-
off between efficiency enhancement and achievable operating data
rate in nonlinear microresonators, the achieved ultrahigh effective
nonlinearity and broadband operation make AlGaAsOI the most
promising nonlinear platform to realize low-power fully integrated
OSP functionality for practical WDM network.

TABLE I. Comparison of different approaches for FWM-based wavelength conversion.

Nonlinear Peak pump Conversion Conversion Idler baud Publication
Device design media Length power efficiency (dB) bandwidth (nm) rate year References

Strip WG Silicon 2.8 cm 160 mW −10.6 19 10 Gbit/s 2006 9
Strip WG Silicon 3 mm 71 mW −29 140 640 Gbit/s 2011 10
Strip WG a-Si 1.7 cm 150 mW −33 25 10 Gbit/s 2012 11
Strip WG AlGaAs 3 mm 35.5 mW −23 750 1.28 Tbit/s 2018 29
Rib WG As2S3 6 cm 730 mW −27.5 40 40 Gbit/s 2009 12
PhCWG Silicon 96 μm 895 mW −33 <13 10 Gbit/s 2011 13
PhCWG GaInP 1.5 mm 100 mW −35 8 660 Mbit/s 2011 14
Slot WG Polymer 4 mm 1.34 W −37 18 42.7 Gbit/s 2009 15
Plasmonic WG Polymer 2 μm 30W −13.3 60 NA 2017 16
Microresonator Hydex 300 μm 165 mW −28.5 27 2.5 Gbit/s 2010 20
Microresonator Si/Graphene 63 μm 20 mW −38 20 10 Gbit/s 2016 21
Microresonators Silicon 630 μm 16 mW −36 120 10 Gbit/s 2011 23
Microresonator AlGaAs 110 μm 900 μW −28.4 130 10 Gbit/s 2019 This work
Microresonator AlGaAs 110 μm 32 mW −16 130 40 Gbit/s 2019 This work
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See the supplementary material for device fabrication, nonlin-
ear characterization of AlGaAsOI waveguide, and linear characteri-
zation of AlGaAsOI microresonators.
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