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Abstract: We demonstrate all-optical wavelength conversion at 10 Gb/s for
differential phase-shift keyed (DPSK) data signals in the C-band, based on
four-wave mixing (FWM) in a silicon ring resonator. Error-free operation
with a system penalty of ~4.1 dB at 10~ BER is achieved.
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1. Introduction

All-optical nonlinear signal processing is seen [1,2] as a key for future telecommunication
networks to overcome the electronic bandwidth bottlenecks as systems evolve towards
640Gb/s [3], Terabit Ethernet [4], and beyond [5,6]. In particular, all optical wavelength
conversion is one of the key operations in multi-channel optical communications since it
offers the advantages of high-speed and both modulation format and bit rate transparency
[7,8]. It has been successfully demonstrated in a number of platforms such as semiconductor
optical amplifiers (SOAs) [9] and highly nonlinear silica fiber (HNLF) [10]. However, these
platforms all suffer from drawbacks of one form or another, such as free-carrier induced
patterning effects in SOAs [9] and fiber dispersion in HNLF [10] that ultimately limit high-
speed operation. Therefore, alternative platforms are of significant interest to circumvent
these issues and allow the integration of these devices into real systems.

Integrated nanophotonic devices, particularly in highly nonlinear materials, have been a
key approach to reducing operating power requirements of all-optical devices by increasing
the nonlinear parameter, y = @ n, / ¢ A,y (Where A4 is the waveguide effective area). Both
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silicon and chalcogenide nanowires have achieved extraordinarily high y’s ranging from 15
W' m' in ChG waveguides [11] to 95W' m™' in ChG tapered fiber nanowires [12], to
300W™' m™' in Si nanowires [13]. Chip-based all-optical wavelength conversion has been
demonstrated in straight waveguides and nanowires in silicon [14-16] and in ChG glass
[17,18]. More recently, efficient nonlinear all-optical signal processing has also been
demonstrated in glasses having lower nonlinearity, but also much lower linear and nonlinear
loss, such as silicon nitride [19-21] and Hydex® glass [22-25]. For all of these platforms, an
important approach, in addition to increasing y, to strengthen the nonlinear interaction
between the optical waves in order to increase the device efficiency is through the use of
optical resonators [26-33]. High Q-factor optical resonators have enabled the demonstration
of very low power continuous-wave (CW) nonlinear optics [26—30], and similar benefits are
expected in terms of operation on optical signals containing high bandwidth data. For
applications to optical data signal processing, however, the challenge is that the bandwidth of
the resonator must be large enough to accommodate all of the spectral components of the
optical signal. Indeed, it is only very recently that the first demonstration of optical signal
processing based on nonlinear optics in a resonant cavity has been reported [31,32]. In
particular, wavelength conversion at 2.5Gb/s in a single ring [31] and 10 Gb/s in silicon
cascaded ring-resonator optical waveguide (CROW) devices [32] has been achieved.
However, full system penalty measurements have only yet been reported up to 2.5 Gb/s in
these structures [31].

In this paper, we demonstrate all-optical wavelength conversion on a 10Gb/s (33%
Return-to-Zero) DPSK pseudorandom bit sequence (PRBS) data stream in the C-band via
cavity-enhanced four wave mixing (FWM) in an integrated silicon ring resonator with a Q-
factor of ~10,000, a free spectral range (FSR) of ~100 GHz and a full-width at half-maximum
(FWHM) of ~20 GHz. We perform bit error ratio measurements and achieve error free
operation with a system penalty of ~4.1dB at 10~ BER using 30 mW of CW pump power.
This is the highest bit-rate to date for which all-optical signal processing has been
demonstrated with full system penalty measurements based on ring resonator structures, and
illustrates that effective enhancement of nonlinear optical processes can be obtained through
the use of resonant structures up to these data rates.

2. Principle of Operation

The principle of wavelength conversion based on cavity enhanced FWM in ring resonators is
well known [27, 28] (Fig. 1). A signal and pump beam are launched into the ring resonator
from the bus waveguide, producing an idler wave at a frequency shifted from the pump by an
amount equal to the signal-pump spacing — a condition resulting from energy conservation. If
the signal and pump wavelengths are aligned to a cavity resonance, both beams will be
trapped in the resonator and experience significant enhancement in intensity. In addition to
enhancing the intra-cavity power, the resonance condition also enhances the effective
interaction length with respect to the physical length of the resonator. Further, if the
phasematching condition [27, 28] for the FWM process is met (equivalent to the waveguide
dispersion being small and anomalous), this results in the idler wave also coinciding with a
ring resonance, yielding a triply resonant condition. This has resulted in extremely efficient
FWM at CW power levels of only a few mW [27, 28]. Of course for conversion of data and
not just CW light, the bandwidth (related to the Q-factor) of the resonator has to be wide
enough (how enough Q-factor) to accommodate the signal spectrum. In principle, resonantly
enhanced wavelength conversion via FWM in ring resonators can be performed on data any
modulation format. However, the performance at a given bit-rate improves significantly for
formats having narrower bandwidths (such DPSK used here) than more conventional on-off
keying formats such as return-to-zero (RZ) or non-return-to-zero (NRZ) [31].
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Fig. 1. Principle of wavelength conversion based on cavity enhanced FWM in a silicon ring
resonator. Center picture shows an SEM of the ring resonator (700 um length spiral ring,
equivalent to about 100 pm radius) while the graphs show the transmission of the ring
resonator. A, A, A; refer to the pump, signal and idler wavelengths.

3. Experiment

The device is a two-port micro-ring resonator (700 um length spiral ring) with 5 mm long
silicon-on-insulator (SOI) “nanowire” bus. This micro-ring resonator was characterized using
an ASE broad-band optical source followed by an optical spectrum analyzer with a resolution
of 0.01nm. The experimentally measured transmission function is shown in Fig. 3(a), yielding
a Q-factor of ~10,000, a free spectral range (FSR) of ~100 GHz and a full-width at half-
maximum (FWHM) of ~20GHz. This spectral bandwidth is wide enough to perform the
signal processing for 10G RZ-DPSK signal while having a Q-factor that is still high enough
to yield significant nonlinear enhancement [28].

The dimensions (and composition) of the nanowire in both the ring and bus sections are
the same. The nanowires had a rectangular cross section with dimensions 450 nm wide x 260
nm thick (Fig. 2), fabricated by electron-beam lithography and reactive ion etching. The
waveguides were coated with SU8, and contained “inverse” taper regions to reduce coupling
losses. The measured propagation loss was ~3 dB/cm for both TE and TM polarizations and
coupling losses were 5 dB/facet for TM and TE polarizations, achieved via lensed fiber tapers
with nanopositioning stages, and resulting in a total insertion loss of ~11.5 dB (for either
polarization). The total dispersion (waveguide plus material) is anomalous and roughly
constant at ~ +500 ps/nm/km over the C-band for TE and for TM it is normal and varies
between ~-8,000 ps/nm/km and ~-16,000 ps/nm/km. we therefore used TE polarization for
these experiments to ensure phase matching.

The experimental setup for demonstrating all-optical wavelength conversion on a 10Gb/s
DPSK signal is shown in Fig. 2. The 10 Gb/s RZ-DPSK signals were generated from a
10GHz integrated mode-locked laser emitting 1.4 ps wide pulses with spectral widths of 1.8
nm centered on a resonance at A = 1558.68 nm. A Mach-Zehnder electro-optic phase
modulator encoded DPSK data on the pulses at 10 Gb/s with a 2'°~1 pseudorandom bit
sequence (PRBS). An optical delay line (AT) synchronized the data stream with the 10GHz
pulse train. The DPSK data stream was amplified by an erbium-doped fiber amplifier (EDFA)
and then filtered by a 0.2nm BPF. The average power of signal was 10 mW (incident, or ~3
mW in the waveguide). The CW pump beam was also centered on a resonance at 1556.985
nm with an incident average power of 30 mW (or ~9 mW in the waveguide). The (TE
polarized) signal and pump were combined with a 50:50 coupler before launching into the
waveguide with polarizations aligned via polarization controllers (PC). The wavelength
converted signal, in the form of the idler product, was then extracted using a 0.22-nm optical
BPF and demodulated by an one bit delay line interferometer before detection with a 40 Gb/s
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receiver (RX). Note that the destructive port of a DPSK demodulator was used in our
experiments. An EDFA was used at the receiver end to improve the optical signal-to-noise
ratio (OSNR) of the detected signals. We performed system measurements in order to
evaluate the transmission bit error rate (BER) and system penalty of the device.

@ 1558.86nm pc PRBS EDFA  pc 4, hmapr

10GHz 0.22 nm Demod

Silicon ring resonator EDFA

@ 1556.98nm PC 0.6 nm BPF

cw

H =260 nm /I/

Fig. 2. Experimental setup for the wavelength conversion for 10 Gb/s (33% RZ) DPSK signals
based on a silicon ring resonator.

4. Results and discussion

The optical spectra at the waveguide input is shown in Fig. 3 (b). The inset illustrates that the
signal spectrum of the 10G RZ-DPSK signal is matched well with the resonance linewidth of
the ring. The optical spectra at the waveguide output (Fig. 3 (c)) shows the probe and signal
spectra as well as the spectrum of the wavelength converted idler at 1555.2 nm generated by
FWM, showing a conversion efficiency of ~-30 dB. A comparison of the output spectra with
the signal and pump beams tuned on versus off resonance (0.4 nm shift) clearly shows that the
generation of the FWM idler is enhanced by the ring resonance by as much as ~13 dB
improvement in signal to noise ratio, critically improving the quality of the generated
wavelength conversion signal. This is seen in the eye-diagrams of the idler when tuned on and
off the resonance, respectively. Figure 4 shows the demodulated eye diagram of the input
DPSK data stream along with the wavelength conversion signal when tuned on and off the
resonance of the ring, all extracted by tunable band-pass optical filters followed by an optical
sampling oscilloscope. All traces were measured with a 65 GHz detector and sampling
oscilloscope. The eye diagram of the 10Gb/s demodulated wavelength converted signal, under
resonant conditions, is clearly open, highlighting the effective enhancement of the silicon ring
resonator. Finally, the performance of this chip-based wavelength conversion device for both
on and off resonant conditions was confirmed with bit error-rate (BER) measurements. Figure
5 shows the system penalty measurements, indicating that absolute (without any forward error
correction (FEC)) error-free operation at 107? bit error rate (BER) is achieved, with a system
penalty, relative to the un-converted signal transmitted on-resonance through the device
(which term “back-to-back” as the reference, following [31]) of ~4.1 dB (at 107° BER) with
both the pump and signals tuned on-resonance, whereas with the pump and signals tuned off-
resonance, error-free operation could not be obtained — a minimum of only 107 was
achievable. This demonstrates the significant impact that the resonant enhancement of the ring
has on the nonlinear conversion process — particularly with regard to the BER results.
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Fig. 3. Optical spectrum measured on an OSA: (a) the transfer function of the ring resonator,
(b) input spectra of CW pump with 10G signal, Inset: 10G RZ-DPSK signal spectrum with ring
resonance (c) output spectra.

With very low input power, we still observed thermo-optical non-linearity [33]. The cavity
resonances red shifted by about 0.3 nm when the input pump power was increased from 30 to
40 mW. By fine tuning the pump wavelength, we adjusted the wavelength slightly off-set
from the resonance wavelength in order to obtain a stable working point, at the expense of
sacrificing a little of the resonant enhancement. The error-free operation of our device clearly
demonstrates that silicon ring resonator can effectively reduce the required power for error-
free high-speed all-optical signal processing. We note that similar experiments in straight
silicon nanowires [14] required: +26dBm of CW pump power — more than 10dB higher than
in these experiments. However, a direct comparison is not completely meaningful since many
of the parameters in [14] were different, such as the device dimensions, bit rate etc.. In terms
of the ultimate speed limits of this device, given the fact that error-free wavelength conversion
via FWM in silicon nanowires has been demonstrated at data rates from 40 Gb/s to 1.28 Tb/s
[14-16], we anticipate that ring resonators will be capable of operating at higher bit rates by
utilizing more advanced modulation formats (to reduce the signal spectral width for a given
data baud rate), as well as higher order filter designs (eg., CROW devices) [32] to broaden the
device bandwidth. We also anticipate a significant reduction in both the system penalty and
operating pump power by reducing coupling and propagation losses as well as optimizing the
waveguide dispersion to be closer to the ideal for FWM, namely, small but anomalous, over a
broader wavelength range.
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Fig. 4. Eye diagrams (b) corresponding to (top) the 10 Gb/s input DPSK signal at A = 1558.98
nm, (middle) the 10 Gb/s DPSK idler off the resonance at A = 1555.86 nm and (bottom) on the
resonance at A = 1555.2 nm.
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Fig. 5. BER measurements for the signal on-resonance (blue lines) and the idler on-resonance
(red line) generated by a 9 mW signal and a 30 mW probe. The relative power penalty between
the two curves at a BER of 107 is 4.1 dB. The BER measurement for the idler off resonance is
shown in black.

5. Conclusions

We demonstrate all-optical wavelength conversion on DPSK PRBS data at 10 Gb/s (33%
Return-to-Zero) in the C-band via FWM in a silicon ring resonator. We perform bit error rate
measurements and achieve error free operation with a penalty of 4.1 dB at 10~ BER.
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