All-optical regeneration on a silicon chip
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Abstract: We demonstrate optical 2R regeneration in an integrated silicon
device consisting of an 8-mm-long nanowaveguide followed by a ring-
resonator bandpass filter. The regeneration process is based on nonlinear
spectral broadening in the waveguide and subsequent spectral filtering
through the ring resonator. We measure the nonlinear power transfer
function for the device and find an operating peak power of 6 W.
M easurements indicate that the output pulse width is determined only by the
bandwidth of the bandpass filter. Numerical modeling of the nonlinear
process including free-carrier effects shows that this device can be used for
all-optical regeneration at telecommunication data rates.
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1. Introduction

Impairments caused by dispersion, amplifier noise, and fiber nonlinearities impose limitations
on the rate of data transmission in optical communication systems. These deleterious effects
can be overcome using optical regeneration techniques that can reshape and “clean-up” the
optical signal. As data rates increase, it becomes desirable to perform optical regeneration
without relying on high-speed electronic components. Several nonlinear optical techniques
have been demonstrated for all-optical signal regeneration, including self-phase modulation
(SPM) in fibers or integrated waveguides [1-3], cross-phase modulation [4], and four-wave
mixing (FWM) [5-6]. One technique proposed by Mamyshev [1] operates via nonlinear SPM-
induced spectral broadening followed by spectral filtering at an offset wavelength. This
method is especially attractive not only because it is simple and does not require a second
optical signal, but also because it is the only technique known that improves the BER of the
signal in addition to reshaping it [7,8]. While most previously demonstrated optical
regeneration methods are not integrated into a compact platform, recent work demonstrated an
integrated device in chalcogenide waveguide based on the SPM method [3], which requires
relatively high peak-power levels of 50 W.

In this work, we demonstrate regeneration based on the SPM method using an integrated
silicon device. Silicon is of specia interest for integrated photonic devices due to its well-
established processing methods and its compatibility with electronic circuits. In addition, the
nonlinear index coefficient of silicon is approximately 200 times higher than silica, and the
large core-cladding index contrast allows for far tighter optical confinement [9] than can be
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achieved in optical fibers. This combination leads to an effective nonlinearity that is
approximately 2x10° times larger than standard silica fiber. Using this large Kerr-effect, SPM
[10-13], cross-phase modulation spectral shift [14], parametric amplification [15], and FWM
wavelength conversion [16-18] have been demonstrated. We demonstrate optical regeneration
at reasonable power levels using cm-long nanowaveguides. Due to the large effective
nonlinearity, the power level required for this device can be readily attained using standard
telecom amplifiers.

2. Devicedesign

Figure 1(a) shows the diagram of the silicon-on-insulator (SOI) waveguide device. Self-phase
modulation spectral broadening occurs in the waveguide, which is 8-mm long with cross-
sectional dimensions of 250 nm x 450 nm. A spectral component a an offset wavelength is
isolated in the drop port of a 20-um-radius ring resonator at the end of the waveguide. The
fabrication and design of the waveguide and ring resonator are described in detail in Ref. 19.
The linear propagation loss in the waveguide is 3 dB/cm. Based on the effective mode area
and the range of values reported for the nonlinear index coefficient n; in the literature [15], we
estimate the effective nonlinearity y to be between 150 and 300 W'm™. The transmission of
the drop and pass ports of the filter are measured using amplified spontaneous emission as a
broadband source, and the measured responseis plotted in Fig. 1(b). The free spectral range of
the ring resonator is 9 nm, and the bandwidth is 0.75 nm. The center wavelength and the
bandwidth of the ring resonator bandpass filter are different for TE and TM polarizations. In
addition, the waveguide dispersion and loss depend on the light polarization. The device can
operate for a fixed TE- or TM-polarized input signal. We carefully adjust the input light
polarization to be TM for all of our measurements including the filter spectral response shown
inFig. 1(b).
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Fig. 1. (a) Diagram of the regenerator device. BPF: band-pass filter. (b) Measured transmission
spectra of pass and drop ports of the ring resonator for TM polarization.

3. Experiment

Figure 2(a) depicts the experimental setup used to measure the nonlinear power transfer
function of the device. Optical pulses are generated from a femtosecond optical parametric
oscillator centered at 1550 nm with 75-MHz repetition rate. A 1-nm bandpass filter centered
at 1552 nm is used to produce 3.5 ps pulses. The signal is amplified, TM-polarized and
coupled into the waveguide using a tapered lens fiber and an inverse taper mode converter on
the silicon chip [20]. The optical pulses are first sent into a waveguide that has the same cross-
section and length as the regenerator device but without the ring resonator. This allows us to
measure the spectral broadening of the pulses going through the silicon waveguide. Figure
2(b) plots the broadened spectra for different peak pump powers, as estimated inside the
waveguide at the input. The plot corresponding to the lowest peak power (0.2 W) in Fig. 2(b)
shows the pulse spectrum with no broadening effect. Due to the low duty cycle of the pulses,
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SPM in the EDFA is unavoidable and it results in the sidebands seen in the pulse spectrum,
even without broadening in the silicon waveguide (green curve in Fig. 2(b)). In order to assure
that the SPM process in the EDFA does not cause any regeneration effect, we have varied the
signal power going into the silicon waveguide using an attenuator after the EDFA while the
EDFA power is kept constant. As the input power is increased, the pulse spectrum undergoes
up to 3 nm of broadening as a result of SPM. At high peak powers, a blue-shift due to the
phase shift induced by the generated free carriers [10,11] results in an asymmetry in the
broadened spectrum. As shown in Fig. 1(b), the center wavelength of the ring bandpass filter
is 1550.5 nm, which is 1.5 nm away from the center wavelength of the input pulse. Even
without broadening, a small fraction of the power passes through the filter, since it has an
extinction ratio of only 15 dB at the center of the input spectrum. As the peak power of the
input signal increases, the spectrum broadens and more power is coupled into the drop port of
the ring resonator. Figure 2(c) plots the spectra measured at the of the drop port of the ring for
different pulse peak powers.

Si Waveguide

Pulsed Source Regenerator
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Fig. 2. (@) Experimental setup used for measuring the power transfer function of the
regenerator. The waveguide without ring resonator is used to measure the broadened spectrum.
(b) Broadened spectra for different pulse peak powers after passing through the silicon

waveguide without the ring resonator. (c) Output spectra from the drop port of the ring
resonator (regenerator output).

4. Power transfer function and autocorr e ation measur ements

To characterize the nonlinear power transfer function for our device, the input power is varied
using an optical attenuator, while the output power is measured by integrating the output
spectrum as shown in Fig. 2(c). The measured power transfer function for the deviceiis plotted
in Fig. 3(a). In an ideal regenerator, aflat response is desired at high power levels. However,
the SPM-broadened spectrum is not completely flat, and the power transfer function exhibits
ripples a high power levels. It has been shown that normal group-velocity dispersion (GVD)
and two-photon absorption (TPA) in the nonlinear medium reduce these ripples [21,22].
Silicon exhibits a significant amount of TPA at 1.5 um, making it a suitable material in this
regard. In addition, we designed the waveguide to have a high normal GVD, which we
estimate to be about -15000 ps/nm-km. The dispersion is estimated using a finite-difference
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mode solver described in our earlier work [23]. An ideal regenerator based on SPM is
expected to have a quadratic power transfer function a low powers. Inspection of Fig. 3(a)
shows that the response is between linear and quadratic, which is caused by poor extinction
ratio of the ring filter. Figure 1(b) indicates that the filter extinction ratio a the signal
wavelength is lessthan 15 dB, and this low extinction ratio is also evident from Fig. 2(c).

The transfer function is simulated using numerical modeling of the pulse propagating in
the silicon waveguide. A range of values are reported in the literature for nonlinear index and
TPA coefficients, and we choose values that are in the range of reported values and that
provide the best fit of the experimental data to the numerical model. The values used in the
numerical model are n, = 7.5x10™ cm?/W for nonlinear index coefficient and = 0.8 c/GW
for the TPA coefficient, and the free-carrier lifetime for the device is taken to be 450 ps[19].
The effect of free carriers generated by TPA on both the refractive index and the loss of the
waveguide [10,24] is considered. It is important to note that the carrier lifetime is much
shorter than the time between the pulses, and thus the free carriers generated by each pulse
recombine before the second pulse arrives. The dashed curve in Fig. 3(a) shows the simulation
result for our device. The ring-resonator response used in the simulation matches our
measurements shown in Fig. 1(b). In order to show how the power transfer function can be
improved at low powers, we show simulation results with a Gaussian filter and with two
cascaded ring resonators. The filters have the same bandwidth as the single ring resonator, and
the results are shown in Fig. 3(b) for the three different filters. It can be seen that by using two
cascaded ring resonators, the transfer function is improved and differs only slightly from that
of the Gaussian filter.
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Fig. 3. (@) Measured power transfer function for the device and numerical simulation (dashed
curve). (b) Numerical simulation of the power transfer function for different output filters. (c)
Input pulse autocorrelation and that of a Gaussian profile with the same FWHM (dashed line).
(d) Output autocorrelation and that of a Gaussian profile with the same FWHM.

In order to characterize the duration of the input and output pulses, we measure their
autocorrelation. Figure 3(c) plots the autocorrelation measurement for the input pulse, and the
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dashed curve represents a Gaussian function with the same FWHM as the measured
autocorrelation, which is 4.6 ps. Assuming a Gaussian pulse shape for the input, the FAVHM
of theinput pulseis 3.3 ps. The dispersion length for these pulses inside the silicon waveguide
is about 25 cm, which is much longer than the length of the waveguide, and suggests that
there should be minimal dispersive broadening. Due to the coupling efficiency and the
sensitivity of the autocorrelator, the output power from the regenerator is not high enough to
perform a direct autocorrelation measurement. In order to measure the output, the pulses are
amplified and filtered with a 1-nm bandpass filter for ASE noise removal. Figure 3(d) shows
plots of the autocorrelation measurement for the output pulse and the Gaussian profile
matching the FWHM of the measured autocorrelation, which is 6.4 ps. It can be seen that the
output autocorrelation differs from the Gaussian function possibly due to the addition of a 1-
nm bandpass filter a the output or to the non-Gaussian response of the ring filter. If we
approximate the output pulse with a Gaussian function, the FWHM of the pulseis 4.5 ps. The
pulse broadening (3.3 ps to 4.5 ps) is mainly attributed to the ring filter at the output of the
regenerator having a narrower bandwidth than the input pulse spectral width. The EDFA used
for the autocorrelation measurement has a negligible dispersive effect on the output pulse. We
estimate that the 1-nm bandpass filter used before the autocorrelator leads to a 10% temporal
broadening. Another effect of this filter is to remove the part of the spectrum that is not
completely rejected due to the poor extinction ratio of the ring resonator. In our simulations
these spectral components are dominant at low power levels, but their effect is very smal at
high powers a which the autocorrelation measurements were performed. In order to preserve
the initial pulse shape, the ring resonator should be designed to have a bandwidth matching
the input spectral width.

5. Discussion

The free-carrier lifetime of the device used in these experiments is 450 ps. As mentioned
earlier, the blue-shift caused by the modulation of free-carrier density contributes to the final
output of the regenerator. The blue shift results from the rapid change in the free-carrier
density as the pulse enters the waveguide. If residual free carriers are present from a previous
data pulse, then the blue shift is reduced. Therefore, at data rates higher than 1 Gh/s, some
data pattern dependence is expected. However, it has been shown that by using a pn junction
that sweeps the carriers out of the device, the free-carrier lifetime can be significantly
decreased. Based on the currently reported research, the carrier lifetime can be as low as 30 ps
[25], dlowing for data rates beyond 10 Gb/s. In order to model the performance of this device
at these higher data rates, we consider asimilar device but with a free-carrier lifetime equa to
30 ps. Random data with 3.5 ps pulse width at 10 Gb/s rate is considered as the input to this
device and the simulation is performed for 1000 random bits. The 6-W peak power required
for device operation demands an average power of 100 mW, which is readily available from
standard amplifiers. As seen in Fig. 3(b), cascaded ring resonators can generate a power
transfer function that is very close to the transfer function of the device with a Gaussian filter.
Therefore, for simplicity, we have assumed a Gaussian filter for the following simulations.

5.A Suppression of amplitude jitter and ghost pulses

The amplitude of the logical 1's in a digital data signal can fluctuate due to various causes.
This amplitude jitter can be reduced using the SPM-based 2R regenerator [26]. The
suppression of amplitude jitter is caused by the flat power transfer function at high power
levels as shown in Fig. 3(a). Smilarly, another impairment in digital communication systems
is caused by having low power pulses, called ghost pulses, instead of logical 0's. These low-
power pulses are caused by nonlinearities in fiber and can be suppressed by the SPM-based
2R regenerator as well [26]. A simple way to model amplitude jitter and ghost pulses is to
vary the power at the logical 1's and 0's randomly by a certain percentage. The mean peak
power of the 1's is adjusted to achieve optimal regeneration, and the maximum amplitude
variations of the 1'sand 0's are set to 15% and 10% of this optimal value respectively. Figure
4(a) shows plots of the eye diagram of the data at the input and output of the regenerator
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showing the suppression of both ghost pulses and amplitude jitter. In order to make a better
comparison between the two eye diagrams, the time scale is marked based on the FWHM
pulse width of either the input or the output pulses. The small asymmetry seen in the output
eye diagram is due to the data pattern dependence caused by the free-carrier effect.

5.B Noise reduction and BER improvement

Another way to evaluate the performance of the device isto consider a data signal mixed with
random noise. Thistype of numerical analysis has been done for SPM-based regenerators that
use fiber as the nonlinear medium [7,27]. In our model, random noise is generated with aflat
amplitude spectrum and arandom phase. The noise is added to the RZ data signal with perfect
extinction ratio and is passed through a bandpass filter. It has been shown that the frequency
response of thisinput filter can affect the regeneration performance significantly [27]. We use
a fifth-order super-Gaussian response with 2-nm bandwidth, which provides the maximum
improvement of the quality factor. The optical signal-to-noise ratio (OSNR) is defined as the
average power of the signal divided by the power in 0.1 nm bandwidth of the noise. Figure
4(b) shows plots of the eye diagram for the input and output data signal with OSNR = 14 dB.
It has been shown previously [27] that the SPM-based regenerator cannot completely
eliminate the random noise due to the phase-amplitude coupling in the nonlinear process. We
estimate the Q-factor with and without regeneration, and the values are shown in Fig. 4(c)
indicating a 3-dB improvement in the Q-factor. The estimation of the Q-factor is done by
calculating the standard deviation of the peak power of the logical 1's. The effect of noise is
much more significant on the logical 1's than on the 0's. Therefore, if the pesk power
associated with the logical 1's has a mean value of x; and standard deviation of &7, we can
estimate the Q-factor to be Q = uy/o;.
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Fig. 4. () Smulated eye diagrams of the data at the input and output of the regenerator when
amplitude and ghost pulses are present. (b) Simulated eye diagrams of the noisy data at the
input and output of the regenerator (histogram for the peak power of the logical 1's is shown).
(c) Estimated Q-factor of the input and output for the case of noisy input.

6. Conclusion

We have demonstrated an integrated, silicon-based optical regenerator based on spectral
broadening in a nanowaveguide followed by a ring resonator. The nonlinear power transfer
function of the device is measured, and the operating peak power is found to be less than 6 W.
Autocorrelation measurements of the input and output pulses show that the output pulse width
is mainly determined by the ring resonator bandwidth. Improvement in the power transfer
function is expected by fabricating output filters with a higher extinction ratio. Free-carrier
effects contribute to the nonlinear spectral broadening in the waveguide through the
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modulation of refractive index, and this effect is expected to cause data pattern dependence if
the free-carrier lifetime is longer than the bit period. We numerically analyzed the
performance of the regenerator device for 10-Gb/s RZ signal assuming a free-carrier lifetime
equal to 30 ps, which has been achieved in silicon nanowaveguide devices. Reduction of
amplitude jitter, ghost pulses and random noise was shown by the numerical simulations and
we expect that higher data rates can be achieved by using devices with even shorter carrier
lifetimes.
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