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Abstract: We demonstrate sub-picosecond wavelength conversion in the C-
band via four wave mixing in a 45cm long high index doped silica spiral
waveguide. We achieve an on/off conversion efficiency (signal to idler) of +
16.5dB as well as a parametric gain of + 15dB for a peak pump power of
38W over a wavelength range of 100nm. Furthermore, we demonstrated a
minimum gain of + 5dB over a wavelength range as large as 200nm.
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1. Introduction

All-optical signal processing is recognized [1,2] as being fundamental to meet the
exponentially growing global bandwidth and energy demands of ultra-high bit rate
communication systems. Ultra-fast optical nonlinearities for critical signal processing
functions have been widely explored in the last two decades, including four wave mixing
(FWM) via the Kerr nonlinearity (n,) for frequency conversion, signal reshaping,
amplification and regeneration [3—17].

A key reason for this success has been the development of highly nonlinear waveguides, in
silicon [7-12] and nonlinear glasses such as heavy metal oxides [6] and chalcogenide glasses
[13-17]. In particular, the first report of gain on a chip was in dispersion engineered silicon
nanowires [8], where a net on-chip parametric gain of + 1.8dB over 60nm was first reported.
Since then, a net on-chip gain of over + 30dB was obtained in chalcogenide glass waveguides
over a 180nm bandwidth [15]. However, despite this progress, there is still a strong
motivation to explore new material platforms in order to achieve the ultimate objective of
high nonlinearity together with extremely low linear and nonlinear losses, as well as
manufacturability, material reliability and ultimately, CMOS compatibility.

Recently [18-22] we have demonstrated efficient low-power nonlinear optics in very low
loss waveguides and ring resonators, in a high index doped silica glass platform. The key
advantages of this system are extremely low linear and nonlinear losses together with high
reliability and CMOS compatibility. In this paper, we exploit this same platform to
demonstrate net parametric gain via degenerate four wave mixing (D-FWM) in a 45cm long
spiral waveguide, obtained with sub-picosecond pump and probe pulses. Uniform nonlinear
waveguides offer many advantages over resonant structures like ring resonators, such as much
wider spectral bandwidths, while at the same time posing different challenges such as
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requiring larger pump powers - on the order of watts in our case [18], versus milliwatts for
ring resonators [19-22].

We achieve a signal to idler conversion efficiency of + 16.5dB, as well as parametric gain
for the signal of + 15dB, with 38W of pump power . While the pumping levels are larger than
that for chalcogenide waveguides (our threshold power for 0dB gain is 17W, versus 2W for
chalcogenides), our platform has a comparable tuning range (for the same level of gain), and,
most importantly, shows no intensity-dependent saturation. Our results are a consequence of
extremely low linear (< 0.06dB/cm) and nonlinear losses (absent up to 25GW/cm?,
corresponding to 500W peak power over an effective area of 2um” in our device [21]), a high
effective waveguide nonlinearity (220W~'km™"), and near optimum dispersion characteristics
(small and anomalous) exhibited by our device in the C-band. The low dispersion also results
in a remarkably large bandwidth of almost 200nm (signal to idler), while the high material
stability, manufacturability and CMOS compatible fabrication of this integrated platform are
attractive features for developing practical devices for systems applications.

2. Device

The device under investigation is a 45cm long spiral waveguide with a rectangular cross
section core of 1.45 pum x 1.50 um composed of high index doped silica glass [19-22] (n¢oe =
1.7 @ 1550nm) surrounded by silica, on a silicon wafer. The layers were deposited by
chemical vapor deposition and the spiral was patterned with high resolution optical
lithography followed by reactive ion etching. The 45cm long spiral waveguide is contained
within a square area as small as 2.5mm x 2.5mm and it is pigtailed to single mode fibers, with
a pigtail coupling loss of 1.5dB/facet. The properties of the material and waveguide
dimensions have been engineered to reduce the material dispersion near A = 1550nm, with an
anomalous group dispersion (f3,) over the wavelength range studied here. Measurements of
dispersion in this device [21,23] show that for a TE polarization, B, is anomalous for
wavelengths shorter than 1600nm, varying from 0 to —20 ps*/km at 1480nm, and so it is ideal
(small and anomalous) over most of the L-band, the C-band and indeed well into the S-band.
For a TM polarization, the dispersion is also small and anomalous below 1560nm (most of the
C-band). From [21,23] we estimate the third order dispersion, 33, to be small and to have the
same sign as B, at - 0.3ps’/km. This very wide anomalous dispersion wavelength range
enables a very large FWM phase matching tuning range [8,15,24].

3. Theory

The model used to fit the experimental data is the standard (1 + 1) nonlinear Schrddinger
equation for dissipative-dispersive systems [24]:

. 2 .a
T 66T3+;/|A| A+i—-A=0 (1)
where A(zt) is the optical envelope, z is the propagation coordinate, 7 is a moving time
reference defined as T = f-z/v¢ (here t is the temporal coordinate and v the group velocity).
The parameters £, and f; represent the second and third order dispersion, respectively, while y
is the effective nonlinearity and a is the attenuation in the spiral waveguide. We note that the
losses of the input and output fiber pigtails were also accounted for when solving Eq. (1),
which was integrated via a standard pseudo spectral approach. The dispersion coefficients
were obtained as a best fit of the group velocity dispersion, reported in [21]. Gaussian pulses
were assumed for both the input pump and signal envelopes.

4. Experiment

Sub-picosecond pulses for the pump and the signal were obtained from an OPO system
(OPAL, Spectra Physics Inc,) generating 180fs long pulses at a repetition rate of SOMHz. The
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broadband pulse source (bandwidth = 30nm) was split and filtered by two tunable Gaussian
bandpass filters operating in transmission, each with a —3dB bandwidth of 5nm, in order to
obtain synchronized and coherent pump and signal pulses at two different center wavelengths,
each with a pulsewidth of ~700fs. The pump and signal pulses were then combined into a
standard SMF using a (90/10)% beam splitter and then coupled into the spiral waveguide.
Pulse synchronization was adjusted by means of an optical delay line, while power and
polarization were controlled with a polarizer and a A/2 plate. Both pump and probe
polarizations were aligned to the quasi-TE mode of the device.

5. Results and Discussion

Figure 1 shows the measured spectral power densities at the output of the waveguide for a
pump wavelength Ay, = 1525nm and three signal wavelengths at App, = 1480nm; 1490nm;
and 1500nm, respectively. The pump peak power coupled inside the waveguide was varied
between 3 and 38W, while the signal peak power was kept constant at 3mW. It is clear that
the signal was efficiently converted and amplified into an idler in the C band at wavelengths
of Aigier = 1578nm; 1565nm; and 1547nm for all three signal wavelengths.
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Fig. 1. Experimental (top) and theoretical (bottom) signal intensity spectra for a 1525nm pump
and a 1480 nm (a), a 1490 nm (b), and a 1500nm (c) signal. The legend lists pump peak powers
(in pseudocolors from blue to red for increasing powers), while the signal peak power was kept
to a constant value of 3mW.

The small discrepancy between theory and experiment in the spectra arises from the non-
ideal Gaussian pulses used in the experiments. This was due to a number of factors including
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the deviation from a Gaussian spectral profiles in the low intensity wings of the spectra as
well as to residual chirp on the pulses (see below).

For pump powers larger than 25W, despite the fact that we found the idler and signal
pulses to be comparable in power, we observed cascaded DFWM only on the idler side at
1625nm. This indicates that the cascaded interaction between the pump and signal pulses at
1525nm —1578nm (producing a cascaded signal at 1625nm) is phase matched, while the other
interaction between the pump and the idler at 1425nm and 1480nm (generating light at
1525nm) is not phase matched. Hence, the dispersion of the refractive index relative to the
center wavelength (1525nm) must be asymmetric, implying a significant contribution from 3,
assisted by the low absolute value of f, [21]. As previously addressed, the variation of the
experimentally measured GVD dispersion [21] in our device indicates a /3, < 20ps*/km over
the wavelength range considered here, with a f; on the order of - 0.3ps’/km (with the same
sign as f5;). Our numerical analysis confirms that this value is consistent with the experiments
(Fig. 1).

Figure 2 compares theory with the experiments for a 1480nm signal and a 1525nm pump.
Note that all of the theoretical curves in Fig. 2, except for Fig. 2(b), include pulse walk-off
effects. Figure 2(a) shows the output spectra for a 40W pump, and clearly shows a good
agreement with theory based on ideal transform limited Gaussian input pump and signal
pulses with a spectral width of 5Snm. As was the case for Fig. 1, the slight deviation between
theory and experiment is the result of a deviation of the pump spectrum from an ideal
Gaussian profile.
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Fig. 2. Gain for a 1480nm signal: (a) Experimental Spectra for a 3mW peak power signal alone
(blue) and with a 40W pump (red, thin line), and thick line: numerical model including pulse
walk-off effects. (b): Theoretical CW gain. (c-d) FWM gain for idler and signal respectively:
measurement (black dots), model in the experimental conditions, pulsed regime (red
continuous line) and for a CW regime — red dashed line (note, the CW represents the maximum
achievable gain for the pulsed case).

For comparison, we also show the theoretical CW gain spectrum in Fig. 2(b), which is
noticeably higher than the pulsed case, and which represents an upper limit for the pulsed
FWM where walk-off between the pump and signal pulses reduces the conversion efficiency.
Figures 2(c) and 2(d) show the peak FWM gain for the idler and signal respectively — ie., the
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wavelength conversion efficiency (to the idler) and the parametric gain of the signal. The
experimental results (black dots) show good agreement with theory (solid red line) that
includes walk-off, and both of these are reduced somewhat from the theoretical CW curve
(dashed red line) where pump/signal pulse walk-off is absent. Here again, the slight deviation
between theory and experiment below pump powers of 25W, observed in Fig. 2(c), is the
result of a deviation of the pump spectrum from the ideal Gaussian profile, as well as of a
small residual chirp that induces an asymmetric self phase modulation of the pump, visible in
both Figs. 1 and 3 (below).
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Fig. 3. Ultra-short pulse generation, seeding the FWM interaction at the edge of the CW gain.
Top: Experimental output spectrum for a 1550nm pump and a 1475nm signal. Middle:
Theoretical output spectrum. Bottom: theoretical CW gain. The legend lists pump peak powers,
while the signal peak power is fixed at 15 mW.

The experiments (Figs. 1 and 2) show that the FWM bandwidth becomes wider and
flattens, as the pump power increases. For pump powers < 22W, there is quite a sharp roll-off
in conversion efficiency as a function of the pump-signal separation, whereas for higher
powers >30W, the gain becomes much flatter (and larger). This is also observed in the
theoretical CW gain [Fig. 2(b)] for a 38W pump, where the two gain peaks are separated by
more than 100nm, with a —10dB bandwidth for each lobe of > 50nm.

We define the “on/off” conversion efficiency as the ratio of the transmitted pulse energy,
rather than peak power, of the idler (signal) to the transmitted signal without the pump [8].
This allows us to account for the spectral broadening due to XPM, which lowers the spectral
intensity. The net, or “on-chip”, gain is then the “on/off” gain minus propagation losses. The
experimental on/off efficiency and parametric gain vs. pump peak power are shown in
Fig. 2(c), 2(d), for Agena = 1480nm, along with theoretical calculations for both a CW and a
pulsed pump. For a 38W pump power, we measured a maximum on/off FWM conversion
efficiency of + 16.5dB from signal to idler, and a parametric gain of the signal of + 15dB.
This translates into a net on-chip conversion efficiency of + 13.7dB and a gain of + 12.3dB,
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when the overall propagation loss of 2.7dB is included. It is important to note that even at the
highest pump powers used in these experiments we do not observe any sign of saturation.

Figure 3 shows the results of experiments with very wide signal to pump wavelength
spacing, for a pump wavelength of 1550nm and a signal wavelength of 1475nm, with a signal
peak power of 15mW and a pump peak power varied up to a maximum value of 46W. The
FWM idler spectrum is larger than 30nm for pump powers above 45W, showing a + 5dB gain
even when seeded at the edge of the FWM gain spectrum. The large tuning range of the FWM
gain process allows for the generation of an idler with a wide spectral width, as well as a clear
separation of the idler and pump spectra. Numerical analysis shows that the small 3rd order
dispersion term (J3;) contributes to a red shift of the idler, as well as to the asymmetric nature
of the cascaded FWM discussed previously. The interplay between FWM and XPM broadens
the spectral bandwidth when the signal is near the edge of the FWM gain curve. While small,
this red-shift could be used to help separate the idler and pump, with transform limited pulses
(< 100fs) being recovered by subsequently propagating the idler in a negatively dispersive
element, as demonstrated recently [25] for SPM.

Intensity [dB]

80 s
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Fig. 4. Cascaded FWM for dual pump pulses at powers and wavelengths of 1.2W at 1525nm
and 2.4W at 1550nm, respectively. Black solid line: experiment, Red dashed line: theory
without 5 and Red solid line: theory with an effective S5 of the order of 107 ps*/km.

Finally, we performed experiments with two pump pulses at 1525nm and 1550nm in order
to study nonlinear parametric processing in strongly cascaded FWM conditions (Fig. 4).
When seeded with two pulses of comparable intensity, FWM can produce a cascade of optical
pulses with a well defined relation in frequency and phase [26,27], which is potentially
interesting in wavelength division multiplexing optical communication (WDM) and in optical
metrology. The two pump configuration has also been proposed and demonstrated to achieve
parametric gain of a weak signal over very wide and flat bandwidths [5,28], including a recent
demonstration in a silicon nanowire [29], by pumping near the zero dispersion point. In our
case, however, we could not demonstrate this since we did not have access to a separate signal
pulse. Nonetheless, with dual pump pulses we managed to achieve cascaded FWM (Fig. 4)
generation of secondary and even tertiary idlers with pump powers of only 1.2W and 2.4W at
1525nm and 1550nm, respectively. The theoretical output spectrum (red dashed line) shows a
weaker short wavelength secondary idler than what we observed in the experiment (black
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line), and we found that by including a fifth order dispersion coefficient S5 of + 107> ps’/km
the agreement between theory and experiment is improved (red solid line) significantly. This
method of estimating /5 is novel and useful, since this parameter is normally not easy to
measure — particularly in integrated waveguides.

6. Conclusions

We have demonstrated net parametric gain and a high wavelength conversion efficiency for
four-wave mixing in a 45cm high index doped silica glass spiral waveguide. We achieve
wavelength conversion over a > 100nm wavelength range using sub-picosecond optical pump
and probe pulses, for pump peak powers of ~tens of watts. We achieve an on/off parametric
gain of + 15dB and a wavelength conversion efficiency of + 16.5dB for a pump peak power of
38W. We explored the generation of large bandwidth optical pulses for ultrafast all-optical
applications. Cascaded FWM via dual pump excitation (with peak powers near 2W) was also
investigated, and the generation of secondary idlers was achieved. This first demonstration of
low power parametric gain via FWM in a CMOS compatible doped silica glass waveguide is
promising for all-optical ultrafast signal processing applications, such as frequency
conversion, optical regeneration, and ultrafast pulse generation.
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