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Abstract

We analyze silicon-on-insulator waveguides, suitable for ultra-broadband inter-modal four-

wave mixing-based all-optical wavelength conversion. We show numerical evaluations of waveguide
modes and dispersion, and optimize phase matching. We finally present measurements of linear inser-
tion loss and mode coupling, dispersion and four-wave mixing conversion efficiency.

Introduction

Data transmission over the C band of opti-
cal fibers is approaching the nonlinear Shannon
achievability bound!'l, and novel approaches are
being developed to circumvent it. One class of
approaches is mitigating fiber nonlinearity to be
able to increase transmit power and therefore the
signal to noise ratio. In this category, one can
find digital back propagationl?!, nonlinear Fourier
transform methods!®! and optical phase conjuga-
tion (OPC). A second category are space-
division multiplexed techniques, i.e., transmission
over multicore fibers, higher order modes of multi-
mode fibers or a combination of bothl®l. A third
category is extending wavelength-division multi-
plexing beyond the C band®l. For the latter cate-
gory, all-optical wavelength converters (AOWCs)
can be utilized to multiplex signals across optical
bands and still use off-the-shelf C-band equip-
ment. Wavelength conversion (WLC) is also
investigated for intra-datacenter interconnects!’.
All-optical conversion does not require electrical-
optical-electrical conversion, is modulation format
agnostic and hence very efficient and flexible.

In this work we analyze silicon on insulator
(SOIl) waveguides for all-optical signal process-
ing, which in principle covers AOWCs and OPC.
We concentrate on WLC from the C to the O
band as an extreme example here. We re-
port our phase matching optimization (i.e., dis-
persion engineering) and continuous wave (CW)
measurements of a waveguide we manufactured.
We designed our waveguide to support multiple
modes, providing us a further degree of freedom
for phase matching (PM). This enables us to over-
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come the large wavelength difference from the C
to the O band using inter-modal four-wave mixing
(FWM).

SOl-based AOWCs have been demonstrated in
single-BM° and multi-model'%'"l operation. Here
we demonstrate that efficient, ultra-broadband
operation is possible, even without having to
change pump laser wavelengths. We demon-
strate this by converting the whole wavelength re-
gion of the C band.

Background and Simulations

The FWM-based all-optical signal processing we
are interested in is based on exploiting material
nonlinearity by launching two strong pump lasers
together with a signal into two waveguide modes
of a highly nonlinear medium. The waves will co-
herently interact and generate an idler with the
desired properties, i.e., conjugated phase and/or
shifted wavelength. Figure 1 sketches the experi-
mental setup.

SOl waveguides are a very good choice as non-
linear medium. On the one hand, the large re-
fractive index difference between silicon and sil-
ica allows for very small cross sections in the sub
micrometer range — enabling integration of the de-
vices together with BICMOS technology. On the
other hand, the nonlinearity coefficient is much
larger compared to, e.g., highly nonlinear fibers,
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Fig. 1: Working principle of inter-modal FWM-based
all-optical signal processing: three light waves enter the
highly nonlinear waveguide (modes TEp and TE; in the

example) and generate the FWM idler.
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Fig. 2: Dimensions and refractive index of the SOI
waveguide.
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Fig. 3: Transversal Electrical field distribution of waveguide
modes TEp and TE4 (x components).

reducing device length from hundreds of meters
to few centimeters. Figure 2 shows the waveguide
we present in this paper — with rib width 1672 nm,
slab height 100 nm and SOI height 220 nm. This
device is from the second generation of chips we
manufactured, for the first generation, seel'?l. In
comparison, this waveguide is optimized for C-to-
O-band conversion and has greatly reduced lin-
ear crosstalk (XT).

Figure 3 shows the two lowest-order waveg-
uide mode fields TEp and TE;, computed with
a finite-difference method solver. They resemble
the LPg:; and LP+1; modes of a multi-mode fiber,
except for the smaller size and much narrower
vertical than horizontal dimension. Furthermore,
light is not well confined in the core, especially in
waveguides with further reduced rib width and/or
SOl height. This can lead to interesting disper-
sion properties one can exploit for PML'3],

To reach our goal of finding a waveguide suit-
able for shifting the whole C band into the O
band, we had to optimize the dimensions in Fig. 2.
Since we were restricted by the etching process,
we had to fix SOl height to 220 nm, slab height
to 100 nm and could only optimize the rib width.
We performed simulations with more parameters
and assuming a less restrictive etching process
in('3l, Figure 4 shows the best achievable 3dB
PM bandwidth for different rib widths, normalized
to the width of the C band. The bandwidth is
defined as the allowed signal wavelength range,
such that input-output conversion efficiency (CE)
is not reduced by more than 3dB compared to
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Fig. 4: (a) Normalized FWM bandwidth (fraction of the C
band) for waveguides with varying rib widths. Marked is the
device we present here.
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Fig. 5: Waveguide dispersion. Blue crosses: Simulated TEg,
magenta circles: simulated TEq, left green dot cloud:
measured TEy, right orange dot cloud: measured TE;.

its maximum value, while keeping pump wave-
lengths fixed. We define CE as the ratio of idler
power emitted from the device’s output over sig-
nal power launched into the device input.

The simulated and measured dispersion of the
two lowest-order modes are depicted in Fig. 5.
Simulation and measurement match well, except
for a constant offset which we attribute to mea-
surement errors. However, a constant group in-
dex offset, as long as it is identical for both modes,
does not affect PM.

From the dispersion in Fig. 5, one can al-
ready assess (seel') that placing a pump around
1300nm in TEo and signal and the other pump
around 1520nm in TE;, should lead to a phase-
matched idler around 1300nm in TEq. In-
deed, the optimum is found to be 1304 nm for
the O-band pump (pump 1) and 1546 nm for
the C-band pump (pump 2). Figure 6 shows
the resulting FWM efficiency w.r.t. varying sig-
nal and pump 2 wavelengths, while pump 1 is
fixed at 1304 nm. FWM efficiency is defined as!'s]
0= (1—exp(—(a+jABL))/ ((a+ jAB)L) with
phase mismatch Ag, waveguide length L and at-
tenuation . We depict the normalized quantity
In|/ max (|n|). The CE is proportional to |n|%. The
horizontal marked region is the configuration with
highest bandwidth and is shown in Fig. 7 in detail.
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Fig. 6: Normalized FWM efficiency for pump 1 fixed at
1304 nm. The red diagonal line shows where signal and
second pump have identical wavelengths and the horizontal

line marks the region shown in Fig. 7.
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Fig. 7: Normalized FWM efficiency for the presented device.
C-band pump wavelength is indicated in red.

Measurements
For the presented waveguide, we performed sev-
eral CW measurements. Figure 8 shows the
losses from input and output grating couplers
(GCs) and mode multiplexers (MUXs), with just
a very short piece of waveguide connecting the
ports, which we consider as back to back (B2B)
case. Comparing Fig. 7 and Fig. 8, one can see
that the bandwidth is currently limited by the GCs.
We do not expect the MUXs to limit bandwidth.

We noticed that SOI waveguides can have se-
vere linear XT!'?, Figure 9 shows the measured
power transfer from different input to output ports
of the waveguide, normalized to the B2B mea-
surements obtained in Fig. 8. It is evident that
there is still fading due to linear XT, although it
is much reduced compared to our first generation
of waveguides!'?. For the intended C-to-O-band
operation, we expect narrow “dips” in CE of up to
10dB due to linear XT.

Figure 10 shows the normalized FWM effi-
ciency for varying values of signal and pump, in
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Fig. 8: B2B measurement of waveguide transmission with
only negligible waveguide length. Measurements include
grating coupler and mode multiplexer losses at both input and
output. Transmission is through the TE and TE; modes for
O and C band, respectively.
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Fig. 9: Waveguide power transmission (upper blue lines) and
linear crosstalk (lower orange lines). O band is propagating in
TE(p mode; C band is propagating in TE; mode.
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Fig. 10: Input-output conversion efficiency for varying signal
and C-band pump wavelengths, normalized to peak
efficiency for each C-band pump wavelength. O-band pump
wavelength is fixed at 1300 nm

analogy to Fig. 6. Due to a slight offset be-
tween measurement and simulation, we used an
O-band pump wavelength of 1300 nm to get the
best measured bandwidth. Comparing the two
figures, one can see that the bandwidth is smaller
in Fig. 10 and we attribute the difference firstly to
the limiting effect of the GCs and secondly to lin-
ear XT.

We finally conclude that the bandwidth in
Fig. 10 (for pump 2 at 1540 nm) is sufficient to shift
wavelengths from the whole C band to the O band
and hence we confirm the ultra-broadband WLC
capabilities of the presented waveguide. Verifica-
tion of this performance in a system experiment is
shown in another contribution to the same confer-
ence.

Conclusions

We presented an SOl waveguide suitable for shift-
ing wavelengths from the whole C band into the
O band by FWM-based all-optical signal process-
ing, without having to change pump laser wave-
lengths. We performed dispersion simulations,
phase matching optimizations and CW measure-
ments and improved the linear XT characteristics
of the SOI waveguide. We expect an even better
performance in next generations.
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