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Abstract—Ultrahigh nonlinear tapered fiber and planar rib
Chalcogenide waveguides have been developed to enable high-
speed all-optical signal processing in compact, low-loss optical de-
vices through the use of four-wave mixing (FWM) and cross-phase
modulation (XPM) via the ultra fast Kerr effect. Tapering a com-
mercial As,Se; fiber is shown to reduce its effective core area and
enhance the Kerr nonlinearity thereby enabling XPM wavelength
conversion of a 40 Gb/s signal in a shorter 16-cm length device that
allows a broader wavelength tuning range due to its smaller net
chromatic dispersion. Progress toward photonic chip-scale devices
is shown by fabricating As,S; planar rib waveguides exhibiting
nonlinearity up to 2080 W~ . km™" and losses as low as 0.05
dB/cm. The material’s high refractive index, ensuring more ro-
bust confinement of the optical mode, permits a more compact
serpentine-shaped rib waveguide of 22.5 cm length on a 7-cm-
size chip, which is successfully applied to broadband wavelength
conversion of 40-80 Gb/s signals by XPM. A shorter 5-cm length
planar waveguide proves most effective for all-optical time-division
demultiplexing of a 160 Gb/s signal by FWM and analysis shows
its length is near optimum for maximizing FWM in consideration
of its dispersion and loss.

Index Terms—Nonlinear optics, optical planar waveguides, op-
tical propagation in nonlinear media, optical signal processing,
optical waveguides.

1. INTRODUCTION

ONLINEAR optical phenomena are exploitable in a va-
N riety of forms to enable a suite of all-optical signal pro-
cessing functions that may play a role in future high-speed
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and high-capacity optical communication networks. These in-
clude signal regeneration [1], [2], time-division demultiplex-
ing [3]-[11], wavelength conversion [12]-[19], phase conju-
gated/midspan spectrally inverted transmission [20], [21], para-
metric amplification [22], buffering [23], and logic gating and
switching [24], [25]. The all-optical nonlinear approach conve-
niently avoids the need for optical to electronic conversions, and
therefore, circumvents the bandwidth limitations, prohibitive
cost, and manufacturing complexity of high-speed optoelec-
tronics. This grows more important as data modulation rates
increase beyond the fastest 40 Gb/s systems in service today
toward 160-Gb/s serial transmission.

Nonlinear signal processing has previously been performed
in various media such as optical fiber [2]-[6], [8], [9], [12], [13],
[17]1, [20], [22], [25], semiconductor optical amplifiers (SOA)
[11], [14], [24], and periodically poled LiNbOs (PPLN) [7].
While speed of SOAs is ultimately limited by carrier recovery
effects, optical fiber exploiting the x*) nonlinearity (third-order
electric susceptibility) that gives raise to the optical Kerr effect is
near instantaneous, and therefore, well suited for ultrafast signal
processing. It manifests as a refractive index change with optical
intensity in proportion to the nonlinear index, ny. Optical fiber
also has advantages of broadband low-loss transmission and
passive operation, not requiring feedback temperature control
or electric biasing. On the other hand, while SOA and PPLN
have typical device lengths on the order of centimeters, fiber
devices based on common dispersion-shifted fiber (DSF) with
nonlinearity coefficient, v of around 3 W~! - km™' have re-
quired kilometer lengths to provide sufficient nonlinearity with
moderate launch powers [3], [4], [12], [13], [20], [25], produc-
ing a bulky device sensitive to environmental perturbations.

Development in the late 1990s of highly nonlinear silica
fibers (HNF) [26] with v typically 3-8 times higher than DSF
through combined reduction of the effective core area (A.g)
from 250 to ~10 pm? and enhanced ny by higher GeO, dop-
ing of the core, permitted shorter lengths of hundreds of me-
ters [5], [6], [22]. Subsequent development of holey structured
silica fibers producing high refractive index contrast between
the central glass core and surrounding air holes to permit mode
guidance with smaller A.g increased 7 even further toward
100 W' - km™' [15]. Other material advances in nonsilica-
based glass fibers with much higher no dramatically increased ~y
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Fig. 1. (Curve) Miller’s rule for nonlinearity index, no, versus refractive
index, ng, compared to measurements for (filled circles) various ChG glasses,
(triangles) other highly nonlinear and (box) silica glasses, as in [28].

beyond another order of magnitude to >1000 W~ - km™!, al-
beit with high loss, enabling signal processing with remarkably
short lengths on the order of 1 m for both Bi» O3 [2], [8], [9]
and the chalcogenide (ChG) glass, AsySes [17] fibers. ChG
glasses [27] are of particular interest for their ultrahigh ny mea-
sured to be up to three orders of magnitude greater than silica,
in accordance with Miller’s rule for such high refractive index
glasses (>2.2), as plotted in Fig. 1 [28].

To even further enhance the v of such fibers, the cross-
sectional power density of the propagating mode can be raised
by reducing A.q through either a holey structure design [28]
or tapering of the waist diameter, as was previously demon-
strated for silica [29] and Bi»Oj3 fibers [30]. Application to
ChG fibers is aided by its higher refractive index for enabling
mode confinement in smaller diameter fibers as was shown by
the extreme tapering of a 165-um diameter As,Se; fiber to
nanowire size that produced dramatic increase in «y from 1200
to 68000 W' - km™!, albeit with limited power handling [31].

Beyond even shorter device lengths, challenge remains for
shrinking optical waveguides from discrete fiber devices onto a
planar platform whereupon integration of multisignal process-
ing functions or parallel optical circuits for processing different
wavelength signals simultaneously on a single photonic chip
can be envisioned. This calls for more advanced waveguides
exhibiting both ultrahigh nonlinearity and low loss to ensure
low operating power. Recent progress in silicon rib waveguides
has demonstrated fabrication of nanowire dimension photonic
circuits enabling sufficient nonlinearity in centimeter lengths, al-
beit with quite high losses, for applications in all-optical wave-
length conversion [16] and phase conjugation [21] at 1040
Gb/s. However, silicon also suffers significant nonlinear losses
from free-carrier absorption and two-photon absorption (TPA)
that may impede operation at higher bit rates. In another ap-
proach, ChG rib waveguides can be fabricated to exploit the
material’s ultra-high ny, and low TPA for obtaining sufficient
Kerr nonlinearity in compact, ultrafast photonic circuits suited
to higher bitrates [10].

In this paper, we review the development and application
of highly nonlinear ChG glass devices based on both tapered
fiber and planar rib waveguides in application to high-speed

TABLE I
OPTICAL FIBER PARAMETERS AT 1550 NM

Parameter Units Si0;  Si0;  BixO;  As;Ses AsySes
DSF HNF  fiber fiber taper

Nonlinear ny of 1 23 50 500 500
index (n;) silica®
Effective pm? 60 12 4 37 20
core area
(A eﬁ‘)
Nonlinearity /Wikm 1.9 17.5 1360 1200 2270
coefficient
™)
Dispersion ps/nm/ -0.7 -0.1 -260 -560 -560
(D) km

4, of silica = 2.2x102m%W at 1550 nm.

all-optical signal processing. Section II considers the moder-
ate tapering of an AssSes fiber to enhance the nonlinearity and
enable high-performance wavelength conversion of a 40 Gb/s
signal in a shorter 16 cm device that favorably reduces the
total chromatic dispersion to broaden the wavelength conver-
sion range—the first experiment of its kind for a tapered fiber.
Section III describes fabrication of As,S3 planar rib waveguides
exhibiting nonlinearity coefficient up to 2080 W' - km~!, with
low polarization dependence and insertion losses. The material’s
high refractive index, ensuring robust mode confinement, is ex-
ploited in designing a longer 22.5 cm waveguide compacted
into a 7 cm chip by an advanced serpentine-shaped circuit
incorporating 180° bends, while achieving a record-low loss
of 0.05 dB/cm [33]. High nonlinearity for the planar waveg-
uide is obtained with a comparatively large A.g of 5—7 ym?,
thereby easing demands on fabrication and coupling compared
to nanowires. This leaves scope for further enhancing the non-
linearity by fabricating to smaller dimensions, which can also
control the waveguiding dispersion to offset the large normal
dispersion of ChG glasses to zero or anomalous values [34]. Sec-
tion III also explores application of waveguides to broadband
wavelength conversion of 40-80 Gb/s signals by cross-phase
modulation (XPM), and optical time-division demultiplexing of
a 160 Gb/s signal by four-wave mixing (FWM), and considers
the optimum design for maximizing efficiency.

II. TAPERED As,Ses FIBER WAVEGUIDES
A. Fabrication

Enhanced ~ through smaller A.¢ by tapering is applied to a
commercially available multimoded ChG glass fiber fabricated
with a core and cladding of slightly different Asy Ses stoichiom-
etry (nominal refractive index of 2.8) and specified diameters
7.5 pm and 165 pm, respectively. Its corresponding numerical
aperture (NA) is ~0.2, and measured propagation losses and
fiber dispersion are ~1 dB/m and D = —560 ps -nm~! - km~!
respectively, at 1550 nm wavelength.

Table I compares the parameters for various highly nonlin-
ear fiber compositions, highlighting the orders of magnitude
greater than ny for AssSez compared to the widely reported
BiyOg. It is noted that the nonlinearity coefficient defined as
v = (27/7) - (n2/Aex) [35] at optical wavelength, A, is smaller
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for AsySes than Biy O3, due to its much larger A.g of 37 um?.
Nevertheless, its higher linear refractive index gives wider scope
for dramatically increasing ~y through reduced A.¢ without com-
promising mode confinement. This contrasts with the already
much smaller core sizes utilized for silica and Bi» O3. The non-
linear figure of merit (FOM = ny /1) proportional to ny and
TPA coefficient ((3), is also relatively low for As,Ses compared
to Silica and Biy O3.

The low transition temperature for ChG glasses of ~200 °C
favorably permits fiber tapering by resistive heating rather than
the hotter gas flame required for silica [29]. A piece of As;Ses
fiber was fixed between two translation stages mounted on the
same rail and sandwiched in close proximity between the heaters
that were programmed to raise the fiber temperature in tandem
with the back and forth sliding motion of the stages in an or-
chestrated heat brushing routine that stretched the fiber to the
desired taper profile. The maximum length of the tapered waist
region obtained was constrained by the rail length.

Fig. 2 shows the schematic steps used to fabricate a 16 cm
taper. The 165-um cladding diameter of a 7-cm long fiber was
tapered down to a uniform waist of 75 pym over 19 cm with-
out incurring any noticeable increase in loss. A 16 cm portion
was cleaved and respliced onto single-mode silica fiber, using
UV-cured epoxy to achieve a stable low insertion loss of ~5
dB (2.5 dB best to date for similar tapers). Mode field imaging
indicated single-mode operation, and comparison with known
fiber (Corning SMF-28) indicated a mode field diameter of
5-um corresponding to A.g ~ 20 um? yielding an increase in
nonlinearity coefficient from 1200 to ~ 2270 W1 - km™!.

Mode analysis by the finite-element method for A.¢ as a
function of tapered fiber diameter and numerical aperture (NA)
predicted similar results and showed further decreasing A.g
would require more extreme tapering to waist diameters nar-
rower than several micrometers [31], at which point guiding is
by the cladding—air interface rather than the core. Simultane-
ously, the role of waveguiding dispersion, while negligible for
the 16 cm taper, grows dramatically for sub-10-pm waist diam-
eters and counter to the material normal dispersion enabling tai-
loring of the device dispersion to zero or anomalous value [31].

B. 40-Gbl/s Wavelength Conversion in Tapered Fiber

Applying the 16-cm length taper to all-optical wavelength
conversion of a 40-Gb/s return-to-zero (RZ) format signal
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Fig. 3. Principle of wavelength conversion by XPM and optical filtering.
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Fig. 4. Experimental setup for 40-Gb/s wavelength conversion in a 16-cm

length tapered Asy Ses fiber.

was performed by the technique originally demonstrated for
a 40 Gb/s signal with a 10 km DSF [13]. The principle is
schematically shown in Fig. 3, whereby the signal is copropa-
gated through the nonlinear waveguide with a continuous-wave
(CW) laser tuned to the desired output wavelength. By the Kerr
effect [35], XPM from each signal pulse induces a transient
chirp at the coincident point along the CW beam generating
frequency-modulated sidebands that can be converted to ampli-
tude modulation by optical filtering to recover a replica of the
signal at different wavelengths.

The experimental setup using the fiber taper is shown in Fig. 4.
The RZ signal was generated from a 40-GHz actively mode-
locked fiber laser (MLFL) emitting 1.5-ps duration pulses of
1.6 nm bandwidth centered at 1535 nm. An external electroop-
tic Mach—Zehnder (MZ) modulator driven by a 40-Gb/s pat-
tern generator encoded a pseudorandom bit sequence (PRBS)
of length 23! —1 on the pulses. The signal was amplified by
an Erbium-doped fiber amplifier (EDFA) and passed through
a 5-nm tunable bandpass filter (BPF) to remove out of band-
amplified spontaneous emission noise before being combined
with the amplified, wavelength-tunable, CW laser. The aver-
age launch power to the taper was 130 mW for the signal
(=73 mW in the taper, 2.3W peak) and 50 mW for the CW laser
(=28 mW in the taper). The converted signal was obtained using
a 0.56 nm bandwidth, tunable BPF to extract a sideband from
the spectrally broadened CW probe, which was then amplified
and passed through a second 1-nm bandwidth-tunable BPF, con-
nected before a variable optical attenuator (VOA) and 40 Gb/s
photodetector (PD).

Fig. 5 compares the output spectra from the As,Ses taper
for different CW laser wavelengths up to 35 nm from the sig-
nal. A noticeable reduction in spectral broadening of the CW
beam was observed at wavelengths longer than 1560 nm due
to the effect of chromatic dispersion causing the coincidence of
the signal pulses with the CW to shift during propagation in the
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Fig. 6. (a) BER performance of wavelength-converted 40 Gb/s signals from

16 cm Asg Seg fiber taper and (b) 40-Gb/s signal eye diagrams at converted and
original wavelengths, and converted spectrum.

waveguide, smearing the XPM chirp. The reduced interaction
length can be estimated using L,, = Trwnm/AA - D where
Trwuw is the full-width at half-maximum of the pulse, A its
wavelength offset to the CW, and D the waveguide dispersion
(differential of group delay with wavelength), which is assumed
to vary negligibly across AM. For the experimental parame-
ters, L,, becomes favorably longer than the waveguide for A\
< 17 nm. This contrasts with the previously reported 10-Gb/s
wavelength conversion of 7 ps pulses using 1 m of untapered
AsySes fiber [17] that demonstrated a narrower wavelength tun-
ing range despite the more than quadruple Trwmy explained
by the calculated AX <12.5 nm for L,, > 1 m.

The eye diagrams of the converted 40 Gb/s signals obtained
in Fig. 6 show only slight degradation compared to the original
40 Gb/s signal, and the bit-error rate (BER) performance shows
a small power penalty of just 0.4 dB at a BER of 10~ compared
to connecting the 40 Gb/s signal directly from the MZ modula-
tor to the receiver. This marks a significant improvement over
the 1.4 dB penalty measured for the 10 Gb/s conversion in unta-
pered fiber [17], thanks to the broader XPM spectral broadening
associated with the shorter signal pulses.

Increasing the signal bit-rate to 160 Gb/s with the same pulse
source would increase the duty cycle (pulse duration to period ra-
tio) from 6% to 24%. Although L,, would be unchanged, main-
taining equivalent XPM sideband power at the waveguide out-
put, and therefore, the same optical SNR (OSNR) at the receiver
would require quadrupling the launch power to ~500 mW,

TABLE II
CHALCOGENIDE WAVEGUIDE COMPARISON
Parameter Units As;Ses As;S3 1ib As,S;3 1ib
taper (2.7x3.8 pm) (2.6x4 pm)
Length (L) cm 16 5 225
Insertion Loss dB 5 7.5 6.5
Refractive - 2.8 2.37 2.37
Index (n)
Nonlinear ny of 500 132 132
index (n3)* silica
Effective core pm? 20 5.7 7.1
area (4ep)
Nonlinearity W' km! 2270 2080 1700
coefficient (y)
Dispersion (D)) ps/mm/km  -560 286 342

3, of silica = 2.2x10°m%/W at 1550 nm wavelength
T at 1550 nm wavelength

which exceeds its maximum safe power handling limit. Tapering
the fiber to nanowire dimensions could enhance -y by more than
an order of magnitude, and reduce launch powers by the same
factor, but unfortunately, reduce the power handling as well.

III. PLANAR ASyS3 RIB WAVEGUIDES
A. Fabrication

In another approach, planar rib ChG waveguides were fab-
ricated by photolithographic mask patterning and etching of
ChG thin films deposited on oxidized silicon wafer. Two cus-
tomized methods; ultrafast pulsed laser deposition (UPLD) [32]
and thermal evaporation deposition [33] were explored to cre-
ate films of thickness up to several micrometers that were then
annealed to raise the refractive index closer to bulk AssS3 glass.
Standard photolithography followed by dry etching using induc-
tively coupled plasma reactive ion etching technique produced
a series of high-quality rib waveguides of various widths and
lengths on each wafer. The waveguides were overclad with a
15-pm thick film of UV-cured inorganic polymer glass, whose
refractive index is 1.53 compared to 2.37 for the As,S3 film at
1550 nm. End facets were then finished by hand cleaving the
silicon substrate with a diamond scriber.

Table II lists the parameters of two AssS; waveguides ob-
tained, along with the tapered ChG fiber, described in Section
II for comparison. The first denoted W5 was a 5-cm length rib
formed in a UPLD film of 2.7 pum thickness by etching out
1.2-pm deep trenches on either side of a 3.8-um wide rib. The
second denoted W22 was a longer 22.5 cm rib formed in a ther-
mally deposited film of 2.6 sm thickness, by etching out 0.9-um
deep trenches on either side of a 4-um wide, serpentine-shaped
rib. Fig. 7 shows a micrograph of the W22 waveguide-cleaved
cross section, and Fig. 7(b) shows the waveguide schematic in-
corporating three straights sections linked by two 180° bends of
radii ~3 mm for accommodating a 7-cm size chip.

The A.g of the transverse electric (TE) mode for both W5 and
W22 waveguides were calculated based on physical dimensions
using ¢2V Olympios software to be 5.7 ym? and 7.1 pm? re-
spectively at 1550 nm. The nonlinear refractive index of AsyS3
given by ng = 2.92 x 10~ m? /W [32], is more than two
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Fig. 7. ChG planar rib waveguide (W22) obtained from thermally deposited
Ass S3 film. (a) Optical micrograph of cleaved facet. (b) Circuit schematic.

orders of magnitude greater than silica, yielding correspond-
ing nonlinear coefficients of 2080 and 1700 W~!-km™*
respectively.

The material dispersion, determined from refractive index
measurements of the deposited AssS3 films and polynomial
curve fitting to its wavelength differential, was found to be
B2 = 469 ps® /km corresponding to a normal dispersion of
D = —368 ps/nm.km. Numerical analysis by the finite-element
method of the mode profiles generated for the physical waveg-
uide dimensions, suggest significant waveguiding dispersion of
opposite sign to the normal material dispersion that reduces
total 35 to 364 ps?/km? and 433 ps?/km for W5 and W22
waveguides, respectively—similar to Bi» O fiber [2], [8], [9].

The TE mode propagation losses were measured by
the Fabry—Perot resonance technique [36] to be 0.25 and
0.05 dB/cm, respectively, at 1550 nm for W5 and W22 waveg-
uides, with polarization-dependent losses (PDL) between TE
and TM modes of 1 dB and 2.4 dB, respectively. The five
times lower loss for the W22 waveguide is the record lowest
reported for AsyS3 to date and was realized through combined
improvements in deposition of higher quality films as well as
photolithography and optimization of the reactive ion etching
chemistry, which reduced the rib sidewall roughness to just
1.5 nm (rms) [33]—more than a factor of two improvement
over the W5 waveguide [32].

Low loss coupling to standard single-mode fiber (Corning
SMF-28) was achieved via an intermediate fusion-spliced sec-
tion of higher NA fiber (NA = 0.35) butt coupled to the waveg-
uide for improved mode matching and use of index matching
oil to reduce reflections. Fiber-to-fiber insertion losses were
/7.5 dB and 6.5 dB for W5 and W22 waveguides, respectively,
with ~1.1 dB constituting propagation loss.

B. 40-80-Gb/s Wavelength Conversion in Rib Waveguides

The record low loss of the W22 waveguide enables the non-
linear effect to be sustained along its entire 22.5 cm length
thereby maximizing the nonlinear phase shift for a given launch
power. Its effectiveness was demonstrated in all-optical wave-
length conversion of 40 Gb/s signals in a similar manner to the
tapered fiber experiment described in Section II with a setup
similar to Fig. 4 [19]. To consider a more realistic signal duty
cycle, the 5 nm BPF in the transmitter was substituted with two
1-nm bandwidth BPFs (both of 1st-order Gaussian profile and
tuned to the signal center wavelength), in order to narrow the 40-
Gb/s signal spectrum and broaden the pulse duration to 4.4 ps,

— 1565 nm
— 1555 nm

80 | [—1i578nm
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Fig. 8. Output optical spectra from 22.5-cm length Asy S3 rib waveguide at
different CW wavelengths with 40 Gb/s signal fixed at 1535 nm.

for a higher duty cycle of 18%. Doing so favorably nullified the
walkoff effect and broadened the wavelength tuning range as
expected from the calculated Ax < 58 nm for L,, > 22.5cm.
However, maintaining equivalent XPM spectral broadening re-
quired a commensurate increase in average launch power by the
pulse broadening factor. Best results were obtained with EDFAs
operating near saturation to give average launch to the waveg-
uide facet of 240 mW for the signal (=129 mW average, 1.4 W
peak coupled in) and 90 mW for the CW laser. The combined
total of 330 mW is significantly higher than the 180 mW for
the tapered fiber experiment, which was a conservative limit
set to avoid gradual increased insertion loss possibly due to
photodarkening of the material [27].

Fig. 8 plots the output spectra from the W22 waveguide for the
signal at 1535 nm wavelength and the CW laser tuned between
1545 and 1575 nm. It shows similar XPM spectral broadening
of the CW laser at wavelengths out to 1575 nm—Iimited by both
the gain bandwidth of the EDFAs (which accounts for increasing
noise) and tuning range of the thin-film type BPFs.

The frequency-modulated sideband of the CW containing the
converted signal was extracted using the two BPFs of optical
bandwidth 0.56 and 1 nm, as shown in Fig. 4. The converted
signal eye diagrams shown in Fig. 9 indicate only slight degra-
dation compared to the tapered fiber results in Fig. 6. The BER
curves plotted in Fig. 9 indicate a power penalty of ~1 dB at a
BER of 10~ when compared to connecting the 40 Gb/s signal
directly to the VOA and PD.

The capability for applying the W22 waveguide to higher
bit-rate wavelength conversion at 80 Gb/s was investigated us-
ing the slightly modified setup in Fig. 10 with the signal at
1550 nm. A fiber-delay interferometer of 27 —1 bit delay was
inserted after the MZ modulator to optically multiplex (MUX)
the 40 Gb/s signal to 80 Gb/s. Inserting a broader 8 nm BPF in
the transmitter ensured a shorter signal pulse duration of 1.5 ps,
thereby maintaining a comparable duty cycle of 16% as the
40 Gb/s experiment. This, therefore, ensured a similar peak to
average power ratio, with tradeoff narrowing of the wavelength-
conversion range as expected from the calculated AL < 20 nm
for L,, > 22.5 cm. The average power launched to the waveg-
uide facet was slightly increased from the 40 Gb/s experiment
to 270 mW for the 80 Gb/s signal (=2.3 W peak coupled in),
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Fig. 10. Experimental setup for 80-Gb/s wavelength conversion in 22.5-cm
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and 150 mW for the CW for combined total of 420 mW. The
80 Gb/s wavelength-converted spectra at the waveguide output
were filtered using a 2 nm BPF followed by a fiber Bragg grat-
ing (FBG) notch filter to reject the CW. Fig. 11(a) compares the
output spectra for different CW wavelengths and shows con-
sistent XPM broadening across the full-gain bandwidth of the
EDFA up to 1570 nm. The converted signal eye diagrams in
Fig. 11(b) show noticeably higher noise than for the 40 Gb/s
experiment, due to the lower sideband power obtained from the
broader BPFs used and corresponding larger noise introduced
by the EDFAs.

Wavelength converting a 160-Gb/s RZ signal of the same
pulse duration using the same waveguide would require dou-
bling the signal power, which would exceed the saturation power
of the EDFAs and maximum safe handling power to avoid dam-
aging the waveguide facet; as well as potentially increasing the
insertion loss due to photodarkening of the As,S3 thin films,
which has been reported as having a threshold peak power of
~10 W /pum?® [37].

Similar wavelength conversion performance has been demon-
strated using the shorter W5 waveguide, but at a lower signal
bit rate of 10 Gb/s and with shorter 2 ps pulses in order to
increase the peak to average power ratio and ensure sufficient
XPM sideband power for a lower total average launch power
of ~140 mW [18]. While the shorter device length favorably
negated the impact of the shorter pulses on the wavelength con-
version range, the overall nonlinearity was insufficient for ex-
tending the bit rate to 40 Gb/s and beyond for the same average
launch power.

80 Gb/s input
A5 - o 5ps
30N

& 55 1 & 1560 nm converted
S 3
[y O
:

-85 -

I
-135 "
1540 1560 1580 1545 1555 1565
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Fig. 11. 80-Gb/s wavelength conversion in 22.5-cm length AsyS3 waveg-

uide. (a) Output optical spectra at different CW wavelengths for signal fixed at
1535 nm. (b) 80-Gb/s signal eye diagrams with converted signal spectra.
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Fig. 12. Principle of all-optical time-division demultiplexing of an optical

signal by FWM with binary data levels indicated by “1and “0”.

C. 160 Gbls Demultiplexing in Rib Waveguides

The optical Kerr effect that produced XPM in the W22 waveg-
uide enabling 40—80 Gb/s wavelength conversion in Section I1I-
B, also gave rise to four-wave mixing (FWM) wavelength con-
version [12], evident from the output spectra in Fig. 8 showing
generation of a replica signal at shorter wavelengths than the
original. However, the effect was dwarfed by XPM, and dimin-
ished sharply for wider tuning offset of the CW laser due to
the dispersion of the waveguide. For the same reason, it is also
highly sensitive to the waveguide length on the centimeter scale.
The following experiment shows such effect can be utilized
in the shorter W5 waveguide to enable optical time-division
demultiplexing of a 160-Gb/s optical signal to its 10-Gb/s
tributaries.

All-optical demultiplexing by FWM was originally demon-
strated in fiber [3] applying the principle illustrated in Fig. 12,
whereby a high-bit rate signal with carrier frequency f; is co-
propagated with a pump pulse train of subharmonic repetition
rate and carrier frequency, f,. By delaying the pump pulses
to coincide with the desired subharmonic bit-rate channel of
the signal to be extracted, FWM between coinciding signal and
pump pulse generates a new idler pulse with carrier frequency
fi givenby f; = 2f, — f, [35]. This thereby generates a signal



PELUSI et al.: APPLICATIONS OF HIGHLY-NONLINEAR CHALCOGENIDE GLASS DEVICES 535

channel that can be filtered out and switched to a receiver or
rerouted without requiring electronic detection and regeneration
of the entire optical signal. High performance requires minimiz-
ing intrachannel interference by using pump pulses of narrower
duration than the signal bit period and of suitably low jitter to
ensure coincidence with only a single signal pulse during prop-
agation through the waveguide. Earlier experiments used kilo-
meters of DSF [3], while a more recent 160 Gb/s demonstration
required just 1 m of Bi; O3 fiber [9]. Minimizing the device
length for broadband applications is essential for maximizing
FWM when the device has such a large dispersion parameter.

The maximum energy transfer from the original signal to the
idler by FWM relies upon adequate phase matching between all-
optical waves (signal, pump, and idler). This can be expressed by
the wave vector mismatch in terms of the propagation constants
for the pump (3,), signal (3, ) and idler (5;) as A = (B, + 5; —
283, [35]. The propagation length, L, satisfying phase-matched
FWM is then determined by the coherence length, L), defined
as [35]

27
|AB)
When A( is dominated by the dispersion of the medium, which,
in turn, is dominated by the second-order dispersion coefficient
(B2) of the Taylor series expanded mode propagation constant
[35] with higher order terms negligible, L.}, can be expressed
approximately in terms of the angular frequency separation, {2g,
corresponding to f, — fs = fi — fp as
. 2m
1512
Considering FWM-demultiplexing of a 160-Gb/s RZ format
optical signal, spectral overlap between pump and signal is
comfortably avoided for f, — f; corresponding to 10 nm wave-
length separation giving L.y, of 28 and 24 cm for W5 and W22
waveguides respectively, which suggests W22 is less optimal.

Further insight is gained by calculating the theoretical con-
version efficiency, G, as a function of L assuming undepleted
pump (i.e., power of pump >> signal) of peak power, P,, zero
propagation loss, and same overlapping integrals for the cross-
sectional mode profiles of all waves, whereby the equation is
given by [35]

L <L,y = (D

Lcoh (2)

Ge = (v x Pp/g)* x sin® (g x L) 3)
where g is the parametric gain coefficient defined as [35]
9" = AB(AB/4+7Pp). )

Fig. 13(a) plots G, versus distance for parameters of both the
W5 and W22 waveguides listed in Table II for P, = 4.4W
as applied in the later 160 Gb/s experiment. The curves show
slightly higher FWM efficiency for W5 at 5 cm distance than
for W22 at 22.5 cm. The impact of propagation losses with
coefficient, «, on the conversion efficiency can be inferred from
the modified equations given by [38]

o= (yx Pp/g')2 x exp (—3aL) x sin® (¢’ x L) (5)

where
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Fig. 13.  Conversion efficiency versus propagation distance in case of f;, —

fs < 10 nm calculated for parameters of both the W5- and W22-type waveg-
uides with propagation losses set to (a) zero and (b) Table II values.
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Fig. 14.  Experimental setup for 160-Gb/s optical time-division demultiplexing

by FWM in 5-cm length Ase S3 waveguide.

(¢')’ = AB(AB/A+~Pp x exp (—aL)). (6)

Fig. 13(b) shows conversion efficiency is just slightly higher for
W5 at 5 cm than W22 at 22.5 cm, but 33% less than what could
be obtained with W22 at 8 cm length.

The setup for 160 Gb/s FWM-demultiplexing using the W5
waveguide is shown in Fig. 14. The 160 Gb/s signal was gener-
ated from the 40 GHz MLFL emitting 1.4 ps pulses with 1.8 nm
bandwidth centered at 1560 nm wavelength. The MZ modulator
encoded data on the pulses at 40 Gb/s with a 23! —1 PRBS, and
the two-stage MUX of 27 —1 bit delay length interleaved the
signal up to 160 Gb/s bit rate. The pulse width at waveguide
input was 1.9 ps corresponding to a 30% duty cycle.

The pump source was a 10-GHz MLFL emitting pulses of
1.5 nm bandwidth centered at 1550 nm wavelength and was
synchronized to the 160 Gb/s signal by operating from the same
40 GHz RF clock, prescaled to 10 GHz (in place of using a
10-GHz clock recovery circuit). Signal and pump were ampli-
fied with EDFAs, then combined with a coupler, and launched
into the waveguide with polarization states aligned via polariza-
tion controllers (PC). The pump pulses at coupler output were
1.5 ps wide with average power set to 150 mW, giving P, ~
4.4 W in the waveguide. An optical delay line (AT) aligned the
pump pulses with the desired channel of the 160 Gb/s signal
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Fig. 15.  Optical spectra at (a) Input. (b) Output of 5-cm length Asp S3 waveg-

uide with (inset) numerically simulated equivalent for W5 waveguide and 160
Gb/s signal parameters (40-nm wavelength span, 10 dB/div power).

to be demultiplexed. Signal power was set to 100 mW average
(~0.3 W peak coupled in) for a combined total of 250 mW.

The optical spectra at input and output of the waveguide are
compared in Fig. 15, and indicate negligible self-phase modu-
lation (SPM) [35] and XPM for the optimized launch powers,
while significant idler power was generated at 1540 nm. In con-
trast, time-division demultiplexing by XPM either with optical
filtering as reported for a 80 Gb/s signal using a 5 km DSF [4]
or in a nonlinear optical fiber loop mirror [4] would require sig-
nificantly higher launch power, and corresponding wider wave-
length separation between the signal and pump to accommodate
their spectral broadening without overlap.

The power conversion efficiency of the 10 Gb/s channel from
1560 nm to 1540 nm wavelength was calculated to be 12% by
integrating powers of both the measured optical spectra of the
input 160 Gb/s signal and output idler and accounting for the
16 times difference in bit rate. This compares well to the gener-
alized theoretical lossless and lossy values of G, = 15.8% and
G!, = T%, respectively. Numerical modeling of 160 Gb/s FWM-
demultiplexing by the split-step Fourier method [35] using the
same experimental parameters for both waveguide and signal
(assuming Gaussian pulse shape) without noise or polarization
effects also generated qualitatively similar spectra as shown in
Fig. 15, with G, equal to 11% and 7% for propagation loss set
to 0 dB/cm and 0.25 dB/cm, respectively. Similarly, numerical
calculations of G.. versus L for 160 Gb/s demultiplexing give
reasonable fit to the Fig. 13 curves.

The quality of the FWM idler extracted from the output
spectra using two optical band pass filters (BPF) of bandwidth
3 nm and 0.56 nm, is highlighted by the signal eye diagrams in
Fig. 16(a) of both the 160 Gb/s input and the 10 Gb/s output
measured using a 65 GHz bandwidth PD on an 80-GHz elec-
trical sampling scope. The 10-Gb/s eye diagram shows a clear
opening with just slightly more noise compared to the “back-to-
back” (B2B) obtained for the 10 GHz MLFL tuned to 1540 nm
wavelength, data modulated at 10 Gb/s, and passed through the
same BPFs. Fig. 16(b) reveals a small power penalty of <1 dB
at BER of 10~? for all 16 channels of the 160 Gb/s signal thanks
largely to the near-instantaneous Kerr nonlinearity ensuring low
crosstalk. Connecting the MZ modulator output directly to PD
improves B2B receiver sensitivity by just 0.4 dB compared to the
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Fig. 16. (a) Eye diagrams of (top) input 160-Gb/s signal (lower) demultiplex-

ing output 10 Gb/s channel. (b) 160 Gb/s demultiplexing BER performance
compared to back-to-back (B2B), (inset) 10-Gb/s eye diagrams.

curve plotted in Fig. 16(b). This result marks the shortest length
demonstration of nonlinear-Kerr-effect-based signal processing
at such a high-signal bit rate reported to date.

A route to reduce pump power requirements or achieve
higher FWM conversion efficiency over a wider bandwidth
is by tailoring the waveguide design to narrower dimensions
for both increasing the nonlinearity through its reduced A.g,
and exploiting the waveguide dispersion that grows dramat-
ically as dimensions approach the optical wavelength, and
counter to the material dispersion. Simulation analysis suggests
AsyS3 rib waveguides designed for moderately smaller A.¢ of
12 ,um2 could achieve zero or even anomalous dispersion, to
enable broadband parametric gain [34]. It would also broaden
the tuning range for both XPM- or FWM-based signal process-
ing applications and higher bit-rate operation. Longer circuits
could also be applied to further increase the net nonlinearity or
reduce launch powers.

IV. DISCUSSION

The experiments described in Sections II and III showed the
best choice of waveguide for XPM- or FWM-based signal pro-
cessing depends on the signal bit rate and dispersion in addition
to the maximum nonlinear Kerr effect obtained. Reducing the
waveguide dimensions and corresponding A.g through fiber ta-
pering or finer photolithographic etching provides a route to
enhance the nonlinearity coefficient, and simultaneously tailor
the dispersion to zero or anomalous value when dimensions
approach the order of the optical wavelength. Such combined
advances would further lower the operating power and enable
more broadband operation.

Further reducing A.g for the tapered As,Ses fiber would re-
quire a leapfrog reduction of the fiber diameter from 75 pm down
to several micrometers or less [31]. ChG nanowires exhibiting
nonlinearity coefficients of 68 000 W~! - km~! could, in prin-
ciple, reduce the average powers for the same experiments with
same length waveguides studied in this paper by more than an or-
der of magnitude to around 10 mW, but would require advances
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in raising the average power handling to avoid thermal damage
by inadequate heat dissipation into the surrounding air.

Shrinking the dimensions of planar waveguides may not be as
susceptible to such heat dissipation issues due to the large ther-
mal mass of the substrate. Reducing A.g from current 5—7 ym?
is a path to higher nonlinearity coefficient, at the expense of
increasing propagation losses as dimensions become more ap-
preciable to the side-wall roughness. However, analysis of the
current waveguide dimensions shows that, unlike for nanowires,
only the tails of the cross-sectional mode distribution permeate
to the side walls, which suggests some margin for reducing
waveguide dimensions with only slight increase in losses [33].
Nevertheless, smaller A.g would require a more sophisticated
coupling system to minimize losses that could otherwise trump
any nonlinearity gain.

As Table II shows, the AssSes fiber taper had the highest
nonlinearity coefficient of all three waveguides considered, as
well as lowest fiber-to-fiber insertion loss (<5 dB), but aver-
age power handling was conservatively about half that of the
planar waveguides. The 18% lower nonlinearity coefficient for
the 22.5-cm length As,S3 waveguide compared to the 5 cm de-
vice, was offset by the more than quadruple length and record
low 0.05-dB/cm propagation loss. On the other hand, its higher
net chromatic dispersion impacted FWM efficiency, which was
higher for the 5-cm length device.

A narrower waveguide that gains factor of two higher nonlin-
earity or lower dispersion could permit increase of the signal bit
rate in the various applications including time-division demulti-
plexing, XPM-based wavelength conversion, or SPM based all-
optical regeneration [1], [2]. ChG-based waveguides can exploit
the higher refractive index to allow more complex, and longer
yet compact nonlinear circuits, and also utilize the reported high
photosensitivity of the material [37] for incorporating on-chip
Bragg grating optical filters [1].

V. CONCLUSION

Highly nonlinear ChG waveguides based on both planar rib
and tapered optical fiber waveguides of 5-22 cm length have
been produced exhibiting nonlinearity coefficients of 1700—
2270 W~ - km~!. Application to nonlinear signal processing
exploiting both XPM and FWM enabled broadband wavelength
conversion of 40-80 Gb/s signals and high-performance time-
division demultiplexing of a 160 Gb/s signal. Future potential
exists for tailoring the dimensions of these waveguides to further
increase the nonlinearity and simultaneously reduce the normal
dispersion parameter. This will enable operation at higher bit
rates with lower launch powers as well as broaden the wave-
length tuning range and extend potential application to other
nonlinear signal processing functions such as all-optical SPM-
based regeneration and FWM-based optical phase conjugation.
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