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Abstract: We demonstrate simultaneous monitoring of the aptgignal to noise ratio (OSNR) for
wavelength-division multiplexed 40 Gb/s signalsngsthe back-reflected Stokes wave from Stimulated
Brillouin Scattering. A highly sensitive OSNR rangfe5-25 dB is observed.
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1. Introduction

Optical performance monitoring has an importang iial optical communication networks for quantifyithg signal
quality in transmission. A crucial measurement he optical signal to noise ratio (OSNR), which Hmen
traditionally performed using an optical spectrumalgser (OSA) to extrapolate the in-band noisehefdignal from
the out of band noise floor. While this is adequfatesimple communication links, it becomes morena to errors
for transmission of wavelength division multiplexeDM) signals through more complex network arattibees,
where the out of band noise level can be filtergcdd drop multiplexes for example. To resolve,thivariety of
different approaches have been explored for erghdinect measurement of the in-band OSNR. Theskidac
polarization nulling [1], electro-optic phase maatidn [2] and a variety of nonlinear optic scherf&s[4] to name
a few. These techniques generally operate on @tmernel basis. Monitoring the in-band noise of aMvBignal
therefore requires a parallel bank of devices tunable optical filter to select a particular chanto test. Thus, a
scheme that can simultaneously monitor WDM sigisatf interest to reduce measurement latency, whieiding
a more scalable solution. Achieving this withoutgwomising the measurement sensitivity is also irgo.

In this paper, we demonstrate the simultaneous toamg of the in-band noise of WDM signals using
Stimulated Brillouin Scattering (SBS) in an optidider. In contrast to other nonlinear schemes qishe optical
Kerr effect, which depends on the instantaneougapintensity, SBS can be simultaneously excitedrultiple
channels of a WDM signal when the spectral powasity exceeds a certain threshold. The back-refte&tokes
wave power for each channel are shown to vary apgntion to their OSNR, with a large dynamic raifg25 dB),
that enables a highly sensitive measurement, valgileg insensitive to the input signal polarizatiorthe fiber. We
demonstrate the capability to monitor OSNRs betw®2b dB for multiple channels of a WDM (3x40 Glgg)nal.

2. Operating principle

Fig. 1(a) shows the schematic for the SBS basedRO@Nnitor. A portion of the signal is tapped frome thetwork,
and launched into an optical fiber with sufficigodwer to pump the nonlinear SBS process. The SB8safrom
spontaneous inelastic scattering, which createanstic wave in the fiber [5]. The pressure frows tvave causes
a periodic modulation of the fiber's density, ameérefore its optical susceptibility, to create aving refractive
index grating. This in turn stimulates further $eahg of the pump light by Bragg reflection, cawgsia back
reflected Stokes wave, which is downshifted in Grexecy, typically by 10 GHz, due to the Doppler efffassociated
with the grating moving at the velocity of the astic wave. An equation for roughly estimating tH&SSthreshold
is gePinleit/Actt = 21 WherePy, is the critical pump poweg; is the peak value of the Brillouin gain, alng andAg
are the fiber's effective length (accounting fosdpand effective mode area respectively [5]. bBcpce, the actual
Py depends on the spectral width of the signal wispect to the Brillouin gain spectrum, whose badtiwis
typically narrow (on the order of 10 MHz). Consenilg Py, is lowest for a narrow linewidth CW laser. Although
typical high-speed optical communication signalsehgpectral widths much broader than that of thibloBim-gain
spectrum, signals encoded by on-off keying for gxamhave prominent, and narrow spectral peaksgge of non-
return to zero (NRZ), a strong peak at its camiavelength), that can promote SBS at just a moelgratgherPy,.

The basis for OSNR monitoring by SBS is the nomimgower transfer function given B = T(Py) wherePs
andP, are the powers of the input signal (pump) and beaflkcted Stokes wave from the fiber, respectivélye
characteristic feature of SBS is a steep increaBg for Ps > Py, By operating the OSNR monitor with a fixed total
input optical powerH;) of P; = P + P, for noise powerpP,, while satisfyingP;, > Py, thenP, is maximum for a
noiseless signal i.d; = Ps, and decreases with increasihg asP, = T(P; — P,). The same principle applies to a
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multi-channel signal, in which case the monitoruiegsP; (j) > Py,(j) for the respective powers of each chanpel,
Simultaneous OSNR monitoring can then be perfortnedsing the scheme as a nonlinear signal proge$sint
end on either an OSA, or WDM demultiplexer withaaray of photodetectors to simultaneously measaicam®,(j).

3. Experimental results and discussion

Fig. 1(b) shows the OSNR monitoring experimentéduge A 3 channel 40 Gb/s NRZ signal was generatedg a
WDM multiplexer (MUX) to combine three CW laserd,apecified spectral width < 30 MHz. These wereasafed

by 200 GHz on the ITU grid at wavelengths 1549.82 ©550.92 nm, and 1552.52 nm, denoted chann@sfd 3
respectively. All 3 were simultaneously amplitudedulated by a LiNb@ Mach-Zehnder (MZ) modulator to
encode a 40 Gb/s NRZ, pseudo random bit sequerRBSPof 2’-1 pattern length. The channels were then
temporally decorrelated by propagation through 4dnstandard single mode fiber (SSMF). To vary @®8NR,
noise was added from a cascade of two amplifiedtspeous emission (ASE) sources with intermedilitzing by

a tunable bandpass optical filter (BPF). The nqiseer was set by a variable optical attenuator (Yefore
being combined with the signal. Both were then afiieglin an EDFA and launched into the optical fivéa a 99:1
coupler and optical circulator which enabi() andPy(j) to be measured by OSAs (on 1.0 nm RBW) respewtivel

A nonlinear fiber with high_e¢/Acr Wwas chosen to minimize the launch power needeadtisfyP;(j) > Py (). A
non-zero dispersion parameter was also desireddoce four-wave mixing (FWM) between the WDM chdsne
from the optical Kerr effect. In consideration bése factors, our experiment used a 1 km lengthigbily nonlinear
fiber (HNLF) with a nonlinearity coefficient of 3 W'km™ (A= 12um?) and a normal sign dispersion equal to
—2.47 ps/nm.km at 1550 nm with slope of 0.02 p$/km. SBS generation in the fiber was investigatsdvarious
sources including an un-modulated CW laser, amglesiand multi-channel 40 Gb/s NRZ and CS-RZ forsigihals.
Fig. 1(c) plots the measurddP;) in each case without noise added. It showsRRpas lowest for the CW laser, and
increases for the NRZ and CS-RZ signals. A furtherease irPy, was also observed for each multi-channel case.

The fiber was then applied to the OSNR monitorifiithe WDM 3x40 Gb/s NRZ signal. The initial expegnt
considered noise applied to only the central chilbypeising a 0.5 nm bandwidth BPF in the noiseuitrwith the
center wavelength tuned to Ch. 2. To test the vesngth independency of the monitor, all three WDMruhels
were set at equal powers Bfj) = 59 mW, which also satisfigd(j)> Py(j). The OSNR for Ch. 2 was determined
by measuring the individual noise and signal povag¢ithe input to the EDFA using an OSA. The inputver to the
EDFA was 0.2 mW, which ensured the EDFA added mahimoise. The OSNR was varied by adjusting the V@A
the noise circuit of Fig. 1(b). For each settirge power of the Ch. 2 CW laser was adjusted to Reepnstant.

Fig. 2(a) shows the optical spectra traces of tipaiti throughput and back reflected emission frammHINLF
for a 15 dB OSNR (Ch. 2). Note, all OSNR valuesestan this paper are with respect to a 0.1 nmenbandwidth.
The throughput spectrum in Fig. 2(b) showed thatMFilv the HNLF remained small. Comparison of theunhand
reflected emission spectra shows that althdg@h was equal for all 3 channels, a drofPijnwas observed only for
Ch. 2. This is explained by the corresponding ckand (P,—P,) for decreasinds at lower OSNRFig. 2(b) plots
the measuredP, versus OSNR for Ch. 2, highlighting the large dwiarange (exceeding 25 dB) I, as the
OSNR varied between 5-25 dB, which is an importange of interest for practical application. In wast, P, for
the noise-free channels 1 and 3 remained unchafdgeddynamic range is notably larger than repoftedther
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Fig. 1. (a) Schematic of a multi-channel OSNR nmmitased on the SBS effect in an optical fiber.Ekperimental set-up for OSNR
monitoring of a WDM (3x40 Gb/s) NRZ signal. (c) Memed SBS power transfer function for various digmenats in the 1 km HNLF.
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Fig. 2. Simultaneous OSNR monitoring of a WDM (3x@0/s) NRZ signal using SBS effect. (a) Opticalcseat input, throughput
and back-scattered from fiber for Ch. 2 OSNR = B5ahd Ch. 1 and 3 noise-free. (b) Measured baaktesed power for each channel,
in case of OSNR varied for only either Ch. 2 or Glwhile other channels remain noise-free. Alsonshés predicted curve mapped
from the power transfer function in Fig. 1 for 3.®{RZ. (c) Measured back-scattered power for braadmoise applied to all channels.
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nonlinear methods based on the optical Kerr effgict{4]. Fig. 2 also plots the expect&d variation with varying
OSNR mapped from the measurg@Ps) in Fig. 1(c) (for 3 Ch. NRZ), by scalinig; to the theoretical OSNR for a
fixed P, = 59 mW. A close fit to the measured curve wass&imilar results were also obtained with the ihd
bandwidth noise tuned to Ch. 3, (leaving channelnd 2 noise-free), as plotted in Fig. 2(b). Thevelength
dependence for the SBS process was minimal, as&xpgiven the small channel wavelength separation.

We also investigated the case of unequal broadbais® applied to all three WDM channels simultarsiou
This was performed by swapping an 8 nm bandwidtk Bfo the noise circuit. AgaiR;(j) = 59 mW was used for
each channel. As the proportion of noise power inwareased by varying the VOR;(j) was equalized by adjusting
each CW laser power, and tweaking the EDFA gaire ®®NR of each channel was determined by compéning
signal and noise powers at the input to the EDF#. Zc) shows the curves Bf versus OSNR closely overlap for
all channels, with a dynamic range and OSNR seitgiimilar to the 0.5 nm bandwidth noise resaltig. 2(b).

Importantly, input signal polarization had littléext onP, for all results. Scaling the technique to monitmre
WDM channels or alternate data modulation formathss CS-RZ, amongst others, would require a coraunate
increase in launch power to satigfy(j)> Py, (j) for all channels. This was limited in our experirnby the available
optical amplifiers. Its practical application woulderefore benefit from further progress in the elegment of
highly nonlinear glasses such as Chalcogenidesf],waveguides with largeg:/Acss to further reduc®y, (j).

4, Conclusions

Simultaneous multi-channel OSNR monitoring of a WBMnal was demonstrated using the nonlinear SBStef
in an optical fiber. A proof of principle experinteshowed the capability to distinguish the OSNReath WDM
channel in a 200 GHz spaced 3x40 Gb/s NRZ signdligh dynamic range of >25 dB was observed forbthek-
reflected Stokes wave power in monitoring the OSINBr a 5-25 dB range, with insensitivity to inpolarization.
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