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Abstract: Systematic analysis of various impairments in As¥ded WDM PONs is presented and
transmission performance limitations are determimedthis paper. From a system perspective,
characteristics of colorless transmitters are oggohfor larger transmission distance.
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1. Introduction

Wavelength division multiplexing passive opticaltwmerk (WDM PON) is a promising solution for futuklgoadband
access services [1]. In WDM PONSs, each optical ngtwnit (ONU) will be served by a dedicated wawgjéh channel to
communicate with the central office or the optidaé-terminal (OLT). Hence, WDM PON can provideagit point-to-
point connection with dedicated bandwidth, tranepaiprotocol, data security and guaranteed quafigervice. A major
technical challenge in WDM PONSs is low-cost coled@NUs. Colorless ONUs can work across all the Wibisinnels,
so as to solve the inventory problem and providieebéAM (operation, administration and maintengrfoe service
providers. Two widely used colorless lightsource W/éDM PONSs are injection locked FP (IL FP) lasersl aeflective
semiconductor optical amplifiers (RSOAs) [2]. In WIDPON systems using IL FP lasers or RSOAs, theregst
transmission of colorless ONU transmission is Uguathieved by injecting an ASE (amplified spontaure noise) seed
light from OLT. ASE seeded WDM PON has been denratest in various experiments, and the impact ofl&gly
backscattering has been investigated in previouk y8). However, to the best of our knowledge, artugh analysis on
the performance limitations of ASE seeded WDM PQ&tesms have not been done in the literature. fteisessary to
fully understand system performance of ASE seed®dWPONSs before large scale deployment.

In this paper, we start with a systematic analg$isarious impairments in ASE seeded WDM PONSs ictisa 2.
Then the system performance in term of OSNR (opsignal-to-noise-ratio) and dispersion limitatioissanalyzed in
details in section 3, and the transmission distaric®SE seeded WDM PONs can be deduced so as Widpra general
guide line for service providers deploying WDM PONsirthermore, system performance implications 8OR and IL
FP laser characteristics are investigated so tB&/&Rand IL FP laser design can be optimized frasgsdem perspective.
Finally, section 4 concludes the paper with a surgroa the performance of ASE seeded WDM PONSs.

2. System impairmentsin ASE seeded WDM PONs

In WDM PONSs, both downstream and upstream couldASE seeded colorless transmitters. However, thiompeance
bottleneck is in the upstream direction due tol#inge loss experienced by the seeded signal frorf OLONUs. Hence,
our analysis will focus on the upstream directiand for downstream, similar analysis can be donehé upstream
transmission, a number of interferences could adkgthe system performance, including Rayleigh bzatksrings of the
ASE seed and the upstream signal, ASE noise frenseled and colorless transmitters, and discrdectieh of the seed
and the upstream signal due to abrupt refractidexrchanges at connectors and other componentg tierfiber link. In
addition, fiber loss and dispersion also imposeaesysperformance limitations. Since the discretéectibn in the fiber
link can be minimized with proper construction dbefr infrastructure, this term will be neglected thre following
analysis. Considering all the system impairmerits, ttansmission limits of ASE seed WDM PONSs is deieed by
optical power budget, dispersion limit and OSNRh&f received signal. Furthermore, the transmiskioits also depends
on the characteristics of the colorless transnsittier the following, we will discuss the Rayleidiackscattering noise and
intensity noise (from ASE seed and colorless tratterjiin WDM PONSs using IL FP lasers and RSOApesdively.
(@) WDM PONSs using IL FP lasers

When ASE seed is filter by AWG (arrayed waveguidatigg) and injected into an IL FP laser, the IL [BBer will
lase under a single mode with wavelength determinethe injection wavelength and its cavity moddeanwhile, the
relative intensity noise from the seed will be aifigd in the IL FP laser cavity and transmitted baoward OLT. The
intensity noise contribution from the seed light ¢ee written as

PRIN = % PnGeizaLai\/\:G (1)

whereP, is the intensity noise of the filtered ASE se@ds the gain of IL FP laser, expfl) is the loss of the fiber with
a length ofL, axwe represent the insertion loss of the AWG. For thecbefficient on the right hand side, 1/2 comesnr
intensity modulation and 1/2 comes from polarizatitependence gain of IL FP laser. The intensitge®i depends on
the relative intensity noise of the ASE seed, drigl proportional to the power of the ASE seBg= kPg. For external
injected noise, IL FP laser can be consideredrafiective FP cavity with gain, and the gain spactrcan be derived as

G= R, {1~ Ri)z G, (2)
1+RRG, -2|/RR,|/G, coseA)
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whereG;s is the single pass gain of IL FP laser cavRy,andR, are the reflectivities of the front facet and bda&et
respectively, angB is the propagation constant of the active regi@veguide in the FP laser. Since the FP laser is in
lasing mode, the lasing wavelength (a cavity magg)erience largest gain and the gain for the lagiagelength is
actually equal to the cavity loss, that is, the mmegavity gain (at lasing wavelength)@, = 1/ R,R..

The intensity noise of an IL FP laser can be ddtezthby integrating its noise power spectral deriit(a),

S (@) =2 Ny Ree [ H(@)]* (- + 27J0dw @)

whereNy, represents the photon density in the FP caity; is the ASE injection rate, ardis the spectral overlap factor
determined from the overlap integral between theespl shape of the spectrum sliced ASE and tlopiénecy response of
the FP cavity [4]w denotes the shift of the resonance frequency mdidxy the carrier density depletion due to ASE
injection, andQ = (y-G)/2, whereG is the gain ang is the cavity lossH(w) is the transfer function of a small signal
modulation response given Byw) = «?/(«k - + jy,«), Whereay is the relaxation oscillation frequency apgdis the
damping factor. ASE injection rate is proportiottathe seed poweR.¢ = K-Pset, Wherek, is the coupling coefficient.

Rayleigh backscattering of the seed light is gilgn

Pseed_scattering = SDseed and S = Cpseed (l_ eizm_) [73/20’ (4)
where S is the Rayleigh backscattering coefficient, is the fiber scattering coefficient, ari@lis the fiber recapture
coefficient of the scattered light [5].

Similarly, Rayleigh backscattering create a noisevgr travels back toward the IL FP laser. When Ragleigh
backscattering of the upstream signal enters IlaSEr, it is amplified, modulated and redirected®tol. This amplified
and modulated Rayleigh scattering, in turn, wibgwce Rayleigh scattering, which will be amplifizd modulated again
by IL FP laser. The process will continues infiljit6Ssumming up all the amplified Rayleigh scattgrfsower, one has

Pay oy = R ™ e 3188, 120" = R e 12l 5)
whereP,, is the transmitted power from the IL FP laggy,is the IL FP cavity gain for the upstream waveténg
(b) WDM PONSs using RSOAs
In WDM PONSs using RSOAs, the intensity noise cdnittion from ASE seed is given by

Pan =3P.GE™ " a0 (6)
whereG is the gain of the RSOA, and the 1/2 coefficiesthes from modulation. The intensity noise from RS©A
PASE :%hVFnGBoeim-aAWG (7)

whereh is the plank constany,is the optical carrier frequendy, is the noise figure of RSO, is the optical bandwidth
of AWG channel. Note that intensity modulation c@nites to a coefficient of 1/2 in the above equrati

The Rayleigh backscattering of the ASE seed caddtermined from eq. (4). The Rayleigh backscattedh the
upstream signal is also an infinite process, atbial power is given by

1 _ SG/2
Pag_scattering = EGPseeue "N 1-5/2 8)

3. System performance of ASE seeded WDM PONs

The performance of ASE seeded WDM PONSs is limitgdtHree factors: power budget, OSNR and fiber dispa.
Among these, power budget is not the major limifiactor from our simulations and experiments. Fithepersion is not
a limiting factor for WDM PONs with IL FP lasersmuing at 1.25 Gb/s or 2.5 Gb/s, because a welldddkP laser
operates in a single mode and its linewidth is &6dlnm [4]. In WDM PONs with RSOAs, fiber dispersilimits is
ID|Loy, < 025T, (9)

Where D denotes the fiber dispersion coefficieit, represents the bit period, amgd, is the spectral width of the
transmitted signal. For ASE seeded WDM PON usin@RS the spectral width of the upstream signabigghly equal
to the effective bandwidth of the AWG channel.

As different intensity noise powers in ASE seedeDMVPONSs has been derived in section 2, OSNR caaasdy
derived from the ratio of the received signal powad total noise power. For WDM PONs with RSOA® thceived
signal power at OLT is

Py =1GP & ai, (10)
For WDM PONs with IL FP lasers, the received sigmalver at OLT is
Psig = % Ptx |}_a'—aA\I\IKS (11)

where is the transmitted powey, from IL FP lasers is mostly determined by the im@scurrent, and it shows weak
dependence on the injected power, as long as EPitasperating in single mode and the injectedgrdg/not excessive.
Fig. 1(a) shows the simulation results for OSNRa disnction of fiber length for WDM PONSs using IL F&sers. The
OSNR depends also on the seed power. When thesEPisawell-locked, larger seed power leads to ’@SNR because
of larger intensity noise and Rayleigth backscatterFig. 1(b) shows the OSNR vs fiber length fdfedent front facet
reflectivity and Fig. 1(c) shows the OSNR as a fiomcof front facet reflectivity at a given fibegrigth. With larger front
facet reflectivity, OSNR improves because the ILI&er has a stronger filtering effect on the istignnoise of the seed
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Fig. 1 Simulation res(ulis for OSNR in WDM PONs usih FP Iaser(s.)(a) OSNR as a function of fibegténfor digfe)rent seed powers; (b)

OSNR vs fiber length for different front facet esdtivity of IL FP lasers (c) OSNR as a functiorfroint facet reflectivity of IL FP lasers.
light, and the amplification for the Rayleigh backtering of the upstream signal becomes smallero@® hand, it is
beneficial to increase the front facet reflectivitylL FP lasers from system performance perspertivie the other hand,
from device design perspective, it is typicallyd@sign IL FP lasers with small facet reflectivib},[because smaller facet
reflectivity makes it easier to coupling seed ligtib the cavity. Furthermore, smaller facet refilgty also leads to larger
band filling effect and hence broadened gain spettin other words, the FP laser can operates demivavelength
range and hence more WDM channels can be supporfteetefore, there is a design trade off for thentréacet
reflectivity from the perspectives of system perfance and wavelength operating range.
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Fig. 2 Simulation results for OSNR in WDM PONs gsiRSOAs. (a) OSNR vs fiber length for different RS@ain; (b) OSNR as a
function of RSOA gain. The dispersion limit for X8z channel spacing is plotted as a shaded ar@a. in
Fig. 2(a) presents the simulation results for OS&#Ra function fiber length for WDM PONs using RSOA&e

simulation results showed that the OSNR dependagyy on RSOA. Fig. 2 (b) demonstrate that foregifiber length,
there exists an optimal value of RSOA gain to adghithe best OSNR performance. For small RSOA gam,signal
power is small, while for large RSOA, the Raylelggickscattering of the upstream signal is also ldrgboth cases, the
OSNR becomes worse. As the fiber length incredseoptimal value of RSOA gain increases. Therefiblis, necessary
to optimize RSOA gain for different fiber lengtlsdchieve the best performance. The black cunkgn2(a) shows the
best OSNR for different fiber length with RSOA gaiptimized. From the OSNR curve, the transmissiiit for WDM
PON using RSOA is about 30km is a BER =165 required. Similarly, the dispersion limit fdret system is also about
30km for WDM PONSs with 100GHz channel spacing (&thdrea in Fig. 2(a)). In order to improve the $raission
distance, electronic dispersion compensation camsbd to combat fiber dispersion and forward eraorect can be used
to alleviate the impact of intensity noise on thstem performance.

4. Conclusions

System impairments in ASE seeded WDM PONSs, inclydh$E noise (from ASE seed and colorless lightsesrand
Rayleigh backscattering (from ASE seed and upstreigmals), are analyzed in this paper. OSNRs inviizM PON

systems are determined for colorless ONUs usingRLlasers and RSOAs. The OSNR analysis and simnlagisults
provided insights in the system performance andpréormance implications of colorless transmitténsWDM PONs
using IL FP lasers, it is found that increasingnfréacet reflectivity of IL FP lasers could lead @#obetter OSNR
performance. In WDM PONs using RSOAs, it is necgsgaoptimize the RSOA gain for a given fiber lémgo achieve
the best system performance.
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