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Abstract: We demonstrate a simple cost-effective broadoastay for WDM PON which uses a
single directly modulated superluminescent diodalétiver an RF video or baseband gigabit-

Ethernet service to all 32 users.
OCIScodes: (060.4510) Optical communications; (120.4820ptical systems

1. Introduction

Wavelength-division multiplexed passive opticavmatks (WDM PON) with “colorless” upstream transraitt
have recently been commercialized and are regdrgeaany to be a higher performance alternativeday’s
widely deployed time-division multiplexed (TDM) P@I8uch as EPON [1] and GPON [2]. One perceived
shortcoming of WDM PONSs relative to TDM PONSs is thek of a reliable low-cost method for broadcagtio all
users at the optical layer. Since TDM PONs emplayNapassive splitter at the remote node, broadcagiegsily
accomplished by adding an additional downstreametesngth [3], which is segregated from the TDM dotneem
signal at each optical network terminal (ONT) byeanultiplexing filter incorporated into the ONTgigéxer (PONs
without a broadcast overlay use a diplexer to sggeethe upstream and downstream wavelengths). \WWDMs
employ al:N arrayed-waveguide grating (AWG) at the remote nedea single laser cannot be used as a broadcast
source. In this paper, we demonstrate a cost-eféeoverlay system for WDM PON, which uses the droa
spectrum of a superluminescent diode (SLED) tratterrin conjunction with the cyclic property of tA&VG to
efficiently broadcast to all 32 users. We measheeperformance of both an RF subcarrier-based \hdeadcast
service as well as a gigabit-Ethernet (GbE) brosij@ad show that the performance of the WDM PON is
unaffected by these overlays.

2. Experimental configuration

The experimental configuration, shown in Fig. Ingists of a commercial LG-Ericsson EA 1100 WDM P&lbhg
with the SLED-based broadcast overlay system. BA&100 is a 32-user system with 100 Mb/s dedichted
directional links for each user [4]. Thirty-two dogtream/upstream wavelength pairs are formed legtiion
seeding Fabry-Perot (FP) laser transmitters withldied spontaneous emission which has been sligetthie AWG
multiplexer/demultiplexer (mux/demux) in the optibae terminal (OLT) and the AWG mux/demux in ttemote
node, respectively [5]. The downstream band rums f£574.2 nm to 1599.6 nm and the upstream bargifram
1533.5 nm to 1558.2 nm. The channel spacing, stitddAWG, is 100 GHz. The OLT transceivers (notvehpare
connected to corresponding ONTs through: an AW@ided in the OLT (not shown), a course mux whictisatthe
broadcast light, 20 km of OFS Allwave fiber whidmges as the feeder, the AWG at the remote nosleora length
of distribution fiber, and a coarse demux whichaseafes the broadcast light from the WDM PON wawgtlen. A
pair of circulators and a variable optical atteouaire inserted before the PON ONT under test tmipe
independent attenuation of the downstream signaisg the measurements. Our EA 1100 was equipptd8sdut
of 32 ONTSs, so all measurements were recorded8BINTs operating simultaneously.

Two versions of the broadcast overlay were contdicT he first, shown in Fig. 1, was derived from a
commercial satellite broadcast system. A band dQP&K RF subcarriers, carrying over 100 standafididen
channels in all and spanning 500 MHz of RF spectinom 950 — 1450 MHz, were block converted in anrRiker
down to 200 — 700 MHz, since the directly modulgs&dED has limited RF frequency response. This R¥espm
was then amplified and equalized with a microgpripted circuit board frequency compensator betir@ng the
SLED. The SLED is based on an InGaAsP quaternatti-opuantum well epi-structure with separate ogticarier
confined single transverse mode emission, withuugpectrum centered around 1435-nm wavelengtoatplit
power of 4 dBm. To limit the output spectrum of BieED to one free-spectral range (FSR) of the AW®,SLED
output was shaped by a 35-nm wide optical bandijdtsswhose response is shown in relation to thdic
wavelength bands of the AWG as an inset to Fighis optically filtered SLED spectrum is then comdsl with
the WDM PON wavelengths in the coarse multiplekanerses the 20-km feeder fiber, and is spectsdilted
through the AWG, with one distinct 0.43-nm widecsldirected to each ONT, where it is demultiplezatb a



OSA/OFC/NFOEC 2011
NTuB3.pdf

commercial APD receiver. The electrical signahisrt mixed back up into the 950 — 1450 MHz bandcmhected
to the video set-top box.
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Fig. 1. Schematic of the commercial WDM PON witlbdmicast video overlay. Insets show RF and optedtsa.

The second version of the broadcast overlay (sctiemat shown) is conceptually simpler, featuringaeseband
transmission of a GbE service. The configuratidfeds from that described above in that a bit-erede tester
(BERT) followed by an equalizer and electronic aifrgl are used to directly modulate the SLED at1Gh/s and
the APD receiver at the user location is followgdab/50 MHz electronic low-pass filter (LPF), thetut of which
is connected to the BERT analyzer.

3. Results

We measured the performance of the WDM PON andtkday systems independently and together. Fig. 2a
shows the WDM PON frame drop rate as a functioreoéived power for ONTs connected to AWG portsd 32
for 64-byte packets and 100 Mb/s line rate. Openi®yjs represent performance without the video ayerl
operating and solid symbols represent performairittethie video overlay operating. There was no Sigat effect
caused by the presence of the broadcast overlay.

Since the RF video overlay is based on a commesatallite service, its performance was measured by
observing a video monitor and recording the reabivgtical power corresponding to the onset of errgenerally
observed as blockiness in the video picture. Thigh sensitivity measurements are plotted in Eigas a
function of AWG port for 4 video channels, eachoasated with a particular RF subcarrier. Overdig sensitivities
are quite good due to the use of forward erroremtion coding (FEC). The worst case sensitivity v&88 dBm
for the 358-MHz subcarrier on AWG port 30. This catvier had the worst sensitivity by several dBsiit had the
lowest power among all subcarriers immediatelyrafte satellite dish. Presumably, this would nothéssue in an
optim:illly designed system, since the subcarrieditudes could be individually adjusted.
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Fig. 2. a) Frame drop rate for the WDM PON, b) #avity of the RF overlay and c) BER performancettoé GbE overlay.
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We similarly measured the performance of the 1.BE®aseband GbE broadcast overlay as a functigi\b
port. We assume this system would employ stand&fz, With a BER threshold of 810*. Figure 2c is a plot of
BER for a fixed power of —34.6 dBm at the receiaed pseudo-random bit sequence (PRBS) lengtfbf Phis
short pattern is sufficient for emulating the 8B1€f&led GbE link (A #-1 PRBS resulted in a substantial power
penalty relative to 21). All values exceed the FEC threshold. The gmes of the WDM PON signals did not
affect the performance of either broadcast overlay.

3. Discussion and conclusion
In recent years, scores of research papers havessed the problem of broadcasting over an AWGeb¥geM
PON, many by adding clever but complex techniquiesivcombine the broadcast data with the existing
downstream wavelengths. Based on the example mdatdized TDM PONSs that use the video enhancenaent b
[3] for delivering broadcast video, we feel thairactical broadcast overlay must be simple, lowt;carsd modular.
The use of a broadband incoherent light sourcstetbésh broadcast connections over a WDM netwerkell
known. This basic technique was first demonstratet an AWG-based WDM PON over 14 years ago [6¢ Th
present result differs from [6] in that affordabligh-power SLEDs are now available over a rangeafelengths,
as are practical deployable WDM PONSs. Naturallg, tlse of a directly-modulated SLED presents chgden
relative to a semiconductor laser diode: Not ordtlie gain dynamics limit the frequency responskekids, but it
is well known that the signal-to-noise ratio (SNR)ncoherent sources is proportionaBg the optical bandwidth
[7]. Of course, arbitrarily increasirgp is not an option sindBgis set at the receiver by the channel bandwidth of
the AWG, not to mention the fact that the allowadyi¢ical bandwidth is also limited by chromaticgission. Some
of these issues are highlighted by the BER cumésg. 3, which show the BER performance of the Gbkback-
to-back without optical filtering (solid circled)ack-to-back with the optical filtering of the AW@pen circles),
and through the entire 20-km system including tNe@\(solid triangles). The best performance is dssed with
the full ~ 35-nm bandwidth of the 1435-nm SLED dpa&w. Filtering down to the 0.43-nm bandwidth o t(RWG
mode degraded performance by 2 dB at B&ER, but permitted transmission through the ergfr&km system with
negligible added penalty. In contrast, an atterptansmit the full spectrum completely degradedgomance to
the point that the BERT cousld not synch to the mow data.

10

® Bk-Bknoslicing
©  Bk-Bksliced
v 20km sliced
Z\10
%
-5
Ee)
) 10
a L
= -6
© 10
w -7
10
-8
10
-42 -40 -38 -36 -34 -32

Received Power [dBm]
Fig. 3. BER as a function of received optical pofeerthe GbE overlay and its dependence on optiaatiwidth and fiber length.

In conclusion, we have demonstrated a practicaldost broadcast overlay for WDM PON using a higkveo
SLED transmitter. The 1435-nm directly modulatetpatiis tailored to match an available FSR of tiW@®, so
each user receives a single slice of the broadaasal. The performance of an RF subcarrier-baseadzast TV
service and a GbE broadcast service were unaffégtéite presence of the WDM PON and did not adWeedéect
the PON (aside from the slight increase in linkslassociated with the addition of coarse WDM cagtie
segregate the services).
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