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Using Optical Sub-Carriers for WDM Passive
Optical Networks
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Abstract—We propose to make use of optical sub-carriers
to realize optical multicast overlay on a WDM passive optical
network. By employing optical carrier suppression technique
at each downstream optical transmitter at the OLT, two co-
herent optical sub-carriers are generated to carry the 10-Gb/s
downstream unicast DPSK signal and the 10-Gb/s downstream
multicast ASK signal, separately without any additional light
sources. At the ONU, the 10-Gb/s upstream data is superimposed
on the received downstream unicast DPSK signal, to form the
upstream ASK signal. System characterization is performed to
optimize the performance. In addition, we further demonstrate
simultaneous optical overlay of two streams of multicast data in
the network.

Index Terms—wavelength-division-multiplexing, passive op-
tical network, orthogonal modulation, differential phase shift
keying, amplitude shift keying, multicast, optical carrier sup-
pression, sub-carrier modulation.

I. INTRODUCTION

HE WAVELENGTH-division-multiplexed passive optical

network (WDM-PON) is regarded as a promising ap-
proach to deliver high speed services to both business and
residential subscribers. Common WDM-PONSs support two-
way point-to-point data transmission between the optical line
terminal (OLT) and the individual subscribers, via the re-
spective designated set of wavelengths. However, with more
diverse multimedia and data services available for broad-
band access nowadays, the access network has to be flexible
enough to cope with various different modes of data or
video delivery such as broadcast and multicast, in addition to
unicast transmissions. Hence, the same data or video service
can be delivered to a designated subset of subscribers or
optical network units (ONUs), and the connections can also
be flexibly reconfigured at the OLT.

Multicast transmission in a WDM-PON significantly en-
hances the network resource utilization efficiency for multiple
destination traffic and improves the cost effectiveness. Optical
multicast can be realized by establishing one-to-many light-
paths on the optical layer, and thus reduces the loading of
the electronic network processors or routers on the network
layer and achieves much higher processing speed. In order to
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realize optical multicast overlay on a WDM-PON, two crucial
features have to be carefully designed, namely how to overlay
the multicast traffic to the existing network infrastructure
which is carrying the two-way point-to-point traffic, as well as
the overlay control technique for connection reconfiguration.

Recently, several interesting schemes [1-9] have been pro-
posed to optically overlay the multicast data onto the existing
point-to-point or unicast wavelengths in WDM-PONSs, using
various feasible and practical optical signal processing tech-
niques. The common principle is to selectively enable or dis-
able the broadcast service superimposed on each downstream
wavelength at the OLT, such that only the designated subset
of ONUs can properly retrieve the broadcast service. Hence,
optical multicast is realized without any additional dedicated
light source for the multicast service.

In [1-6], the multicast data in either differential phase-
shift keying (DPSK) format [1-3], inverse-return-to-zero (IRZ)
format [4], or subcarrier-multiplexed (SCM) form [5,6], were
modulated onto all downstream unicast wavelengths, each
of them were carrying its unicast non-return-to-zero (NRZ)
amplitude-shift keying (ASK) data. The superimposed multi-
cast data could be enabled or disabled by setting low or high
value in the extinction ratio [2,4-6] of the unicast ASK data,
respectively, or switching the unicast data format between
IRZ and NRZ [1], respectively. In [3], the multicast DPSK
data superimposed on a particular downstream unicast IRZ
wavelength could be disabled by applying temporal delay
to the respective downstream unicast data so as to induce
excessive temporal bit misalignment between the two data
streams. In general, for the wavelengths under multicast-
disabled state, their respective superimposed multicast signal
would suffer from severe intensity fluctuation and thus could
not be properly demodulated or detected at the destined
ONUs. However, the downstream unicast ASK data might
also suffer from system penalty due to its reduced extinction
ratio under multicast-enabled state. Another approach [7]
employed double-sideband DPSK format for the downstream
unicast data, while the central carrier was extracted to carry
the multicast ASK data. The multicast data on a particular
wavelength could be disabled by suppressing its optical carrier
at the OLT. However, double-sideband DPSK suffers from
serious coherent beating noise and requires additional electric
low-pass filter at the ONU for multicast data reception.

In [8,9], instead of superimposing the multicast data onto
the unicast data on each downstream wavelength, the out-
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put power from each transmitter at the OLT was split into
two parts. One of them was modulated with the respective
downstream unicast data before being delivered to its des-
tined ONU. the other unmodulated portion was combined
with those from the other transmitters at the OLT before
being commonly modulated with the multicast data. Thus,
no additional dedicated light source for the multicast data
was needed. The two streams were routed to the remote node
(RN) via different fiber feeders. The control of the multicast
transmission on individual was achieved either by controlling
the input polarization state of the unmodulated power to the
common optical modulator for multicast data modulation [8]
or by on/off switching of the unmodulated power, via an
optical ON/OFF switch [9].

Recently, we proposed and demonstrated a novel optical
multicast overlay scheme [10] which can guarantee the per-
formance and alleviate the possible Rayleigh backscattering
effect. It was based on the optical carrier suppression (OCS)
technique [11] at the OLT so as to generate the optical sub-
carriers or sidebands for multicast ASK data modulation. The
downstream unicast data was modulated in DPSK format,
which would be re-modulated with the upstream ASK data
at the respective destined ONU. The control of the multicast
transmission was achieved by simply setting the control clock
signal at the OLT. Simultaneous 10-Gb/s operations for down-
stream and upstream unicast traffic, as well as downstream
multicast traffic were demonstrated with satisfactory perfor-
mance. In this paper, we further investigated and optimized the
performance of this optical sub-carrier based optical multicast
overlay scheme with relaxed clock requirement for the OCS
process. In addition, we further enhance the network func-
tionality by overlaying two multicast data streams over the
WDM-PON by mean of ASK/DPSK orthogonal modulation
on the optical source signal for multicast transmission.

This paper is organized as follows. Section II describes the
network architecture, the operation principles of the proposed
optical sub-carrier based optical multicast overlay scheme
and its experimental demonstration. Section III describes the
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Fig. 2. Spectra of downstream carrier to illustrate the principle of multicast
overlay control via optical carrier suppression (OCS).

modified version of our scheme and its performance improve-
ment. Section IV discusses the requirement of the control
clock frequency for OCS and the characterization of possible
residual Rayleigh backscattering in the network. Section V
presents the technique and the experimental demonstration of
overlaying two multicast data streams over the WDM-PON.
Section VI summarizes the paper.

II. WDM-PON WITH PROPOSED OPTICAL SUB-CARRIER
BASED MULTICAST OVERLAY SCHEME

Fig. 1(a) depicts a WDM-PON with N ONUs. At the
OLT, the CW light from each transmitter is first modulated
by a composite signal, which comprises a sinusoidal control
clock signal and the downstream unicast NRZ data, via a
Mach-Zehnder optical intensity modulator (IM), biased at
its null transmission point. The peak-to-peak driving voltage
(Vpp) of both the control clock and the unicast data should
be twice of the half-wave voltage (V) of the IM. In this
way, the optical central carrier is suppressed, while the two
generated sidebands (optical sub-carriers) are carrying the
unicast data in DPSK format. This is also known as OCS-
DPSK format. One of the generated optical sub-carriers is
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Experimental setup. DSF: dispersion shifted fiber, PM: optical phase modulator, ATT: optical attenuator. Insets show the (i) output spectrum of the

PM; (ii) reflected spectrum of FBG; (iii) transmitted spectrum of FBG. Horizontal scale: 0.5nm/div.

then filtered off and reflected, via a fiber Bragg grating (FBG).
The reflected optical sub-carriers from all transmitters at the
OLT are combined, via a WDM multiplexer, before being
fed into a common IM for multicast ASK data modulation.
The multicast composite signal is then delivered over the
fiber feeder (F2) and demultiplexed at the remote node (RN)
before being detected at their respective destined ONUs. On
the other hand, the optical sub-carrier at the transmission
output port of the FBG is transmitted to the respective ONU,
via the fiber feeder (F1), to deliver the unicast data. At the
RN, a typical 2 x 2N array waveguide gratings (AWG),
is employed. As illustrated in Fig. 1(b), its input ports are
connected to the first and the second fiber feeders; while its i**
and (N +1i)*" output ports are connected to the same ONU#i
(i =1,...,N), via separate distribution fibers. In this way,
the downstream unicast wavelengths, from the first fiber feeder
and the multicast wavelengths, from the second fiber feeder,
can reach their respective destined ONUs. At each ONU, part
of the received unicast DPSK data is demodulated, via an
optical delay interferometer (DI), before direct detection. The
rest of the downstream power is then fed into an IM for
upstream ASK data modulation. The upstream signal is then
transmitted, via the fiber feeder (F2), back to the respective
receiver unit at the OLT. As the downstream unicast signal and
the upstream signal are carried on different fiber feeders, while
the upstream signal and the multicast signal are carried on
different optical sub-carriers, though on the same fiber feeder,
the possible Rayleigh backscattering effect is much alleviated.

The control of multicast transmission for individual down-
stream channel is achieved by turning on or off the control
clock signal at the respective transmitter at the OLT. When the
control clock is present, the optical sub-carrier for multicast
data modulation is generated, hence multicast transmission is
enabled. On the contrary, when the control clock is absent,

the optical sub-carrier is no longer generated, thus there is
no optical power available to carry the multicast data and
disables the multicast transmission. The multicast control of
all transmitters is performed at the OLT only.

Fig. 3 shows the experimental setup for the proposed
scheme. A CW light at 1536.41 nm was first fed into a 40-
Gb/s optical IM, driven by a 30-GHz clock to perform OCS
and create two optical sub-carriers, Agyp1 at 1536.17 nm and
Asup2 at 1536.65 nm. The two optical sub-carriers were then
phase modulated by a 10-Gbit/s 23! — 1 pseudorandom binary
sequence (PRBS) unicast data, via an optical phase modulator
(PM), to generate OCS-DPSK signal. This procedure of OCS-
DPSK signal generation could be simplified with a single IM,
as suggested in Fig. 1, but a broadband electrical combiner was
needed. These two methods of OCS-DPSK signal generation
are alternatives and are technically equivalent. The OCS-
DPSK signal,with a carrier suppression ratio of about 20 dB,
as shown in Fig. 3 inset (i), was fed into an FBG with a
reflection FWHM passband of 0.38 nm and a reflectivity of
99%, as depicted in Fig. 4, so as to separate the two optical
sub-carriers. The optical sub-carrier, Ag,p1, as shown in Fig. 3
inset (ii), was reflected into another IM, where it was intensity
modulated by the 10-Gbit/s 23' —1 PRBS multicast NRZ data
and amplified to about 3 dBm before being fed into a piece
of 20-km fiber feeder (DSF2). Dispersion-shifted fiber (DSF)
was employed to emulate dispersion compensated links for
the fiber feeders. At the transmission output port of the FBG,
Asub2, as shown in Fig. 3 inset (iii), was amplified to about
5 dBm and delivered the downstream unicast DPSK data to
the ONU, via another piece of 20-km fiber feeder (DSF1). At
the ONU, the multicast data was directly detected. In addition,
half of the received unicast DPSK signal power on \g,p2 is fed
into an optical DI for demodulation and detection; while the
other half was re-used as the upstream carrier, which was then
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intensity modulated with the 10-Gb/s 23! — 1 PRBS upstream
NRZ data. The upstream ASK signal was then sent back to
the OLT, via DSF2, for signal reception.

In order to characterize the performance of optical sub-
carrier separation, via the FBG, we have measured the power
ratio of the transmitted signal to the reflected signal of the
FBG at the source wavelength, when the two optical sub-
carriers generated from the source CW wavelength, via OCS
with the presence of the 30-GHz clock (multicast-on) and
the central carrier with the absence of the 30-GHz clock
(multicast-off). The results were depicted in Fig. 5. When the
source wavelength was set around 1536.41 nm, the power ratio
was almost close to O dB under the multicast-on case, implying
both of the separated optical sub-carriers were separated with
similar intensity; while the power ratio was close to 15 dB
under the multicast-off case, implying good suppression of
the optical subcarrier for carrying the multicast signal.

Fig. 6 shows the measured bit-error-rate (BER) perfor-
mances when the multicast was enabled by turning on the
control clock signal to generate the optical sub-carrier for the
multicast modulation. Less than 0.5-dB penalty was observed
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for the unicast, the multicast and the upstream data after
transmission, showing receiver sensitivity (at BER < 1077)
improvements by about 5 dB and 3 dB, for unicast and
multicast transmissions, respectively, as compared with the
previously reported approach [2]. Fig. 7 shows the BER
performances when the multicast was disabled by turning
off the control clock signal. The receiver sensitivities (at
BER < 107?) for downstream unicast and upstream signals
were degraded by 1.2 dB and 1.6 dB, respectively, after
transmission, as compared with the multicast-enabled case.
This could be attributed to the non-ideal reflection passband
of the FBG, which induced excessive filtering to the central
carrier when the control clock was absent, during which the
wavelength of the downstream unicast DPSK signal will be
closer to the reflection passband edge as shown in Fig. 2(b),
as compared with when the multicast is enabled. This could
be alleviated by employing a FBG with steeper edges in its
reflective passband.

In our experiment, the optical power fed into the fiber
feeder was about 3 dBm and 5 dBm for multicast and uni-
cast signals, respectively. The losses caused by transmission,
optical circulators and DI were around 5 dB, 1 dB, and 5
dB respectively. Thus, at the ONU, the optical power for

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on July 26,2010 at 16:13:08 UTC from IEEE Xplore. Restrictions apply.



822 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 28, NO. 6, AUGUST 2010
OLT RN
F1 ]
Tx/Rx 1 s | ONU 1
:|S 43
HE EDFA
Tx/Rx 2 FE ONU 2
S pas 4
-}
= L
Tx/Rx N s
A1 . =) Unicast
RX - Multicast ; 1 “1? data
. data .
Control Unicast S| F2 lUpstream
clpck da‘a : H
J ) @.. @ data
HHOIQFEEHS- [0 L, 1
DFBIM ! PM = EDFA i
i S p— Multicast
\ S data
Fig. 8. A WDM-PON with modified multicast overlay scheme. F1 & F2: fiber feeders, FBG: fiber Bragg grating, IM: optical intensity modulator, EDFA:

Erbium doped fiber amplifier, DI: delay interferometer.

~

Optical Carrier
Suppression

P
~—

5dB/div

Multicast Data

Fig. 9.

10 Gbit/s
NRZ PRBS

Experimental setup of modified scheme. DSF: dispersion shifted fiber, PM: optical phase modulator, ATT: optical attenuator. Insets show the (i)

output spectrum of the PM; (ii) reflected spectrum of FBG; (iii) transmitted spectrum of FBG. Horizontal scale: 0.5nm/div.

unicast data detection after DI was around -8 dBm, providing
more than 9-dB system margin, while the optical power for
multicast detection was around -3 dBm, implying around 14-
dB system margin. Another portion of the unicast power was
re-modulated at the ONU, via an IM, which induced about
6 dB insertion loss. Thus, the received optical power of the
upstream signal at the OLT was around -15 dBm without
amplification. However, by employing an optical amplifier
before the WDM multiplexer at the OLT, the system could
provide enough power margin for the upstream transmission.
When considering the losses induced by the MUX/DMUX
and RN in the multi-channel condition, extra 5 dB power
loss has to be calculated. The optical power for unicast data
detection after DI was around -13 dBm, providing more than
4-dB system margin, while the optical power for multicast
detection was around -8 dBm, implying around 9-dB system
margin. However, due to the optical amplifier employed in

the upstream, the system could still provide enough power
margin for the upstream transmission. In our experiment, only
one channel was considered to demonstrate the operational
features and the proof-of-concept of our proposed scheme. For
the more realistic scenario of multiple channels in the network,
there may be possible crosstalk among the channels which
induces power penalty to individual channels. Therefore, it
is crucial to assure enough system margin to cope with such
possible crosstalk-induced power penalty in practical system
design.

III. MODIFIED OPTICAL MULTICAST OVERLAY SCHEME

Fig. 8 depicts a modified multicast WDM-PON architecture
with N ONUs and the modifications are made at the OLT.
Basically, at each transceiver of the OLT, the unicast data
is modulated onto the generated optical sub-carriers at the
output of FBG, via an optical phase modulator, instead. In
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this way, the non-ideal frequency response of the FBG will
bring less phase-to-intensity noise to not only the multicast
data but also the unicast data as well as the upstream data
compared with the scheme shown in Fig. 1. This is attributed
to the fact that phase modulation broadens the spectrum of the
signal. When the phase modulation is performed before the
FBG filtering, as in Fig. 1, the non-ideal frequency response
of the FBG may convert the phase information into amplitude
fluctuation, which deteriorates the signal performance. Such
phase-modulation induced spectral broadening also reduces
the optical carrier suppression ratio during the OCS process,
and thus hinders the optical sub-carrier separation through
the FBG. With the modified scheme, these impairments can
be alleviated and thus leads to improvement in the system
performance as well as relaxed requirement in the control
clock frequency.

We have measured the BER performance to verify this
possible improvement, using the experimental setup as shown
in Fig. 9. Fig. 10 shows the measured BER performances
with the presence of the 30-GHz control clock signal so as to
generate the optical sub-carrier for the multicast modulation.
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Fig. 12. BER measurements with multicast enabled when the control clock
frequency is 20-GHz.

At BER < 10779, less than 0.3-dB penalty was observed
for both the unicast and the multicast data, while about 0.5-
dB penalty was observed for the upstream data after 20-
km transmission. As compared with the measurements of the
original scheme depicted in Fig. 6, the measured receiver
sensitivities (at BER < 1077) of the downstream multicast,
the downstream unicast and the upstream transmissions, were
improved by about 1.3 dB, 1 dB, and 0.8 dB, respectively,
after transmission. They were mainly attributed to the phase-
to-amplitude conversion noise due to crosstalk of DPSK to
ASK signal and the better filtering effect of FBG without the
spectrum broadening via the phase modulation. Fig. 11 shows
the BER performances with the absence of the control clock
signal, thus the multicast transmission was disabled. As com-
pared with the measurements of the original scheme depicted
in Fig. 7, the receiver sensitivities (at BER < 10~9) for the
downstream unicast and the upstream signals were improved
by 2.3 dB, and 2.5 dB, respectively, after transmission. This
larger improvement compared with multicast-enabled case was
mainly attributed to the fact that the central optical carrier was
closer to the non-ideal reflection edge of the FBG when the
control clock was absent, thus would suffer from much more
severe excessive filtering at the FBG.

In the experiment of the modified scheme, the optical power
fed into the transmission link was about 3 dBm and 5 dBm for
the multicast and the unicast signals, respectively. The losses
caused by transmission, optical circulators and DI remained
the same as in the original scheme. Thus the system margin
for the unicast and the multicast transmissions were improved
by 1 dB, to around 10 dB and 15 dB, respectively. While the
system margin for upstream transmission was also improved
by about 0.8 dB.

IV. CONTROL CLOCK FREQUENCY REQUIREMENT AND
RESIDUAL RAYLEIGHT BACKSCATTERING EFFECT

In the modified scheme, we have investigated the perfor-
mances when the frequency of the control clock at the OLT are
reduced to 20 GHz as well as 15 GHz. Fig. 12 shows the mea-
sured BER performances when the multicast transmission was
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enabled with the presence of the 20-GHz control clock. The
receiver sensitivities after 20-km transmission were degraded
by about 0.2 dB and 0.3 dB, for the downstream and the
upstream transmissions, respectively, as compared with that
when the clock was 30-GHz, as depicted in Fig. 10. These neg-
ligible degradations might be attributed to the slight reduction
(from 23 dB to 21 dB) in the optical carrier suppression ratio.
Fig. 13 shows the BER performances when we set the control
clock frequency to 15-GHz. The receiver sensitivities (at BER
< 107?) for the downstream unicast and multicast signals
were deteriorated by 1.1 dB and 0.6 dB, respectively, after
transmission, while about 1.3-dB degradation was observed
for the upstream signal, as compared with that depicted in
Fig. 10. These larger degradations might be attributed to
the larger reduction (from 23 dB to 15 dB) in the optical
carrier suppression ratio when the control clock frequency
was 15 GHz. The closer spacing between the two optical sub-
carriers would induce more noises due to phase-to-amplitude
conversion at the FBG, and induced more degradation to the
upper optical sub-carrier than the lower optical sub-carrier.

As shown in Fig. 8, the system architecture guarantees no
Rayleigh backscattering (RB) effect in the feeder fibers, as the
upper feeder fiber has only uni-directional signal transmission,
while the lower one has bi-directional signal transmissions, but
on different wavelengths. However, in practice, due to non-
ideal separation of the two generated optical sub-carriers at the
OLT, the residual spectra might lead to possible wavelength
overlapping or crosstalk in the lower feeder fiber. This wave-
length overlapping between the optical sub-carriers would
introduce possible RB. We have characterized such residual
RB in our experiment under three values of the control clock
frequency at the OLT, and the results were tabulated in Table
1. The residual RB for all the three conditions were less than
0.32 dB, for both the multicast and the upstream transmissions,
which implied negligible RB in our scheme. This was due
to the relatively low power in the wavelength overlapping
component.

TABLE 1

RESIDUAL RAYLEIGH BACKSCATTERING.

Control clock Rayleigh Backscattering (dB)
frequency at OLT Upstream Multicast
15 GHz 0.32 dB 0.30 dB

20 GHz 0.30 dB 0.28 dB

30 GHz 0.28 dB 0.25 dB

V. SIMULTANEOUS TRANSMISSION OF TwO SETS OF
MULTICAST DATA

In this section, we extend our scheme to realize simul-
taneous multicast transmission of two sets of data streams
over a WDM-PON. Fig. 14 depicts the WDM-PON with an
optical overlay scheme to support two sets of multicast data.
Compared with the scheme, illustrated in Fig. 8, we further
superimpose the second set of multicast data in DPSK format
(multicast data 2), via orthogonal modulation technique, onto
the first set of multicast data in ASK format (multicast data
1). An additional PM is employed after the multicast IM
modulator so as to support modulation of the second set
of multicast data in DPSK format. In order to realize the
simultaneous transmissions of the two multicast data, we add
an electrical attenuator and switch to control the extinction
ratio (ER) of the multicast data 1. When the ER of the
multicast data 1 (ASK), is reduced, the multicast data 2
(DPSK) modulated on the multicast data 1 (ASK) can be
successfully demodulated and thus simultaneous transmission
is enabled. On the other hand, when the ER of the multicast
data 1 is set to be higher than 4.7 dB [12], the multicast
data 2 (DPSK) modulated on the multicast data 1 (ASK), can
no longer be properly demodulated at the ONU, due to the
excessive induced intensity fluctuation, thus multicast data 2
is disabled.

Fig. 15 shows the BER performances when single multicast
(either multicast data 1 or 2) was enabled. After 20-km
transmission, the power penalties were about 0.4 dB for
the downstream unicast transmission and 0.6 dB for both
the downstream multicast and the upstream transmissions.
Fig. 16 shows the BER performances when simultaneous
double multicast (both multicast data 1 or 2) was enabled.
As compared to the results shown in Fig. 15, about 5 dB and
5.5 dB reduction in the receiver sensitivities (at BER < 107?)
were shown for the multicast DPSK signal (multicast data 2)
and the multicast ASK signal (multicast data 1), respectively.
The relatively large performance degradation in multicast data
1 (ASK) might be attributed to reduction of its ER from 8.5
dB to 3.1 dB in the experiment, while that in multicast data
2 (DPSK) might be due to the intensity fluctuation induced
from multicast data 1 (ASK). However, the simultaneous
transmissions of the two sets of multicast data had negligible
degradation on both the downstream unicast and the upstream
data.

VI. SUMMARY

We have proposed and experimentally investigated a novel
optical multicast overlay scheme for WDM-PONSs, so as to
enhance the networking flexibility. It is based on optical car-
rier suppression technique to generate the optical sub-carrier
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Fig. 15. BER measurements when single multicast data stream is enabled.

for the multicast data modulation. Simple multicast overlay
control is performed by setting the presence of the control
clock signal at the OLT. Simultaneous 10-Gb/s transmissions
of the downstream unicast and multicast data, as well as
the upstream data have been demonstrated with satisfactory
system performance. Moreover, we have further modified the
scheme to alleviate the possible degradation due to phase-to-
intensity conversion at the non-ideal passband edge of the FBG
at the OLT. Furthermore, the requirement of the control clock
frequency for OCS, as well as the possible RB in the system,
have been experimentally characterized. In addition, we have
also successfully demonstrated the simultaneous transmission
of two sets of multicast data over the WDM-PON, using
orthogonal modulation technique.
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