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Video-Service-Overlaid Wavelength-Division-
Multiplexed Passive Optical Network

Lei Cai, Zhixin Liu, Shilin Xiao, Min Zhu, Rongyu Li, and Weisheng Hu

Abstract—We propose and demonstrate a novel wavelength-
division-multiplexed passive optical network (WDM-PON) with
multicast overlay. By superimposing an inverse return-to-zero
multicast signal onto a nonreturn-to-zero point-to-point signal,
simultaneous transmission is realized for both services. At the
optical network unit (ONU), only one photodiode is required to
detect both signals. No complex receiver is demanded. Multicast
control is realized through a switch for each wavelength at the
optical line terminal. We successfully demonstrate the proposed
WDM-PON.

Index Terms—Inverse return-to-zero (IRZ), multicast, passive
optical network (PON), wavelength-division multiplexing (WDM).

I. INTRODUCTION

HE wavelength-division-multiplexed passive optical
T network (WDM-PON) is an attractive solution for broad-
band access taking its advantages of large capacity, easy
management, and network security [1]. The waveguide grating
router (WGR) is utilized for virtual point-to-point transmission
link. Because of the wavelength-dependence feature of WGR,
WDM-PON is not suitable for delivery of broadcast signals.
Recently, many efforts were made to solve this problem by
slicing the broadcast signal [2] or by utilizing the broadband
source [3].

However, in these schemes, all subscribers can receive broad-
cast signals regardless of their service subscription. In reality,
some customers may not subscribe to the video services. There-
fore, it is a requirement for WDM-PON to realize selective-
broadcasting. The solution in [4] is based on subcarrier multi-
plexing, which requires high-frequency electronic components.
The technique in [5] demands a Mach—Zehnder delay interfer-
ometer for recovery of the phase-shift keying signal at the op-
tical network unit (ONU) side, which makes it costly. In prac-
tical applications, it is desirable to design a more cost-effective
scheme to deliver multicast signals to subscribers.

Recently, we proposed a novel WDM-PON architecture
where the broadcast signal is superimposed on the conven-
tional point-to-point signals [6]. In this letter, we improve the
multicast control to realize better selective-video service. In
addition, we further design a new receiver, which requires only
one photodiode for detection of both signals, which reduces the
cost further. Compared with [4] and [5], only intensity modula-
tion is introduced, which eliminates the complex receiver at the
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Fig. 1. System architecture. P-t-P data: point-to-point data; IM: intensity mod-
ulator; AWG: arrayed waveguide grating; NAND: logic not AND gate; PD: pho-
todiode; CR: clock recovery.

ONU. Thus, this system is cost-effective compared to previous
selective-broadcast schemes. We experimentally validate the
designed WDM-PON architecture.

II. PROPOSED WDM-PON SYSTEM

The architecture of the proposed WDM-PON is depicted
in Fig. 1. At the optical line terminal (OLT) side, all the
channel wavelengths are first nonreturn-to-zero (NRZ) mod-
ulated with their respective downstream point-to-point data.
The low modulation depth of about 0.1 to 0.2 is employed.
For broadcast-enabled channels, the point-to-point signals are
multiplexed and then fed into the inverse return-to-zero (IRZ)
transmitter, driven by the broadcast data. The modulation depth
of IRZ is about 0.5. Thus, the broadcast signal is superimposed
onto the NRZ point-to-point signals for all broadcast-enabled
channels. As for broadcast-disabled channels, the point-to-point
signals are multiplexed and bypass the IRZ transmitter. Thus,
no broadcast signal is covered in these channels. A switch
is employed in each channel so that the point-to-point signal
is either directed into the IRZ transmitter or directed into
another path so that the signal bypasses the IRZ transmitter.
In this way, selective-broadcast is realized. Both signals in the
broadcast-enabled channels and broadcast-disabled channels
are fed into the optical amplifier, and then directed into the
downstream link. In [6], the NRZ point-to-point signals have
different modulation depths between broadcast-enabled chan-
nels and broadcast-disabled channels. Thus all the channels do
not have the same quality of service of point-to-point delivery.
The technique proposed in this letter successfully solves this
problem. At the ONU side, the optical signal is first converted to
an electric signal and then split and fed into two different paths
for recovery of point-to-point and multicast data, respectively.
Thus, the receiver requires only one photodetector, which saves
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Fig. 2. Data sequence to explain how the IRZ signal is successfully superim-
posed on the NRZ signal and how both data can be recovered.

the cost of ONU. The upstream transmission can take the form
of any previous works [2], [4]. In this letter, the scheme in [4] is
introduced for upstream transmission. The upstream transmitter
consists of a laser diode (LD), which is directly modulated with
upstream data. Upstream signals are WDM at the remote node
and delivered to OLT via transmission fiber, where signals are
wavelength-division demultiplexed and the upstream data are
recovered for each channel. To avoid Rayleigh backscattering,
different wavelengths are allocated for downstream and up-
stream transmissions.

Fig. 2 provides the data sequences for explanation of the
overlay of the IRZ signal onto the NRZ signal. The duty
cycle of the IRZ signal is 50%. Fig. 2(a)—(c) shows the NRZ
point-to-point signal, the IRZ broadcast signal, and the super-
imposed signal, respectively. Since the modulation depth of
the NRZ signal is low, there is certain power at both “1” and
“0” bits. Thus the broadcast data can be superimposed onto
the NRZ point-to-point data. In the following, we describe
how both broadcast and point-to-point data can be recovered
respectively. For broadcast data “1”, the superimposed signal
consists of almost no power at the first half-bit. As for data
“0”, the signal consists of certain power at the first half-bit
[see Fig. 2(c)]. Thus, the broadcast data can be recovered by
sampling at the first half-bit of the superimposed signal. Mean-
while, the power in the second half-bit of the IRZ signal is high
for both “1” and “0” bits. Thus during the second half-bit, the
superimposed signal is the same compared to the NRZ signal
that is not superimposed by the IRZ signal [see Fig. 2(c)].
Therefore, the point-to-point data can also be recovered by
sampling at the second half-bit of the superimposed signal.
There is a T, /2 delay between the clocks used for recovery of
point-to-point and multicast data.

III. EXPERIMENT AND DISCUSSION

According to the system architecture described in Fig. 1,
the proposed scheme is experimentally demonstrated. Contin-
uous-wave lights at 1553.6 and 1555.2 nm are NRZ modulated
by Mach-Zehnder modulators, driven by a 2.5-Gb/s 2311
pseudorandom binary sequence (PRBS). The modulation depth
is 0.115. The point-to-point signals are wavelength-multi-
plexed, and are then fed into the IRZ transmitter, also driven by
a 2.5-Gb/s PRBS as the broadcast data. The modulation depth
of IRZ is 0.5. The IRZ transmitter comprises an intensity mod-
ulator driven by an IRZ-shaped radio-frequency (RF) signal,
which is generated by a logic NAND operation between an RF
clock signal and an NRZ RF data signal. After amplification
by an erbium-doped fiber amplifier (EDFA), the signals are fed
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Fig. 3. Eye diagrams of (a) the NRZ signal, (b) the IRZ signal, and (c) the
overlay of IRZ signal on NRZ signal.
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Fig. 4. BER measurements of point-to-point data and multicast data. The mod-
ulation depth of the NRZ signal is 0.115.

into the 38-km single-mode fiber. For upstream transmission,
the LDs at 1523.9 and 1525.5 nm are directly modulated with
a modulation depth of 0.43, driven by the 2.5-Gb/s PRBS
as upstream data. To emulate the case when the multicast is
enabled, the switch is placed at the upper branch so that the
point-to-point signals are directed to the IRZ transmitter, where
they are superimposed by the multicast IRZ signal. To emulate
the case when the multicast is disabled, the switch is triggered
so that the point-to-point signals bypass the IRZ transmitter.
Thus no broadcast information is covered in the signals.

The eye diagrams of the NRZ signal, the IRZ signal, and the
overlay of them are provided in Fig. 3. Clear and open eyes
can be obtained for both point-to-point and multicast services.
The bit-error-rate (BER) results of both services are shown in
Fig. 4. The BER performances of two channels are almost the
same. Thus only the BER results for 1553.6 nm are provided.
The receiver sensitivities (at the BER of 10™%) for multicast
and point-to-point data are —12.4 and —10.3 dBm, respectively.
Compared to back-to-back cases, power penalties of 1.0 and
0.7 dB are observed, respectively. The superimposed signal has
a wider spectrum. In addition, since half-bit of time-slot is used
to detect both point-to-point and multicast signals, the signal
is less tolerant to time jittering. Thus both services suffer high
power penalties. The relatively higher penalty for multicast may
be caused by the imperfectness of the sampling and decision cir-
cuits for multicast data recovery. Further work need to be car-
ried out to verify this hypothesis. The low modulation depth
leads to low ()-factor, which is responsible for the relatively
lower receiver sensitivity of point-to-point data. Enhancing the
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Fig. 5. Receiver sensitivities of downstream point-to-point and multicast sig-
nals versus modulation depth of NRZ.

modulation depth leads to lower receiver sensitivity for multi-
cast data and higher receiver sensitivity for point-to-point data.
The low receiver sensitivities are also limited by the photodi-
odes utilized in our experiment. Nevertheless, since the optical
power of the signal arrives at the receiver is high, enough power
margin is observed, as discussed later. There are two reasons
for the high signal power. First no 50/50 coupler is required to
direct the optical signal into two photodetectors, and thus the op-
tical power does not suffer a 3-dB loss. Another reason is that no
power slicing is required at the remote node (see Fig. 1). For up-
stream transmission, the BER result of 1523.9 nm is provided.
The receiver sensitivity is —18.8 dBm and the power penalty is
1.2 dB. The relatively high power penalty is explained by the
direct modulation induced chirp.

Next, we investigate the impact of modulation depth of NRZ
signal on the performances of both services. Fig. 5 shows the re-
ceiver sensitivities of both signals versus modulation depths of
NRZ signal. There is a tradeoff for the modulation depth. A low
modulation depth is required to guarantee satisfactory perfor-
mance of multicast. The low modulation depth imposes certain
restriction on sensitivity. Thus the transmission distance is lim-
ited. However, in the access network, the transmission distance
is not long. Thus it is allowed in the access network. The exper-
imental result for the access network with 38-km transmission
length, which is long for a typical access network, proves the
feasibility of this system with low modulation depth. The net-
work designer may decide the modulation depth according to
the qualities of service of both services. Generally, a modulation
depth between 0.115 and 0.165 is required to guarantee enough
power margins for both services. If the same receiver sensitivity
is required, the modulation depth should be 0.13.

In the final remark, we analyze the power budget. The output
power from the EDFA is 2 dBm for each channel. The satu-
rated output power of the EDFA is 16 dBm. For output power
of 2 dBm for each channel, the number of channels is limited
within 25. The signal is then fed into the downstream transmis-
sion link and suffers an 11.0-dB loss. The downstream power

TABLE I
POWER BUDGET ANALYSIS

Downstream Upstream
Power@Tx 2 dBm 0 dBm
Loss in fiber 7.5dB 9.0dB
Power Loss in AWG 3dB 6 dB
loss Other loss 0.5dB 0.5 dB
Total loss 11.0dB 15.5dB
Power at ONU -9.0 dBm -15.5 dBm
Receiver sensitivity -11.9 dBm -18.8 dBm
Power margin 29dB 3.3dB

which arrives at the ONU side is thus —9.0 dBm. As demon-
strated before, when the modulation depth of NRZ is 0.13, the
same receiver sensitivity of —11.9 dBm is achieved for both
services. Thus, the power margin for both point-to-point and
multicast is 2.9 dB. A power margin of 3.3 dB is achieved for
upstream transmission. Since optical signals at different wave-
length bands suffer different fiber losses, the losses in fiber are
different between downstream and upstream. Table I shows the
details of the power budget.

IV. CONCLUSION

We propose a novel WDM-PON architecture with selective-
video service overlay. This system requires only one photode-
tector for detection of both point-to-point and multicast signals.
Only intensity modulation is introduced, and thus no complex
receiver is required at the ONU side. We have made the inves-
tigation of the impact of modulation depth on the performances
of point-to-point and multicast services, and the results show
that a modulation depth of 0.13 is required to achieve the same
receiver sensitivity for both services.
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