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a b s t r a c t

A novel tree–ring survivable architecture, which consists of an organization of a wavelength-division-
multiplexing (WDM) tree from optical line terminal (OLT) to remote nodes (RNs) and a time division
multiplexing (TDM) ring in each RN, is proposed for hybrid WDM/TDM passive optical networks.
By utilizing the cyclic property of arrayed waveguide gratings (AWGs) and the single-ring topology
among a group of optical network units (ONUs) in the remote node, not only the feeder and distribution
fibers, but also any fiber failures in the RN rings are protected simultaneously. Five-Gbit/s transmissions
under both normal working and protection modes were experimentally demonstrated and a traffic
restoration time was successfully measured.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The hybrid WDM/TDM passive optical network (PON) is con-
sidered a promising candidate solution to broadband access net-
works by enabling a delivery of high speed services to subscribers
with a low unit cost, since it combines the high-speed transmis-
sion property of WDM technology and the low cost characteristics
of TDM technology [1]. However, the conventional PON architec-
ture can provide only limited protection feature [2], which may
induce enormous data loss due to any fiber failure and thus greatly
reduces the reliability of the whole network. Therefore, many
schemes have been proposed to provide protection and restoration
functions for PONs [3–15]. In [3–7], survivable WDM PONs with
tree topology were realized either through the periodic wave-
length routing properties of AWGs [3–5] or the self-protection
between the grouped ONUs [6,7], which required optical switches
at the ONUs. When a fiber failure happened, the transmission on
the failed link could be rerouted to its protection link either via
AWGs [3–5] or via the back-up ONUs [6,7]. Ring architectures have
also been proposed to provide protection features for PONs,
adopting either double-ring topology [8,9] or single-ring topology
[10–12]. In such architectures, either the second fiber ring of the
two fiber rings or the second transmission direction on the single
fiber ring is utilized for the protection traffic. In [13], a star–ring
architecture was proposed to provide survivability for a metro WDM

network, in which a double-ring structure was used. However, most
of the above mentioned schemes are specially designed for WDM
PONs, which may exceed the budget constraints of cost-sensitive
access networks with increased number of stages and ONUs.
In [14,15], a cost effective survivable hybrid wireless-optical access
network was proposed. By interconnecting a subset of ONUs
through a wireless mesh network, the protection feature of PONs
could be relieved, since the traffic restoration was partly done by
wireless network. However, due to the complexity of a wireless
network, a complicated algorithm may be needed to recover
traffic. Besides, the wireless network may limit the traffic speed.
Therefore, a survivable hybrid WDM/TDM PON, which can provide
both high speed services with a low unit cost and also avoid
enormous loss in data and business due to any possible fiber failure,
is highly desirable [16]. Recently, several interesting schemes [17–23]
have been proposed to provide survivability in hybrid WDM/TDM
PONs. In [17], a hybrid WDM/TDM PON with tree architecture was
proposed, in which an optical line terminal was located at the root of
the tree and the ONUs at the leaves. By duplicating the link from the
root to the leaves, failed traffic on the working path could be
rerouted onto the duplicated protection link to recover the data.
But in order to protect the whole network, a large amount of extra
fiber links were needed. Another network accommodating both
TDM PONs and WDM PONs in the same fiber infrastructure was
proposed in [18]. Any failure in either feeder fiber or distribution
fibers in this architecture could be protected, but the optical fibers
and switches were doubled in order to provide a protection path for
each service. A simpler passive protection structure in a ring-type
hybrid WDM/TDM PON was proposed in [19]. Although much less
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duplicated fiber links or optical switches were needed, only feeder
fibers were protected in the scheme. In [20,21], a ring–tree hybrid
WDM/TDM PON was proposed. By using a ring topology to
interconnect WDM-based OLTs and employing a tree topology to
interconnect TDM-based ONUs, feeder fibers could be protected,
but the distribution fibers from remote node (RN) to ONUs could
not be cost-effectively protected. In order to realize the simulta-
neous protection for feeder and distribution fibers, architectures
employing mutual protection between two adjacent ONUs were
proposed in [22,23]. The architecture could reduce the protection
cost by omitting some of the protection distribution fibers. However,
some extra fibers were needed to interconnect adjacent ONUs.

In this paper, we propose and demonstrate a tree–ring survi-
vable architecture for hybrid WDM/TDM PONs. Different from the
WDM-ring based architecture proposed in [24], we reconstructed
the ONUs when employing a single-ring topology among a group
of them in the RN to realize a self-protection function for the
whole network. Our proposed architecture can successfully not
only protect a failure in either feeder or distribution fibers, but also
protect any fiber failure in the RN rings. In addition, the single ring
topology can reduce the number of protection fibers as well as the
cost compared with [18]. We have experimentally demonstrated
5-Gbit/s transmissions both in normal working and protection
modes and a fast traffic restoration has been achieved.

2. Proposed survivable architecture for WDM/TDM passive
optical networks

Fig. 1(a) depicts the proposed survivable WDM/TDM hybrid
PON with N�M ONUs, where N is the number of TDM RNs, and M
is the number of ONUs a single TDM ring accommodates via a
same pair of wavelengths at the TDM RN, say (λi, λ′i) used for the
downstream and upstream transmissions, respectively, in the TDM

ring at TDM RN #i. At the OLT, continuous wave light source λk (for
k¼1,2,…,N) from the downstream transmitter #k is first fed into a
Mach–Zehnder intensity modulator (IM) driven by the down-
stream data for TDM RN #k before combined with other modu-
lated downstream wavelengths via a N�1 AWG. The combined
downstream wavelengths are then delivered to the destined TDM
RNs via a fiber feeder (either F1 or F2) after amplified by a
bidirectional Erbium-doped fiber amplifier (EDFA), which can be
constructed by two conventional EDFAs and two optical circula-
tors. F1 and F2 are connected to the ith and (Nþ i)th input ports of
a 2�2N AWG respectively, whose ith and (Nþ i)th output ports are
connected to TDM RN #i via a 2�2 optical coupler. Under the
normal working mode, the downstream wavelengths will be
delivered via the fiber feeder F1 and destined to the TDM RNs
after demultiplexed via the 2�2N AWG. If a fiber failure occurs at
any point between OLT and the TDM RN, power loss can be
detected by the monitoring unit (M0), which triggers a 1�2
optical switch at the OLT and switches downstream wavelengths
to F2, which is employed as the protection path. At the TDM RN,
the downstream wavelength is fed into the TDM ring composed of
M ONUs, and broadcast to all ONUs. An ONU, as shown in Fig. 1(b),
is simply composed of a 2�2 optical switch, optical coupler,
optical circulator, monitoring unit (M1), receiver and transmitter.
When the downstream wavelength is fed into an ONU via the
input port, part of the downstream power is dropped by the
coupler for receiving and detection, while the remaining power
passes through the ONU and will be utilized by other ONUs. The
upstream transmission from an ONU is added to the TDM ring via
the optical circulator. In order to avoid collision in the upstream
transmission, only one ONU in the ring can transmit upstream
data in a single allocated time slot, which is typical in a TDM PON.
Besides the protection provided against any fiber failure between
the OLT and the TDM RN, the network can also provide protection
against any fiber failure in the TDM ring at a TDM RN. In a TDM

Fig. 1. Proposed survivable architecture for WDM/TDM passive optical networks. (a) Configuration of the proposed network and (b) schematic diagram of the ONU module.
M: monitoring unit.
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ring, ONUs are located one after another in clockwise (CW)
direction, which means ONUi (for i¼2,3,…,M�1) is connected
with ONUi�1 via its input port, while it is connected with ONUiþ1

via its output port as shown in Fig. 1(a).

Fig. 2 shows the traffic in a TDM RN ring composed of M ONUs
and the configuration of the 2�2 optical switch (OS) in each ONU.
In the ring, ONUs are first divided into two groups. The first group
contains the ONUs from ONU1 to ONUi. The second group contains
the remaining ONUs, from ONUiþ1 to ONUM. In the first ONU
group, the OSs are set into bar state, while the OSs in the second
group are set into cross state. Under normal working mode, as
shown in Fig. 2(a), the downstream and upstream transmissions in
the first ONU group propagate in CW and counterclockwise (CCW)
directions, respectively, while the transmissions in the second
group propagate in the opposite directions. When a fiber cut
occurs between ONUi and ONUiþ1, as shown in Fig. 2(b), no power
loss will be detected by any ONU and the transmissions are kept
unaffected. Therefore, no protection switching is triggered. When
a fiber cut occurs in the first ONU group, say between ONUi�1 and
ONUi, as shown in Fig. 2(c), the OSs in the ONU group placed
behind the failure point in CW direction are all changed from bar
state to cross state while the OSs in the ONU group placed before
the failure point in CW direction are kept in bar state. Thus, OSj
(for j¼1,2,…,i�1) are kept in bar state, while OSj is changed into
cross state. In this way, the traffic before the failure point remains
unaffected, while the traffic behind the failure point changes its
original transmission direction: downstream transmission propa-
gates along CCW direction and upstream transmission along CW
direction. When a fiber cut occurs in the second ONU group, say
between ONUiþ1 and ONUiþ2, as shown in Fig. 2(d), the OSs in the
ONU group placed before the failure point in CW direction are all
changed from cross state to bar state while the OSs in the ONU
group placed behind the failure point in CW direction are kept in
cross state. Thus, the OSiþ1 is changed into bar state, while OSj (for
j¼ iþ2,iþ3,…,M) are kept in cross state. In this way, the traffic
behind the failure point remains unaffected, while the traffic
before the failure point changes its original transmission direction:
downstream transmission propagates along CW direction and
upstream transmission along CCW direction. From the analysis
above, the affected traffic due to the fiber cut is quickly recovered
and the survivability of the whole network is assured.

3. Experimental demonstration

Fig. 3 shows the setup of our proof-of-concept experiment for
the proposed WDM/TDM hybrid PON. A continuous wave light
source at 1546.9 nm was intensity-modulated by a 5-Gbit/s 231�1
pseudorandom binary sequence (PRBS) downstream data before
fed into a 1�16 AWG, which was used to emulate a WDM channel
for the TDM ring at the TDM RN. The downstream data were then
amplified to about 6 dBm before fed into a 20 km dispersion shift
fiber (DSF). DSF was employed to emulate a dispersion compen-
sated transmission path. It could be replaced by a standard single-
mode fiber with dispersion compensating module. The down-
stream data were delivered to the TDM ring either via DSF1 in the
normal working mode or via DSF2 in case of a fiber cut in DSF1.
The protection switching was realized by the 1�2 optical switch
controlled by the monitoring unit M0. At the TDM RN, the down-
stream data were fed into the TDM ring comprising two ONUs via
a 2�2 optical coupler. OS1 in the ONU1 was set into bar state,
while the OS2 in the ONU2 was set into cross state. In the normal
working mode, the downstream data were passed to ONU1 and
ONU2 along CW and CCW directions, respectively, while the
upstream 5-Gbit/s 231�1 PRBS data, which were intensity modu-
lated onto the upstream continuous wave at 1559.7 nm via
another IM at the transmitter module in each ONU, propagated
in opposite direction. When a fiber cut occurred as shown in Fig. 3,
the loss of downstream power in ONU2 triggered the monitoring
unit (M1), which changed the 2�2 optical switch OS2 into bar

Fig. 2. Traffic in a TDM RN ring composed of M ONUs and the configuration of the
OS in each ONU. (a) Traffic and the configuration of the OS in the corresponding
ONUs under normal working mode. (b) Traffic and the configuration of OS in the
corresponding ONUs when a fiber cut occurs between ONUi and ONUiþ1. (c) Traffic
and the configuration of OS in the corresponding ONUs when a fiber cut occurs
between ONU1 and ONUi. (d) Traffic and the configuration of OS in the correspond-
ing ONUs when a fiber cut occurs between ONUiþ1 and ONUM. (e) Routing paths of
the downstream and upstream traffic in an ONU when its OS is in different states.
OS: 2�2 optical switch. Solid and dashed arrows show the routing paths of the
downstream and upstream traffic, respectively.
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monitoring unit M0, as shown in the inset of Fig. 6. The different
switching time between M0 and M1 is mainly attributed to the
different optical switches we used in the experiment. The similar
BER performances observed in both normal working and protec-
tion modes imply negligible degradation caused by connection
switching due to the abrupt fiber cut.

In our experiment, the power fed into transmission link was
about 6 dBm, for downstream data. The losses caused by transmis-
sion, optical circulator, optical coupler (with the splitting ratio of
50:50) and optical switch were around 5 dB, 0.5 dB, 3 dB and
0.5 dB respectively. Thus the power for downstream data detection
at ONU2 was around �9 dBm, providing more than 13 dB system
margin. By using an amplifier before a multiplexer, the system can
provide enough power margin for the upstream transmission.

We have also investigated the receiver sensitivity of ONU2,
when more ONUs were located between ONU1 and ONU2 by
simulation, as shown in Fig. 7. When the total number of ONUs
is less than 5, the power budget is enough for every ONU either in
normal working mode or in protection mode even for the worst
case. The receiver sensitivity has negligible change with the
increased number of ONUs, except less than 0.5 dB difference
from that in the real experiment. However, with further increased
number of ONUs, the BER performance will decrease, since there is
not enough power fed into the receiver to reach the power for a
required BER performance (e.g. BER¼10�9). By adjusting the
splitting ratio of the 1�2 optical coupler placed in the ONUs,
the number of ONUs with the required BER performance could
be increased to 10 when the splitting ratio was set as 10:90.
In addition, this number of ONUs with the required BER perfor-
mance can be further increased by either inserting a preamplifier
at the receiver side or increasing the power fed into the TDM ring.

4. Summary

We have proposed and experimentally investigated a novel
survivable WDM/TDM PON architecture. By using TDM rings for
ONUs in the RN, the survivable protection architecture can simulta-
neously protect against the distribution and feeder fiber failures

as well as the fiber failures in the ring. Error-free transmissions at
BER¼10�9 for downstream and upstream in either working or
protection mode were successfully demonstrated.
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Fig. 7. Receiver sensitivity (at BER¼10�9) for ONU2.
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