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Abstract—We present an architecture that supports light-
trees so that point-to-multipoint (P2MP) transceivers can be
placed deeper in the metro-core network. It enables flexible ag-
gregation from multiple access nodes in horseshoes or rings,
maintaining the P2MP multiplexing gain under heavy traffic.
The architecture simulation shows that the advantages are more
pronounced in settings where the light-trees span a metro-core
distance equal to 200 km irrespective of the traffic conditions.
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1. INTRODUCTION

The deployment of P2MP transceivers based on digital
subcarrier multiplexing (DSM) in the optical access and metro
segments of the network has been extensively studied. It was
shown that it can lower the equipment cost over point-to-point
(P2P) solutions, and also provide flexibility in the allocation
and management of resources [1], [2]. An important aspect to
be investigated is the use of coherent P2MP transceivers in an
“extended access” network, where numerous access nodes
(spokes) are interconnected using horseshoe (or ring)
topologies, and their traffic is directed and aggregated in
P2MP hubs at the horseshoe ends [2]. This omits, thanks to
the use of DSM, intermediate aggregation points, thus
reducing the total number of transceivers [3]. A second benefit
of this approach is the reduced latency, since each aggregation
step involves O/E/O conversion that adds delay on its own and
should be combined with appropriate low-latency switching
techniques to avoid additional queueing delay. Note that low
latency is of key importance in emerging applications such as
5@, industrial automation, and AR/VR, to name a few [4]. In
addition, energy savings can be achieved from the reduction
of O/E/O conversions and of the utilized transceivers. Finally,
the transport of anycast, multicast and broadcast traffic is in-
herently supported via P2MP connections.

The current approach is to install at the two ends of a
horseshoe P2MP hubs that multiplex traffic from spokes
belonging to that horseshoe [2]. Since the number of spokes
per horseshoe is relatively small and some spokes can have
high loads close to the total capacity of the P2MP transceivers,
a limited number of efficient aggregation combinations is
available, which reduces the multiplexing gains. The advent
of next-generation P2MP transceivers, expected to double the
available capacity, will temporarily restore the multiplexing
gain, however, the same issue will re-appear as the spoke
traffic grows. A solution that mitigates this effect is to
disassociate the hubs from the horseshoes. In this approach,
the hubs reside deeper in the metro-core network and connect
to multiple horseshoes over the existing metro-core
infrastructure. A spoke may now freely connect to any hub in
the vicinity of its horseshoe end and the multiplexing gain is
maximized by properly assigning spokes to hubs. Moreover,
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the spoke assignment can be performed based on additional
criteria that, for instance, favor the assignment to specific hubs
accommodating the regional datacenters or backbone nodes.
This further extends the access, reducing the P2P metro
connections from hubs to the datacenters or backbone nodes.

In the proposed solution, the P2MP communication over
the metro-core is implemented using light-trees as described
in [5]: the P2MP hubs reside at the root of the light-tree and
the spokes constitute the leaves. However, light-trees are not
compatible with ROADMs in metro networks designed for
light-paths [5]. To address this, we present a novel ROADM
architecture that is suitable for P2MP in Section II. In addition,
moving the P2MP transceivers deeper in the network requires
a suitable allocation algorithm. We propose in Section III an
algorithm that takes into account the required quality-of-
transmission (QoT) and can be extended to include additional
constraints, such as latency, to efficiently assign spokes to
hubs. Our results show that the proposed approach imparts a
significant reduction in the cost of transceivers and achieves
the maximum multiplexing gain when the hubs are placed
within 200 km from the horseshoes in realistic networks.

II. LIGHT-TREE BASED P2MP ARCHITECTURE

The proposed architecture in Fig. 1 utilizes the existing
horseshoes and light-trees to connect spokes (leaves) to hubs
(roots). We consider that the leaf traffic requires several digi-
tal sub-carriers (SCs), generated for example by a PON OLT,
a 5G cell site, or a user aggregation node at the access network.
Each leaf node is equipped with a transceiver that fully serves
its capacity and connects to a P2MP transceiver at the root of
the tree. In the “downstream” (root-to-leaf) direction, the root
transceivers broadcast their SCs to all connected horseshoes
via modified ROADMs, discussed in the next paragraph. The
leaf nodes receive the traffic from multiple light-trees and
make use of coherent demultiplexing to isolate their own SCs.
In the “upstream” (leaf-to-root) direction, the SCs from all the
leaf nodes are passively combined inside the horseshoes. The
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Fig. 1. Proposed extended access P2MP architecture
based on light-trees.
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Fig. 2. Three-degree ROADMs with (a) downstream/split and (b) upstream/merge functionalities. (c) Formed light-trees.

modified ROADMs combine the SCs that belong to the same
P2MP root transceiver over a light-tree.

The functionalities required to form light-trees, “splitting”
and “merging” SCs, are not supported by current ROADMs
[5]. An architecture that performs these functionalities and is
compatible with WSS technologies is proposed in Fig. 2.
Downstream traffic from the roots is directed to a common
port of the input WSS and a power splitter-combiner (PSC)
broadcasts the SCs (originated at the root) to all output WSSs.
The output WSSs allow the root SCs to pass only if a leaf is
located towards the corresponding direction. Following Fig.
2(a), the SCs from the West incoming root (green) are
broadcasted and allowed to pass to all outputs, while the SCs
from the South root (orange) are only allowed by the Western
output WSS. In the upstream direction, shown in Fig. 2(b), the
input WSS transfers the SCs from leaf nodes to the port that
connects to the direction of their root. Since the leaf nodes of
a light-tree may connect to different ROADM inputs, another
PSC merges the SCs from all inputs before they enter the
output WSS (or the hub). Thus, an additional port at each WSS
is required for the PSCs; the input WSS PSC is used as a split-
ter and the output WSS PSC as a combiner. Compared with
the conventional ROADM architecture, the introduction of
PSCs incurs negligible cost and the additional losses that are
introduced are offset by the existing ROADM amplifiers.

It should be noted that this architecture inherits the
restrictions of the WSSs and the transceivers, namely the SCs
of each P2MP transceiver are transmitted contiguously and
cannot be separated by the WSSs due to their tight guard-
bands (sub-GHz), while the WSSs can handle the whole
bandwidth (wavelength) of a light-tree. Given these, each
transceiver may belong to a single light-tree. However, there
is no restriction on the placement of root/leaf nodes, and
multiple root and leaf nodes may connect over the same links,
as long as they use different light-tree wavelengths, as shown
in Fig. 2(c). The leaf nodes can also be assigned to any light-
tree within their reach and are allocated with the requested
number of SCs up to the respective P2MP transceiver
capacity. Due to the flexible grids of the WSSs, the light-tree
capacity is not fixed and can be chosen according to the
available P2MP transceiver capacities and the traffic of the
leaf nodes that it aggregates. Finally, the capability to switch
conventional light-paths is not affected; they are directed to
regular WSS ports without crossing the PS-Cs.

IITI. EVALUATION OF THE PROPOSED ARCHITECTURE

The proposed solution was simulated to evaluate its bene-
fits. We assumed a metro-core mesh network where each node

is connected to a horseshoe that comprises several leaf nodes.
Certain metro-core nodes are the desired destinations having
attached a Datacenter or connecting to the backbone. Given
that a leaf node needs a transceiver for each tree it connects to,
and assuming multiple smaller capacity transceivers are
costlier than a single higher capacity one, an efficient
approach is to serve each leaf node in a single light-tree. The
assignment of leaf nodes to roots is a variant of the bin packing
problem, where the bin size equals the transceiver capacity.
To solve this problem, we used a novel heuristic that is based
on the best-fit decreasing algorithm [6], where the capacities
of all leaf nodes are sorted in descending order. Leaf nodes are
then sequentially assigned to roots that (a) are located within
the distance dictated by QoT requirements, namely a sufficient
OSNR threshold for 16-QAM, and (b) have the requested
remaining capacity. This process takes place in two phases: in
the first phase, the algorithm considers only leaf nodes that are
outside the reach of the desired roots. For those, the P2MP root
transceivers are placed at intermediate metro-core nodes and
P2P transceivers are used to connect the metro-core node and
the closest backbone node. The remaining leaf nodes are
assigned during the second phase to either (a) the light-trees
that were formed in the first phase, or (b) new light-trees with
roots located at the desired destinations only. If multiple
candidate roots exist during a phase, the leaf node is assigned
to the one with the lowest remaining capacity, while if no root
can serve the leaf node, a new P2MP root transceiver is placed.

For the simulations, we consider the regional topologies
(domains A-E) of Telefonica’s Spanish network [7]. In each
domain, six backbone nodes are connected to a national/ultra-
speed network and play the role of the desired roots. Each
metro-core node connects to a horseshoe with 10 leaf nodes
and can be equipped with root P2MP transceivers. The leaf
nodes request SCs that are distributed uniformly and the max-
imum number of SCs is set equal to 10, 20, or 30 to assess the
effect of varying traffic loads [2]. We also consider transceiver
capacities of {4, 8, 16, 32} SCs with each SC carrying 25
Gb/s. The transceiver cost is assumed to double when its ca-
pacity quadruples [2], amounting to {1, 1.5, 2, 3} arbitrary
units (a.u.) for the P2MP transceivers, respectively. The cost
of the equal-rate P2P transceivers is set to 90%, close to the
upper limit of values in [8], and a more conservative 70%,
which is the average of the values in [8]. A full study of the
physical layer is beyond the scope of this work. As a simplifi-
cation, we considered an OSNR degradation of 3 dB per 80
km in the regional network. This is based on a basic estimation
using the GN model and a worst-case approximation of the
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Fig. 3. Transceiver cost for TID regional domains A, C, E and a relative P2P cost equal to 70% in (a) and 90% in (b).
Number of (¢) P2MP and (d) P2P transceivers for domain A and maximum traffic requests equal to 20 SCs.

OSNR degradation, given that nonlinearities seem to play an
important role due to the close spacing of the SCs (~ 4 GHz).

Fig. 3(a) and (b) plot the total transceiver cost against the
available OSNR budget at the horseshoes’ ends, when enter-
ing the metro-core network. As expected, a higher traffic load
results in the placement of a higher number of transceivers and
a higher cost. The cost is also higher at lower OSNR budgets
when the relative P2P transceiver cost amounts to 90% since
P2MP cannot reach the desired backbone nodes. Considering
a baseline architecture, where the available OSNR budget is 0
dB, P2MP roots need to be placed at the metro-core nodes that
constitute the endpoints of the horseshoes and each P2MP
transceiver only serves a single horseshoe. Thus, numerous
P2P connections are required from the metro-core nodes to the
backbone nodes, while the multiplexing gain is reduced as it
is challenging to find proper combinations of leaf nodes to ef-
ficiently utilize the root SCs on a single horseshoe. When the
OSNR budget is increased, longer distances can be achieved
and the P2MP transceivers migrate towards the backbone
nodes thus reducing the number of P2P connections [3], while
the multiplexing gain is increased since the light-trees include
multiple horseshoes. This reduces the cost and, following Fig.
3(c), the minimum P2MP cost (maximum multiplexing gain)
is achieved at an OSNR budget equal to 4.5 dB, which trans-
lates to a horseshoe-to-root distance of 120 km in our simula-
tions. After this point, the cost further reduces due to the elim-
ination of P2P connections and the total cost converges to the
same value irrespective of the relative P2P cost for an OSNR
budget of 7.5 dB (or 200 km). Fig. 3(d) shows that the P2P
connections vanish at this distance, and traffic is served exclu-
sively by P2MP transceivers. This provides an extra benefit to
the operators in terms of efficient storage and maintenance.

IV. CONCLUSION

We proposed an extended access architecture that employs
coherent P2MP transceivers and light-trees for flexible and ef-
ficient resource allocation. The architecture enables the place-
ment of P2MP roots deeper inside the metro-core network so
as to connect to leaf nodes located at multiple horseshoes, thus
yielding higher multiplexing gains. Simulations show that our
approach achieves considerable improvements without requir-
ing excessive reach inside the metro network and maintains
them even for high traffic loads.
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