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Abstract

The continuous growth of traffic in metro networks is increasing the need for cost-effective,
scalable, and power-efficient optical solutions. Filterless optical networks (FONs) have
emerged as a promising architecture for metro-aggregation and metro-access domains,
thanks to their low complexity and reliance on passive optical components. However, their
inherent broadcast nature introduces key challenges, including spectrum waste, limited
power equalization, and significant noise accumulation, particularly when coherent plug-
gable transceivers are employed. This work provides a detailed assessment of FON perfor-
mance using state-of-the-art multi-source agreement (MSA)-compliant coherent modules,
evaluating both point-to-point (P2P) and digital subcarrier multiplexing (DSCM)-based
point-to-multipoint (P2MP) architectures. A novel optical amplifier (OA) optimization
algorithm is proposed to balance expressed and added signal power in FON, accounting
for optical power saturation effects and optical performance degradation due to limited
power at the receiver input. The analysis highlights the substantial impact of transmitter
out-of-band (OB) noise in FONs and its detrimental accumulation during multi-channel
colorless aggregation, which can limit network capacity. In scenarios with lower capacity
requirements, P2MP architectures demonstrate superior performance, benefiting from
reduced insertion loss and lower OB noise accumulation while offering enhanced scala-
bility compared with P2P solutions. Overall, the study highlights that FONs combined
with coherent pluggables can support cost-efficient and scalable metro solutions, provided
that OB noise, power imbalance, and amplifier operation are properly addressed through
optimized design strategies.

Keywords: filterless network; optical amplification; coherent pluggable transceiver;
network optimization

1. Introduction

Advancements in 5G, artificial intelligence (Al), augmented reality (AR) and virtual
reality (VR), among others, are leading to an exponential increase in data consumption [1,2]
resulting in an increase in total global network traffic, with a projection of a compound
annual growth rate (CAGR) through 2033 of 18-27% [2]. Optical metro networks will play a
pivotal role in this evolution [3]. However, both metro-aggregation [4] and metro-access [5]
network segments are very cost-sensitive. Thus, it is essential to adopt cost-effective future-
proof architectures in these networks, which have low-cost and can scale to accommodate
demand growth.
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Deploying optical networks that employ simple passive optical components, such as
couplers and splitters, instead of more expensive optical switches and optical add-drop
multiplexers (OADM), has the potential to significantly reduce cost. Given the small size of
metro-aggregation and metro-access networks and the introduction of coherent-detection-
based transceivers in these segments, filterless optical networks (FONs) become a promising
architecture to cost-effectively meet operators’ requirements [5,6]. Since these networks
mainly perform traffic distribution/aggregation functions, the traffic pattern is mostly
hub-and-spoke and determines the network architecture, which typically comprises a few
higher-capacity central (hub) nodes and a larger number of lower-capacity distributed
(leaf) nodes, often arranged in a horseshoe physical topology. FONs have also been
demonstrated to be a suitable architecture for point-to-multipoint (P2MP) transmission via
digital subcarrier multiplexing (DSCM) [7], which can further reduce capital expenditure
(CAPEX) compared to point-to-point (P2P) architecture [8]. Indeed, while P2P transceivers
transmit and receive the same data rate at the two ends of the link, requiring paired
transceivers at hub and leaf nodes, DSCM-P2MP transceivers efficiently handle the intrinsic
capacity imbalance between hub and leaf nodes, as they allow the use of a single high-
capacity device at the hub node serving multiple leaf nodes equipped with low-capacity
transceivers [4,9].

When compared to traditional filtered architectures, some potential drawbacks of
FONSs have to be carefully assessed, such as (i) the spectrum waste, (ii) limited optical
power equalization at intermediate nodes, and (iii) increased impact of noise. This latter
effect, when combined with the fact that channels are not filtered out in FON nodes, also
leads to potential optical power limitations in optical amplifiers (OAs), i.e., the saturation
power level of OAs is more easily reached. Spectrum waste is a consequence of the
broadcast nature of splitters used in the filterless nodes. However, the recent availability
of high-capacity and cost-effective coherent pluggable interfaces, e.g., based on different
multi-source agreement standards (MSAs) such as Open ZR+ [10], Open ROADM [11] and
Open XR [12], and the fact that metro-aggregation networks typically feature a hub-and-
spoke traffic pattern, limiting the importance of spectrum reuse in non-overlapping paths,
suggest that this may not be a relevant drawback in this particular scenario [4].

Limited optical power equalization in filterless nodes can lead to a noticeable power
imbalance between expressed and added signals. This effect results in enhanced com-
plexity in managing the optical power of each individual channel at the receiver input.
Moreover, the combined effect of overlapping signals and noise with different origins
and potentially different optical power levels leads to an enhancement of the impact of
noise in the channels transmitted with lower power levels, thus significantly impacting
their quality of transmission (QoT), when compared to channels transmitted with higher
optical power. Hence, the placement of OAs and the optimization of their settings must be
customized to cater for the highlighted specifics of FONs, demanding methodologies that
differ from the ones utilized with filtered architectures. Amplified spontaneous emission
(ASE) noise is added into the FON every time an optical amplifier (OA) is used. The noise
introduced by transmitters (Tx) is also critical in FONs. This noise source comprises two
spectral components: the Tx in-band (IB) noise, within the spectrum of the optical signal
generated, and the Tx out-of-band (OB) noise, in the remaining transmission bandwidth.
The OB noise is significantly suppressed in filtered networks, but not in the case of FONs.
Particularly, it will propagate along the downstream links, and it has a cumulative impact,
since whenever multiple signals are colorlessly aggregated, the OB noise from each added
signal degrades the optical signal-to-noise ratio (OSNR) of the other jointly added signals.
Figure 1 illustrates how individual OB noise affects other signals once they are aggregated.
Similarly, every time a new signal is added in the upstream (US) direction (using the same
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optical fiber), the downstream (DS) channels are also impacted. Moreover, as dropped
channels are not blocked at intermediate nodes, all existing DS channels will impact the US
ones when they are added.
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Figure 1. Illustration of IB and OB noise accumulation when aggregating three different signals
(distinguished by pink, green, and blue colors) in a FON.

This work provides insight on the design challenges in FONs when using high-capacity
and interoperable coherent pluggable transceivers both in a low- and high-capacity scenario
and proposes a methodology to optimize OA settings so as to maximize the likelihood of
finding feasible designs when considering both downstream and upstream transmission
directions. Moreover, the analysis covers not only the cases of P2P transmission but also
the utilization of P2MP coherent pluggable transceivers. The simulation results validate the
importance of adopting a customized algorithm for setting the OAs, show that deploying
higher-performing coherent pluggable transceivers is key in FONs, and highlight the
performance benefits of using P2MP devices.

The remainder of the article is organized as follows. Section 2 provides a state-of-the-
art overview of the existing FON architectures and introduces P2P and P2MP transmission
with coherent pluggable optical transceivers, highlighting the key characteristics of the
available MSAs. Section 3 details the network scenario considered and proposes an OA op-
timization methodology customized for this scenario. Section 4 presents and discusses the
most relevant simulation results, providing insight on the scalability of FONs when com-
bined with coherent pluggable transceivers. Finally, Section 5 draws the main conclusions
of this work.

2. State-of-the-Art Review
2.1. Filterless Optical Networks

FONSs reduce or avoid the need for active photonic reconfigurable components within
the optical line system [13]. In this case, the use of wavelength-selective switches (WSSs)
in OADM:s is replaced by passive optical splitters and combiners to manage the fiber
interconnections and add/drop of channels. This much simpler architecture reduces the
initial installation cost (CAPEX) of the network, as well as the operational expenditure
(OPEX). Thanks to these advantages, FONs supporting P2P coherent transceivers have
been extensively investigated in recent years. A comprehensive overview of the first decade
of research on FONSs is available in [13,14]. Moreover, studies assessing FON performance
in metropolitan core and aggregation networks, as well as comparative analyses against
conventional metro architectures based on active switching, are reported in [15-17]. An
overview of FON limitations and a techno-economic study has been presented in [18],
highlighting future research directions.
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Because signals are broadcast and no optical filtering is applied at both end and inter-
mediate nodes (following the so-called drop-and-waste transmission), channels propagate
onto links where they are not needed, leading to unnecessary spectrum waste. This limita-
tion has been taken into account in the routing and spectrum assignment (RSA) problem
presented in [19], and solutions such as programmable FON (PFON) have been proposed
to mitigate it [20-22]. Design optimization approaches have also already been investigated,
focusing on strategic placement of OAs, the adoption of higher-order modulation formats,
and the reduction in the number of transponders while maximizing network QoT, as dis-
cussed in [5,23]. Dedicated optical-layer path protection strategies have been proposed
in [24-26]. Moreover, some works have proposed the adoption of semi-filterless designs,
particularly for larger networks, by diving the network into filterless sub-networks and
installing filters at boundary nodes [27-29].

FONSs can also further reduce CAPEX when utilized with novel DSCM-based P2MP
coherent pluggable transceivers, since this combination allows for significant transceiver
savings when compared to using traditional P2P coherent devices. Several works have
addressed this scenario, highlighting the said benefits but also the particular constraints
that need to be accounted for in the network design stage, such as the maximum allowed
power imbalance between the subcarriers reaching the receiver at the hub node [4,9]. In the
metro-aggregation segment, the greater flexibility of DSCM-based coherent modules has
been shown to lead to significant cost savings [30], which can be augmented by reducing
the number of OAs via carefully selecting their placement [31,32] and more accurately
modeling the impact of non-linear fiber transmission effects [33]. Despite the thoroughness
and detail of the aforementioned optimization studies, the impact of transmitter OB noise
has largely been ignored or not modeled in some of these studies. However, its detrimental
accumulation across the network has a significant impact, which can be of comparable
magnitude to that of the ASE noise introduced by OAs, as will be shown in this work.

2.2. Point-to-Point and Point-to-Multipoint Coherent Transceivers

As stated, both metro-access and metro-aggregation networks frequently adopt a
horseshoe topology, featuring two hub nodes and several leaf nodes between. This topology
is suitable to support a hub-and-spoke traffic pattern and ensure survivability to single link
and hub failures, while requiring the minimum amount of optical fiber. In the metro-access
scenario, low-speed traffic originating from fixed networks and radio access networks
(RANSs) is merged in leaf nodes with enterprise traffic at provider edge routers (PERs),
creating a typically low-capacity signal of 10/25G [30]. This signal is then connected to
provider routers (PR) in hub nodes [30]. In this scenario, there is a large imbalance between
the capacity needed in the hub nodes and that required at each leaf node.

The concept of P2MP coherent optical networks based on DSCM technology has been
proposed to overcome this limitation [7]. In this case, the Tx creates channels in the digital
domain—the digital subcarriers (5Cs)—where each SC or subset of SCs can be viewed and
handled as an independent channel, and the receiver (Rx) digitally demultiplexes the SCs
assigned to that Rx only. Figure 2 illustrates the paradigm shift from P2P towards P2MP
architecture: the former relies on pairing transceivers at the hub and leaf nodes, resulting
in a large number of transceivers at hub nodes, while the latter uses a few or even just a
single high-capacity transceiver at each hub node.
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Figure 2. Horseshoe network topology using (a) P2P and (b) DSCM based P2MP transmission. Each
channel is represented by a different color.

Coherent technology plays a crucial role in supporting the substantial capacity growth
currently observed in metro networks [34]. Because of their higher power consumption
and larger footprint compared with short-reach gray-optics solutions, coherent transceivers
have traditionally been deployed as line-card-embedded components within dedicated
optical transport systems. Advancements in CMOS process technologies have enabled
the emergence of pluggable coherent transceivers, making compact, power-efficient and
cost-effective implementations possible [35]. In recent years, multiple MSA initiatives have
driven the definition of extended capabilities and improved specifications for coherent
pluggable solutions, facilitating their market introduction. The Open ZR+ MSA specifies
optical channel formats and details the mapping procedures for 100G, 200G, and 400G
Ethernet client signals, enabling the adoption of coherent pluggable optics in QSFP-DD
form factor [10]. The Open ROADM MSA adds support of optical transport network (OTN)
client signals and can be implemented using either QSFP-DD or CFP2 form factors [11].
The Open XR Optics Forum MSA focuses on P2P- and P2MP-capable coherent pluggable
transceivers, considering QSFP-DD and CFP2 modules, aiming to ensure multi-vendor
interoperability within an open, multi-source solution [12]. The continuous development of
standards and MSA is crucial to meet the industry’s increasing demands. For example, the
latest Open ZR+ specification (version 3.0) [10] adds high-output transmit power modes
(HA and HB), enables support for colorless add/drop configurations, and adopts a higher
baud-rate format to extend the operational reach of 400G connections. The 100GBASE-ZR
standard in IEEE 802.3 [36] defines the physical layer (PHY) Ethernet specification for
100-Gbps optical transmission implemented using coherent modules in the QSFP28 form
factor. This form factor is commonly used for 100-Gbps modules and offers a smaller size
and lower power consumption compared to QSFP-DD, which is typically employed for
higher-rate coherent interfaces.

https:/ /doi.org/10.3390/photonics13030272


https://doi.org/10.3390/photonics13030272

Photonics 2026, 13, 272

60f17

3. Network Architecture and Design Methodology

The considered network scenario is presented and an OA optimization methodology
tailored to this context is introduced.

3.1. Network Architecture

Figure 3 illustrates the horseshoe FON considered in this work, where the aggregation
factor A = gg’;’isz denotes the ratio between the channel capacity at hub node Cy,;, ., and
the total capacity at a single leaf node Cjeyf 1o;- The aggregation factor takes the value one
for the case of P2P transmission, whereas it is larger than one when supporting P2MP
transmission. The network is based on the typical horseshoe topology, where two hub nodes
receive/generate traffic from/to L leaf nodes, ensuring survivability against single-link and
single-hub failures. This redundancy requires doubling the number of transceivers: each
service demands two transceivers at the leaf node and one transceiver at each hub node. For
simplicity, only the propagation from Hub 1 to Hub 2 is depicted in Figure 3, with the optical
fiber carrying both DS traffic (Hub 1 to leaf nodes) and US traffic (leaf nodes to Hub 2).

Leaf node
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Figure 3. Illustration of a filterless horseshoe network with L leaf nodes, showing the type of
aggregation structures for different numbers of transceivers at the hub and leaf nodes.

DS traffic is generated by M transmitters in Hub 1, while US traffic is received by M
receivers in Hub 2. In both nodes, an aggregator component/card can be employed for
signal combining /broadcasting. At each leaf node, the signal splitting (DS)/merging (US)
is performed by a 1 x 2 splitter/coupler and K transceivers are used to simultaneously
transmit and receive K add and K drop signals. An aggregator component/card can be
connected to the splitter/coupler to ensure enough add/drop ports are available. OAs
are placed at the input and output of each node, acting respectively as pre- and booster
amplifiers. QSFP28 pluggable OAs are used as booster and pre-amplifier modules [37] in
leaf nodes, whereas QSFP-DD OAs are employed at the hub nodes.

The aggregator architecture, depicted in Figure 3, depends on the number of
transceivers: if only a single transceiver is requested, a direct link is sufficient; if two
or more transceivers are required, a 1 x 2 splitter/coupler or a colorless add/drop (CAD)
component—assembled by cascading splitters/couplers—is employed. In this study, the
maximum K value is 4 (see Figure 3). Therefore, a leaf node may use a direct link, a
1 x 2 splitter/coupler or a CAD with 4 ports (CAD4). At the hub nodes, a 1 x 2 split-
ter/coupler, a CAD with 4/8/16 ports (CAD4/CADS8/CAD16) or a combination of a
1 x 2 splitter/coupler and two CAD16 when M > 16 may be used. The maximum value
of M is 32. A quasi-linear transmission regime is imposed by limiting the launch power
into each optical fiber, P77, to 3 dBm when the transmission of a single carrier or 165C

channel with 64 Gbaud is assumed, corresponding to a —9 dBm threshold per 4 Gbaud
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SC, consistent with standard operating conditions for G.652 fibers. Table 1 presents the
insertion losses (IL) of CADs, connectors and optical fiber loss, as well as the key character-
istics of OAs. The optical fiber length corresponding to the assumed span loss is provided
for different optical fiber losses, «, just as a reference. These different lengths correspond
to different optical fiber deployments, e.g., longer spans but with lower average loss per
kilometer in a rural area or shorter links with higher average loss (due to more frequent
splices) in a city center.

Table 1. Component characteristics.

Total spanloss  6.25dB
le.g., 31 km if « = 0.20 dB/km, 25 km if « = 0.25 dB/km,
21 km if « = 0.30 dB/km, 16 km if & = 0.40 dB/km]}

Coupler/Splitter IL:50/50=3.4/3.4dB;70/30=1.1/5.6 dB

CADs IL: CAD4 = 6.8 dB; CADS8 = 10.2 dB
IL: CAD10 =11.6 dB; CAD16 = 13.6 dB

Connectors IL: 0.25 dB

QSFP28 OA Gain = 9-24 dB
Noise Figure = 6.5 dB
Saturation power = 17 dBm

QSFP-DDOA  Gain=9-24dB
Noise Figure = 6.5 dB
Saturation power = 21 dBm

3.1.1. Point-to-Point Configuration

In the P2P transmission scenario, each pair of transceivers is configured to a differ-
ent wavelength, which is occupied in the entire horseshoe (Figure 2a). As illustrated in
Figure 3, the number of transceivers required at each leaf node to communicate with a
single hub node equals the number of channels supported (N). Consequently, at each hub
node, the number of transceivers is given by the number of channels per leaf node (N)
multiplied by the number of leaf nodes (L). Importantly, since the FON architecture does
not allow the reuse of wavelength channels in non-overlapping paths, the number of DS
and US channels supported in each transmission direction of the network cannot exceed
the maximum number of channels per optical fiber. For example, [N x L/2] < 48 in the
case of using 100 GHz channel spacing and the extended C-band (4.8 GHz). The total
number of transceivers deployed in the network is given by 4 x N x L, with a maximum
of 192 transceivers required in the case of using all available wavelengths.

3.1.2. Point-to-Multipoint Configuration

In the P2MP based on the DSCM transmission scenario, the leaf nodes” lower-capacity
transceivers may receive and transmit one or a group of SCs (Figure 3b). Hence, the capacity
of a single channel transmitted /received at a hub node can be efficiently sliced, enabling
fine-grained capacity allocation. This work assumes P2MP transceivers are able to slice the
optical spectrum into 25G SCs, using 16 quadrature amplitude modulation (DP-16QAM) at
~4 GBd [7]. Particularly, a 400G transceiver is assumed to be used at hub nodes with a total
symbol rate of ~64 GBd supporting 16 SCs, whereas the leaf nodes use a 100G transceiver,
which can operate at up to 100G via 4 SCs. This corresponds to an aggregation factor
A = 4. In case each leaf node requires N* 100G services, the number of 100G transceivers
required to communicate with each hub node is N*. In this scenario, the number of 400G
transceivers deployed at each hub node equals [N* x L/4]|. The advantage of P2MP is
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visible when the capacity required per leaf node is significantly smaller than that supported
by the high-capacity P2MP transceivers available at the hub nodes. For example, in an
eight-leaf node network where each leaf node only demands 100G, using conventional
P2P transceivers requires installing a total of 32 x 100G devices, with eight transceivers
being deployed in each hub node. Conversely, with P2MP transceivers, a total of 16 x 100G
transceivers are still required at leaf nodes, but only 4 x 400G transceivers are required at
hub nodes (two transceivers at each hub node), which enables the reduction in cost, power
consumption and footprint at the hub nodes [8].

3.2. MSA Pluggable Transceivers

Table 2 summarizes the key specifications of the different coherent pluggable
transceiver MSAs: P2P-oriented Open ZR+, Open ROADM and Open XR, defined both
for P2P and P2MP. Moreover, in order to gain insight on the impact of the availability of
improved implementations of the MSAs (MSAs only indicate the minimum requirements
to be compliant), an enhanced Open XR (eOpen XR) transceiver is also considered, which
features a slightly improved required OSNR (ROSNR) with respect to the Open XR MSA
specification [12]. Given that Open ZR+ HB is the only viable approach for implementing
FONs under the Open ZR+ framework, it is adopted as the reference configuration for this
MSA. Two types of devices are presented. The first are 400G-capable transceivers, avail-
able in QSFP-DD form factor, whereas the second are 100G-capable devices, available in
QSFP28 form factor. The first type of devices can trade-off capacity and performance/reach,
supporting 400G, 300G and 200G modes, which are realized via signals with a total baud
rate that varies between 60 and 64 GBd (depending on the forward error correction code
of each MSA), employing 16- and 8-level quadrature amplitude modulation (16QAM and
8QAM) and quadrature phase-shift keying (QPSK), respectively. The second type of device
comprises the IEEE 100GBASE-ZR-compliant 100GE [36] transceiver employing QPSK
modulation used for P2P deployments and a 100G Open XR QSFP28-optimized transceiver
using 16QAM modulation for P2MP transmission. The reported parameters include the IB
and OB transmitter OSNR, the maximum Tx output power, the target Rx power, and the
ROSNR evaluated at that target Rx power. The IB and OB OSNR values for the 100G ZR
QSFP28 modules have been assumed to be compliant with Open ZR+ MSA, while ROSNR
has been derived from the vendor’s specifications [38]. Since the 100G Open XR QSFP28
has not yet been released, the reported parameters have been reasonably inferred: the Tx
side has been modeled using the 100G ZR specifications, while the Rx side has been derived
from Open XR characteristics, considering that a 100G rate with 16QAM modulation format
uses only 25% of the spectrum of a 400G signal.

Due to the IL of the employed components and the lack of dedicated add/drop OAs,
the received power (Pr,) may fall below the target value Plia;gd. This reduction can degrade
the QoT and is accounted for as a ROSNR penalty. The characterization of this penalty
provided by Open ROADM [11] is applied to each of the scenarios considered in Section 4.

Figure 4 depicts the ROSNR penalty as a function of the deviation from Pltgggt, ie.,

APy = Pgy — P8 (1)

Note that, as can be observed in Table 2, modes enabling higher data rates demand
higher ROSNR and have a higher target receiver input power, e.g., for the 400G scenario
a Pgy of —14 dBm, i.e., a variation from P;”;ggt of 2 dB, produces a 1 dB ROSNR penalty,
whereas there is no ROSNR penalty for lower bit rate scenarios, such as 200G and 300G
for the same Pg, of —14 dBm. In view of the transmission distances considered in this
network segment, the accumulated chromatic dispersion experienced when using G.652
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fiber remains well within the tolerance range supported by the higher-order modes of the
considered MSAs.

Table 2. Transceiver characterization.

Form IBOSNR OBOSNR  Target Tx pwr. ROSNR  Target Rx pwr.

MSA Standard Factor [dB] [dB] [dBm] Mode [dB] [dBm]
400G 24 —-12
Open ZR+ [10] QSFP-DD 36 43 0 300G 21 —15
200G 16 —18
400G 24 —14
Open ROADM [11] QSFP-DD 37 36 0 300G 21 —16
200G 16 —18
400G 24 —-12
Open XR [12] QSFP-DD 42 42 0 300G 20 —16
200G 15 —-17
400G 23 —12
eOpen XR QSFP-DD 42 42 0 300G 19.5 —15
200G 15 -17
100G ZR QSFP28 36 43 —4 (é%OSCI;() 20.5 —28
100G Open XR QSFP28 36 3 4 a gng) 17 ~17

3

1 target
2 P Rx

ROSNR penalty [dB]
=

-2
APgy [dB]

Figure 4. ROSNR penalty as a function of P, variation from Plgu;get.

3.3. Amplifier Optimization Algorithm

Balancing the optical power of expressed and added signals is desirable to simplify
network management and to avoid an additional degradation in the performance of lower
power channels. However, this task is non-trivial in FONs due to their filterless nature.
Moreover, since downstream (DS) channels, N;j, ps, are not blocked, and OB noise, Pop,
is not filered out, the saturation power of OAs may be reached rapidly. In fact, OB noise
affects not only the QoT of the channels but also the OA total available output power. The
OA optimization algorithm described in Figure 5 is proposed to configure the parameters
of each OA in the network (i.e., for each i node, the target output power Pysrqet, the input
power P, the actual output power Py, and the gain G of each pre and boost OA). N, (i)
is the number of channels managed at each node i. For the sake of clarity, the insertion loss
of connectors and the steps to calculate the total OB noise are omitted from the description.
In the case of the OB noise, we need to account for the contribution of each transceiver to
the OB noise from the location where each channel is added up to where the total optical
power, or OSNR, is being evaluated. Booster OAs aim to launch the maximum per-channel
power into the optical fiber. This value is upper-bounded to mitigate the impact of Kerr
non-linearities. The pre-amplifier at each leaf node is used to ensure enough power at the
input of the local receivers and to equalize the optical power of channels/SCs at the input
of the next booster, unless a specific power imbalance P;,,;, is imposed. Such imbalance
may arise from the trade-off between limiting the ROSNR power penalty caused by low Rx
power and maintaining similar express and added channel/SC power. When the required
OA gain G falls below the specified minimum value G,,;, spec, a variable optical attenuator
(VOA) is inserted into the link. Conversely, if the predicted output power exceeds the
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saturation threshold (Ps;), the gain is clipped to avoid overloading (see the OA setting
function in Figure 5). The pre-amplifier in the Rx hub node is configured to ensure the
target Rx input power. In cases where a power imbalance is imposed, the OA gain is set

based on the channel/SC with the highest power. The main input parameters and decision

variables of the algorithm are listed as follows:
Input Parameters:

®  Pry: transceiver output power.

®  ILugerubs ILaggrear: IL of aggregator employed at hub/leaf nodes.
. ILexpress: IL experienced by the expressed signal in the leaf node.
* P power imbalance between expressed and added signals.

®  Link;yss(i): total link loss in node i.

*  Ngps(i), Nepus(i): number of DS/US channels at i node.

*  Ppg(i): out-of-band noise power.
° max.

e quasi-linear optical fiber transmission regime power level.

. P;a;gﬁ: target Rx power.

e L: number of leaf nodes.
Output Parameters:

e PP™(i), PLoost(i): pre-/booster OA output power.

out out

HUB 1 parameters
definition:
Plargel‘ boost(o) e Pmax lim
Nen(0) = (Nen, ps)as

Pin. boost(0) — Prx _”-aggr. hub
i=0 OA setting function

Pout, boost(®) ~ Pout, ch

G - Plargel‘ ch ~Pch +Nep *POB

pre OA setting

Pog = Pog, pre(i)
Plargel‘ pre(') = Py - ”—aggr, leaf * |Le><press - P\mb
Pin, pre = Pout, boost(i=1) = Linkjoes(i)

Pout, pre® < Pout, ch NO

VOA < Gpjp, spec -G

G - Gmm‘ spec

7 Peh « Poh ~VOA
(Nen  (Nen +Ner, s ST )
: .

boost OA setting

Pog = Pog, boost(l)
Ptarget, boost() = Pmax, lim
Pln, boost™ Pout, pre(') - ”—express
Pout, boost() = Pout, ch

* (Pch *+ Nen + Pog) > Pgat?
YES

G - Psa& _(PCh +NCh +POB)
NO

NO

YES

v

HUB 2 parameters
definition:

Pin, pre(L +1) = Pouyt, boost(L) = Linkioss(L)
Pout, pre(L +1) < PRy target = ILaggr, hub

Pout, pre(L+1) ‘

Figure 5. Flowchart of the optimization algorithm for the OAs of a filterless horseshoe network. Each

building block is identified by a different color.
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Note that the computational complexity of the proposed algorithm scales linearly with
the network size, since the optimization is executed independently and only once for each
network node.

4. Results and Discussion

This section reports a comprehensive assessment of the scalability of filterless horse-
shoe networks employing different interoperable coherent pluggable transceivers. The QoT
estimator used in our analysis is the residual margin (RM) at the receiver, defined for a
given path as

RM = OSNR — ROSNR(Pg,) — S, )

where OSNR denotes the available OSNR at the receiver input, measured in a reference
optical noise bandwidth of 0.1 nm, and is given by the ratio between the signal power
Psignar and total noise power, Page, tor: OSNR = Pyjgpg / Paskg, tor- The noise power accounts
for the contributions of IB noise, OB noise arising in the remaining channels, and ASE
noise from OAs. A system margin, S, is set to 1 dB in this work to account for factors
that can impact performance (e.g., fiber and component aging). The ROSNR for a given
receiver input power Pg, is defined by the selected MSA, the channel mode considered,
and the power penalty (see Table 2 and Figure 4). The RM must be equal to or greater than
zero for a channel to be feasible. Two different network scenarios have been considered: a
high-capacity scenario and a low-capacity scenario. The former is supported by the P2P
configuration, and the design assumes that a maximum rate of 400 Gbps per channel is
targeted. If the channel cannot be supported due to insufficient QoT, the rate is stepped
down to 300 Gbps and, if necessary, to 200 Gbps. The procedure is repeated until a valid
operating point is identified, guaranteeing that the DS and US transmission directions
run at the same rate on both fibers. Open ZR+, Open ROADM and Open XR compliant
transceivers could be considered for deployment in our analysis. However, due to the low
OB OSNR requirement defined in the Open ROADM standard, it was observed that this
MSA is not suitable for FONs, and it is, therefore, omitted from the subsequent analysis
to improve readability. The low-capacity scenario accommodates both P2P and P2MP
architectures. The maximum target rate per channel is set to 100 Gbps, which results in
the use of 100G ZR transceivers for the P2P case and 400G /100G Open XR transceivers
for the P2MP case. The detailed scalability assessment of the described architectures and
MSA-compliant transceivers is performed by: (i) increasing the number of leaf nodes—and
consequently also the number of transceivers and channels—across the network; and (ii)
expanding the number of transceivers N (in P2P case) or N* (in P2MP case) per leaf node
for the same number of leaf nodes, L.

4.1. High-Capacity Network Scenario

Figure 6 presents the RM at each receiver of a FON with L = 4 leaf nodes and four
channels per leaf node (N = 4), where the OAs are simply configured following the
intuitive approach of meeting the target power at the deployed Open ZR+ HB transceivers.
To attain the Plgu;gd, the expressed signal is transmitted with a higher signal power than the
added signal. Consequently, and due to the limited optical power equalization in leaf nodes,
this configuration introduces a power imbalance of 2.8 dB between expressed and added
signals. Thus, the expressed and added signals (and noise) are merged with different power
levels, with the lower-power channels becoming more impacted by the noise accumulated
throughout the network. To highlight this effect, the RM analysis reported in Figure 6
considers not only the case where OB noise is present but also the case where it is neglected
(e.g., if channels were filtered). This allows us to observe (i) the importance of correctly
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modeling the impact of OB noise in FONs and (ii) setting the pre-amplifiers as to achieve
a compromise between maximizing the input power of the local receivers and balancing
the power of expressed and locally added channels since, as can be observed, only 300G
channels can be supported in this case due to the 3 dB lower ROSNR, whereas in a filtered
network, 400G channels would be viable.

9 35
400G
+ Jooc DS us
30
300G [ | 400G )
71¢@ 3006 @ 400G 252
e 300G = Tt
= 300G £
@ ® 2.0 2
25 2
s 158
4 51006 ]
o
102
31 &006 3
E No OB contribution 0.5 «
@ OB contribution
1 ‘ ‘ ‘ : 0.0
L1 L2 L3 L4 Hub 2

Figure 6. RM at each leaf node with and without considering the impact of OB noise.

As shown by the triangle results in Figure 7a, when applying the optimization al-
gorithm described in Figure 5, the network attains its maximum total capacity (i.e., each
channel uses the 400G mode), although there is a ROSNR penalty with respect to simply
meeting the Plt{a;gd at the receiver (scenario depicted by circles) due to the reduced input
power at the receivers in the DS transmission direction. Moreover, to achieve the same
target launch power per channel as in the reference scenario, the booster gain increases,
resulting in a QoT degradation in the subsequent leaf nodes. The network can scale up to
six channels per leaf node (N = 6), constrained by the FON'’s inability to reuse wavelengths
on disjoint paths. In this scenario, aggregator cards with higher IL are required, further
reducing the power available at the input of the receivers. This increases the ROSNR
penalty and consequently degrades the network performance and capacity (squares in
Figure 7b). In this case, some of the leaf nodes need to operate in 200G mode in DS, which
forces the US to operate at the same rate. As a consequence, two different operating modes
are required in the US direction (i.e., two different squares in the US area of the graph).
This limitation can be mitigated by using unbalanced splitter/couplers. As shown by the
reverted triangles in Figure 7b, adopting a 30/70 (express/drop) splitting ratio followed by
a 30/70 (express/add) coupling ratio enables the network to achieve a higher total capacity,
since all connections can be established with the 300G mode.

w
n

8 35 8

300G
@ 300G Ds US DS US
(e} 300G 30 200G 30
6 (€] 3006 z 6 = I 2006 g
) 253 300G 200G 25 %
5 & v n 5 X
o 300G e
= 4 £ = 4 v £
=) 208 @ 300G 208
2 400G s =2 v s
00G 2 300G B
= A @ 158 = v 158
x 2 AAOOG Cg = 21 m 300G V 300G °g
400G 400G o« 300G [ 300G I~
A 4006 A 1.0 z 1.0 z
0 Q 0 1S
@ Pimp: 2.8 dB, 50/50, N = 4 05 B Pip: 0dB, 50/50,N = 6 05~
A Pjmp: 0dB, 50/50, N = 4 (a) V Pimp: 0dB, 30/70,N = 6 (b)
-2 0.0 -2 00
L1 L2 L3 L4 Hub 2 L1 L2 L3 L4 Hub 2

Figure 7. Analysis of RM [dB] when deploying Open ZR+ HB pluggables as a function of (a) power
imbalance (b) splitter ratio in FON OADM.

As shown in Figure 8a, when scaling the network to support a larger number of leaf
nodes L = 8, the maximum total capacity can be achieved with up to two channels per leaf
node (N = 2). Note that the constraint on wavelength reuse limits the maximum number
of channels per leaf node to three (N = 3). Figure 8b depicts the optical noise-to-signal

https:/ /doi.org/10.3390/photonics13030272


https://doi.org/10.3390/photonics13030272

Photonics 2026, 13, 272

13 of 17

ratio (ONSR) percentage, discriminating the ASE noise and the IB/OB noise contributions.
As can be observed, the IB/OB noise generated by the transmitters is the dominant source
of noise in this scenario, that is, with L = 8 and for both N = 2 and N = 3. The higher
ONSR with N = 3 limits the per-channel capacity to 300G in this case.

6 35 3.0
Node Archit.
300G DS us wo e
A 56 g 2.5 N3 DS us
400G A 3006 25 % Noise contribution TFUFTTIF
41 @ 400G A 300G & 2.09 [ 0B + B contribution
=) @ 4006 A 3006 205 B BB ASE contribution
o, 2 =
= Sl 400G A 300G 2 K15
E S} 400G A 300G 158 =
(6] 400G A 3006 g O
2 @ 400G A 3004 10 1.0 m
YN 0z
[} 4006 g
@ N=2 ° &% 05" 0s{ &
AN=3 | ‘
|
0 @ 0.0 0.0
L1 L2 13 4 L5 L6 L7 L8 Hub2 L1

Figure 8. 8-leaf node FON with N = 2 vs N = 3: (a) RM results and (b) ONSR results.

4.2. Low-Capacity Network Scenario

As introduced before, in cases with lower capacity, e.g., where each leaf node may
need only up to 100G capacity, two main deployment scenarios can be envisioned. The
first consists of using lower-capacity P2P transceivers, whereas the second comprises a
combination of higher-capacity P2MP transceivers at the hub nodes with lower-capacity
P2MP transceivers at the leaf nodes. For the case of P2P transceivers, two deployment
scenarios are modeled: the first consists of using 100G ZR transceivers at both hub and leaf
nodes, whereas the second uses instead Open XR 100G devices. By comparing the results
obtained in these two scenarios, it is possible to gain insight on the performance impact of
transceivers that are based on two different MSAs. P2MP transmission is realized using
Open XR 400G transceivers at the hub nodes and Open XR 100G transceivers at the leaf
nodes. Comparing the results obtained with P2MP with those from using P2P with Open
XR 100G transceivers allows us to understand the potential improvements from adopting a
P2MP transmission solution.

Figure 9 shows the RM and ONSR results obtained with P2P and P2MP transceivers
for two configurations of a horseshoe network: (1) L = 4 with N (in the P2P case) and N*
(in the P2MP case) equal to 1; (2) L = 8 and N or N* equal to 3. All the design results
were obtained by employing the proposed OA settings optimization algorithm described
in Section 3.3.

The results for L = 4 provide evidence of the superiority of 100G devices that are
compliant with the Open XR MSA over those compliant with 100G ZR, as can be seen from
the higher RM and the lower ONSR. Note that, in both cases, the number of transceivers
deployed is the same, and the insertion losses experienced by the optical signals along
their paths are also the same. Hence, the performance advantage of Open XR 100G devices
is solely due to the improved specifications (e.g., the same —4 dBm Tx output power is
allocated to a 4 x 4 Gbaud signal instead of to a 30 Gbaud signal). Nevertheless, it should
be noticed that meeting improved specifications may result in an increase in device cost.
The other key observation of the comparative results is the clear superiority of the P2MP
transmission solution, particularly in the DS transmission direction. In this case, besides
the savings enabled by replacing four 100G transceivers at each hub node by a single 400G
transceiver, lowering cost, power consumption and footprint, there are two benefits arising
from the fact that the 400G transceiver can be directly connected to the booster amplifier,
whereas the four 100G transceivers are connected to a CAD4. The first benefit is the lower
insertion losses experienced by the signals added (and dropped) at the hub nodes, enabling
the reduction in amplifier gain and, hence, the ASE noise generated. The second benefit is
that in the process of aggregating the four 100G signals with a CAD4, each signal generates
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OB noise that cumulatively impacts the other signals, which does not occur with the single
400G device. This is visible in the ONSR results shown in Figure 9c.
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Figure 9. Comparison of P2P and P2MP architectures for L = 4 with N (P2P) and N* (P2MP)
equal to 1 (a), L = 8 with N (P2P) and N* (P2MP) equal to 3 (b), and their corresponding noise
contributions (c,d).

The same analysis for L = 8 and N or N* equal to 3 is reported in Figure 9b for the
RM and Figure 9d for the ONSR. These results reinforce the trends identified in the smaller
horseshoe network with fewer channels. For instance, the benefits in RM improvement
from adopting a P2MP transmission solution become even more evident. Note that, when
the optimization algorithm introduced in Section 3.3 is applied, balancing express and
added channel powers, the ROSNR input power penalty will be higher with the Open XR
100G, because the 100G mode with 16QAM modulation format has a higher target Rx power
than the 100G mode with QPSK used in 100G ZR. This is visible with the yellow coloring
of the circle markers. The described penalty is avoided at Hub 2, since the pre-amplifier
can operate with higher gain (all channels are locally dropped).

Note that in all evaluated scenarios, the total optimization time was shorter than
1 s, using a 13th Gen Intel(R) Core(TM) i7-1355U CPU and a 32.0 GB memory RAM,
highlighting the scalability of the proposed optimization algorithm.

5. Conclusions

This work presented a comprehensive analysis of filterless horseshoe networks op-
erating with modern coherent pluggable transceivers under both high- and low-capacity
scenarios, evaluating P2P and P2MP transmission solutions. The study highlighted the
major design challenges arising from the filterless nature of FONs—namely spectrum waste,
limited equalization capabilities in intermediate nodes, and noise accumulation—while
quantifying the specific impact of transmitter out-of-band noise. The results demonstrated
that OB noise plays a critical role in determining the performance, and consequently scal-
ability, of filterless horseshoe networks. In high-capacity P2P deployments, OB noise
significantly reduces the achievable RM, directly impacting system capacity. An optimiza-
tion algorithm for OA settings was proposed and shown to mitigate part of this degradation
by balancing expressed and added signal power. Nevertheless, as the node count or the
number of channels per leaf node increases, the impact of ASE and OB/IB noise contribu-
tions ultimately limits scalability. The analysis also revealed that the traditional symmetric
splitter/coupler configurations may not provide sufficient performance at larger scales.
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Employing unbalanced splitting ratios (e.g., 30/70) was shown to effectively improve
received power, as well as reduce ROSNR penalties. In low-capacity scenarios, P2MP
emerges as a particularly advantageous transmission solution. The reduced OB contribu-
tion and lower insertion loss at hub nodes allow P2MP links to achieve higher RM and
improved scalability compared with conventional P2P solutions. This was confirmed in
both 4- and 8-leaf-node networks, where P2MP consistently achieved superior performance.
Overall, the study confirms that FONs combined with MSA-compliant coherent pluggable
transceivers can serve as cost-effective and scalable solutions for metro-aggregation and
metro-access networks. However, OB noise, power imbalance, and wavelength-reuse con-
straints impose practical limitations that must be carefully addressed through optimized
OA configurations, appropriate splitter designs, and MSAs selection.
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