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Future passive optical networks (PONSs) are expected to support the ultra-high bitrates and extremely low
latency requirements of X-haul networks. In parallel, many research groups and standardization bodies
are investigating PON transmission solutions for 100+ Gbps per wavelength (Very High Speed PON or
VHSP), considering also the introduction of coherent transmission technologies in PON. Building on these
two trends, we propose and analytically investigate simple physical modifications to the standard PON
infrastructures to enable direct all-optical ONU-to-ONU communications, showing their rationale for
X-haul. We introduce both intra- and inter-PON ONU-to-ONU all-optical configurations and assess their
impact on optical distribution network (ODN) loss considering current and future-compliant transceivers.
We focus in particular on coherent PON based on digital subcarrier multiplexing (DSCM), which is one
of the solutions currently investigated by ITU-T for VHSP. Our analysis shows that under reasonable
assumptions for future PON-complaint DSCM-based transceivers, the proposed architectures can support
40 km ONU-to-ONU links with an additional allowed loss margin of about 1.3 dB beyond the 29 dB N1
PON class limit, and one ONU to four ONU connections with only 2 dB of extra margin. Furthermore, the
proposed architectures achieve significant latency reductions, making them suitable for future low-latency

split- and service-based transport requirements.

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Recent research and industrial efforts toward future passive op-
tical network (PON) generations aim to support a wide range
of service types, including fiber-to-the-home (FTTH), fiber-to-
the-enterprise (FTTE), and fiber-to-the-antenna (FTTA) using
different X-hauling approaches. To achieve this, these efforts
are considering coherent transmission and its digital subcarrier
multiplexing (DSCM) variant [1, 2], new optical access archi-
tectures [3], the potential convergence between metro and ac-
cess networks [4] and even wavelength division multiplexing
(WDM) in access networks [5]. In particular, a working group in
the International Telecommunication Union (ITU-T) is currently
leading an initiative addressing all these technical options under
the Very High Speed PON (VHSP) initiative. If and when a
technological jump from intensity modulation-direct detection
(IM-DD) traditional PONs towards single or multi-carrier co-
herent transmission occurs, it will enhance the overall network
capacity, reach, and flexibility, enabling more unified architec-
tures from metro to access. In particular, point-to-multipoint

transmission based on DSCM has shown strong potential to
deliver high spectral efficiency and dynamic bandwidth man-
agement in access networks [6-8]. This is specifically relevant
as operators seek scalable solutions to accommodate increasing
traffic demands while maintaining cost-efficiency, operational
simplicity, and technology backward compatibility.

Given these foreseen increases in PON bitrate capabilities,
combined with its widespread geographical coverage, it is in-
creasingly regarded as a strong candidate for supporting X-haul
services, including front-haul, mid-haul, and back-haul [3]. This
is particularly important and challenging as the transition to be-
yond 5G (B5G) and future 6G networks introduces stringent re-
quirements for higher bitrates, massive densification, and ultra-
low latency services [9], with the diverse range of provisioned
6G use cases, such as mixed reality, autonomous mobility, and
Al-driven communication, further pushing the need for cost-
effective, dynamic, and high-performance transport solutions.

Latency is especially crucial to consider and manage when
deploying PON for X-haul services and, particularly, for some
of the future aforementioned new applications. Multiple re-
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search efforts have addressed this challenge in conventional
PONSs [10], mainly along two directions. The first focuses on
mitigating latency caused by PON time-division multiple ac-
cess (TDMA)-based shared infrastructure, through advanced
bandwidth allocation algorithms, such as cooperative schemes
between the radio and access segments, that optimize upstream
scheduling and reduce end-to-end delay [11]. A second (and
much more recent) direction targets architectural latency reduc-
tion by enabling intra-PON communication, which allows direct
communications between optical network units (ONUs) within
the same PON tree, thereby avoiding the need to traverse the
optical line terminal (OLT) [3, 12]. The concept of intra-PON
communication is introduced here and will be further elaborated
in Section 3 (see Fig. 2). This approach reduces physical distance
and enables emerging use cases where multiple ONUs serve dis-
tributed small cells, while computing resources are centralized
at a macro cell, leading to improved coordination and resource
efficiency.

Building on the concept of all-optical direct ONU-to-ONU
communication as a means to support low-latency X-haul ser-
vices, and considering the solution proposed in the literature on
coherent PONs using DSCM, we propose simple physical modi-
fications to existing PON infrastructures enabling direct ONU-
to-ONU communications. The proposed architectures, schemati-
cally illustrated in Fig. 3 and Fig. 7 allow both dynamic and flex-
ible intra-PON communication (between ONUs located within
the same PON tree) and inter-PON communication (between
ONUs in different PON trees that are all-optically connected), re-
spectively. Our proposal is applicable in both coherent PON and
converged metro + PON scenarios facilitating all-optical, direct
ONU-to-ONU connections. A key feature of the design is the
use of asymmetrical splitters with extremely low insertion loss,
which minimizes the impact of the architectural modifications
on the overall PON distribution loss. We assess the feasibility of
these architectures in terms of power budget and compare their
latency performance with that of benchmark configurations.

The remainder of this paper is organized as follows. Section 2
provides an overview of the future radio network requirements
based on X-hauling in terms of required bitrates and, in particu-
lar latency, in order to explain the rationale for a future evolution
towards ONU-to-ONU all-optical communications. Section 3
describes the coherent intra-PON architectures and presents a
first-order power budget analysis. Section 4 extends the applica-
tion of the same concepts towards converged metro and PON
inter- and intra-PON communication schemes, including again
a preliminary power budget assessment. Section 5 evaluates
the latency reduction achieved through the proposed inter- and
intra-PON communications. Finally, Section 6 concludes the
paper and outlines directions for future research.

2. FUTURE RADIO REQUIREMENTS AND X-HAULING
TRENDS

In this section, we discuss future X-haul requirements to justify
the need for ultra-high bitrate, flexible, and dynamic access net-
works with decreased latency compared to current solutions.
This need arises from the fact that future X-haul networks are
expected to undergo a substantial increase in bitrates require-
ments, along with more stringent latency constraints, to meet the
demands of B5G and 6G goals [9, 13]. We will show in this Sec-
tion that the resulting bitrate and latency requirements are not
only highly demanding, but also highly variable across different
services and deployment scenarios.

Transport bitrate requirements are primarily determined by
the actual radio physical layer request (such as the RF allocated
band, as we will describe later) and on the the selected func-
tional split, which defines how baseband processing tasks (from
the control layer to the physical layer) are distributed among
the central unit (CU) and the distributed unit (DU), as specified
by the 3rd Generation Partnership Project (3GPP) [14-16]. In
the traditional 3GPP evolution, this CU/DU split represents
the main architectural disaggregation. By contrast, Open RAN
(O-RAN) also introduces the radio unit (RU) and further ex-
tends this concept, driving a significant architectural shift by
embracing openness and disaggregation between RU, DU and
CU components. For further information about functional split
ina RU, DU and CU architecture, we suggest the reader to refer
to the tutorial given in [16]. In the following, we briefly men-
tion some features that are specifically relevant for the rest of
our paper. The so-called "higher-layer splits", such as option 2,
decentralize the radio processing, thus reducing traffic load on
transport links and relaxing latency constraints, but requiring
more complex antenna sites and allowing less coordination. In
contrast, lower-layer splits, such as option 8, simplify antenna
sites and enable better coordination across the full protocol stack,
but impose higher bitrate demands and stricter latency con-
straints on the optical network. Furthermore, X-haul bitrate is
dependent on air interface specifications, including factors such
as radio bandwidth, orthogonal frequency division multiplex-
ing (OFDM) symbol configuration, number of multiple-input
multiple-output (MIMO) layers, antenna ports, modulation and
coding schemes, in-phase and quadrature (IQ) bitwidth, and
peak air interface data rates. To illustrate these dependencies,
Table 1 presents two scenarios of advanced X-haul bitrate re-
quirements reflecting the 5G and 6G-basic along with the latency
constraints associated with standard 3GPP radio split options.

As a first scenario, we consider a 5G X-haul downlink with
a radio bandwidth of 100 MHz, 256-QAM modulation, 32 an-
tenna ports, 8 MIMO layers, IQ bitwidth of 2 x 16 bits, 14 OFDM
symbols, and 1200 x 5 radio subcarriers. As a second, even
more advance scenario, which we will indicate as "6G-basic", we
consider a wider radio bandwidth and an increased number of
antennas: a radio bandwidth equal to 400 MHz and 64 antenna
ports, while keeping the other parameters unchanged [9, 14]. As
a preliminary observation, Table 1 shows that for our considered
5G and 6G scenarios, some split options, and in particular Split 8
(i.e. the "traditional" digitized front-hauling used in CPRI initia-
tive) have exceedingly high bit rate requirements, and are clearly
not feasible even in next-generation VHSP, while a reasonable
compromise is likely using one of the 7.x split options.

Latency constraints, on the other hand, depend not only on
the selected functional split as illustrated in Table 1, where low-
layer splits typically require a one-way propagation delay of less
than 250 psec, but also on the end-to-end latency requirements
of supported services for specific radio use cases, i.e., service-
based latency. The latter refers to the total end-to-end delay
experienced from the RU through the DU and CU up to the
core network gateway. For instance, 3GPP defines ultra-reliable
low-latency communications (URLLC), where use cases such as
tactile interaction, motion control, and industrial collaborative
control require end-to-end latencies of 0.5 ms, 1 ms, and under 2
ms, respectively [3]. These dual constraints highlight the critical
role of the transport network, where achieving latency on the
order of a few hundred microseconds is required to satisfy both
the split-related and the service-specific latency requirements.
For example, O-RAN working group 9 (WG9) in [17] present use
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Fig. 1. An example of optical network supporting B5G and 6G flexible functional splits. The different possible logical paths are

indicated using different colors.

Table 1. Different functional split options proposed by 3GPP
with their latency and bitrate requirements for the two de-
ployment scenarios considered in our paper, indicated as
"5G" [14, 15] and "6G-basic" [9]). See text for more details.

Functional | Split-specific | 5G bitrate 6G-basic
split # Latency (msec) (Gbps) bitrate (Gbps)

1 10 ~4 16
2 1.5~10 ~4 ~16
4 0.1 4 16
6 0.25 4.2 ~16

7.3 0.25 4.2 50.4

7.2 0.25 222 86.7

7.1 0.25 86.1 688.25
8 0.25 157.3 1.25Tb/s

case latencies specifically for the function split 7.2x between the
RU and DU, with requirements of less than the 3GPP-defined
250 wpsec, such as the latency class "High75" which specifies
75 psec delay to support full New Radio (NR) performance with
fiber lengths up to 10 km, and "High100" specifies 100 usec for
standard NR performance with fiber lengths up to 10 km.

In parallel, future radio approaches enable flexible deploy-
ment of virtualized network functions at various network loca-
tions, such as the antenna, far edge, edge, or cloud site to support
different radio use cases. Fig. 1 schematically shows some of
the possible options that we will address in the rest of the paper.
This deployment flexibility enables dynamic functional splitting,
thus supporting the optimization of latency, capacity, energy
efficiency, and system complexity by dynamically assigning pro-
cessing functions within the RAN.

Given these evolving demands and dynamic architectures,
conventional fixed point-to-point fiber-based X-haul solutions

may soon fail to scale economically, particularly under the in-
creased cell density anticipated in the B5G and 6G scenarios.
Instead, it may likely happen that the widespread geographical
availability of optical access based on PON (it is estimated that
in 2025 more that 1 billion PON terminations are available world-
wide) and the aforementioned increase in PON bit rates to more
than 100 Gbps per wavelength (see for instance the ITU-T VHSP
initiative) may shift X-hauling to PON shared infrastructure,
offering a more scalable and cost-effective solution to accom-
modate highly dynamic and demanding X-haul traffic. Any-
way, as mentioned in the Introduction, traditional TDMA-based
PON solutions may be critical in terms of latency requirement,
thus justifying the current research towards alterative solutions.
Moreover, flexibility in future deployments serves as a key en-
abler for network virtualization and software-defined network
(SDN) orchestration.

3. THE PROPOSED ONU-TO-ONU ARCHITECTURES EN-
ABLED BY DSCM-BASED COHERENT PON

To address the low latency and high bitrate requirements out-
lined in Section 2, we propose intra-PON direct ONU-to-ONU
communication using DSCM-based coherent transmission for
B5G and 6G networks. Figure 2 shows a simple physical illus-
tration of the intra-PON concept, contrasting a conventional
PON where ONU-to-ONU traffic passes through the central
OLT, with the proposed approach where a direct optical link is
established between ONUs. In the following, we present a more
detailed illustration of the PON physical architecture along with
the proposed modifications to enable all-optical links between
ONUs, followed by a first-order analysis of the power budget
considerations to support these connections.

A. The proposed physical architectures

Figure 3 illustrates the typical shared PON infrastructures, fea-
turing a single-stage splitting configuration in subfigures (a) and
(b), and a two-stage splitting arrangement in (c) and (d) (both
options are today very common in PON deployments). The
same figure also shows the simple modifications to the optical
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Fig. 2. Simplified illustration of ONU-to-ONU communica-
tions within a PON tree: conventional PON versus intra-PON.
CO: central office.

distribution network (ODN) that we are proposing to enable
novel all-optical ONU-to-ONU intra-PON connections, that are
based on the addition of optical splitters and new fibers. We
now go into the details of the four possible configuration that we
address in this Section. In the remainder of this paper, asymmet-
rical splitters are referred to as taps, while symmetrical splitters
are denoted as splitters.

We start by the proposal shown in Fig. 3(a) for a single-stage
splitter PON. Here, an ONU-to-ONU intra-PON communica-
tion link is established by adding inside the splitter cabinet two
properly placed asymmetrical splitters (taps) and a short fiber
patch-cord. We point out that this proposal would require mini-
mal modification in the ODN, and in particular just a manual
modification inside the street cabinet, without any other modifi-
cations outside the cabinet.

This first configuration shown in Fig. 3(a) allows to preserve
the "traditional” connectivity with the main OLT while enabling
direct all-optical path between the two target ONUs. In par-
ticular, DSCM-based coherent PON is particularly suitable to
achieve this goal: subcarriers (5Cs) can be distinctly assigned,
ensuring that SCs allocated for intra-PON communication differ
from those used for regular PON transmissions. Moreover, sub-
carriers should not superimpose spectrally for both upstream
(US) and downstream (DS). For instance, assuming a DSCM
using 16 subcarriers and an arbitrary SC numbering intended
solely for illustrative purposes, the lower inset in Fig. 3(a) shows
a possible SC allocation where SCs 1-4 can be used for US regu-
lar traffic (dark gray color), SCs 5-10 for DS regular traffic (light
gray color). The remaining SCs from 11 to 16 can be used for our
new proposal. In particular, assuming the DU is located at a dif-
ferent site than the RU, a bidirectional communication between
the their ONUs can be established using distinct subcarriers,
namely SCs 13 and 14, to represent US and DS transmission,
respectively. Concurrently, each ONU maintains independent
communication with the OLT via separate SCs, such as SCs 11
and 12 for DU-ONU to OLT, and SCs 15 and 16 for RU-ONU
to OLT. Throughout this paper, RU-DU connection denotes the
link between their ONUs, while “RU/DU-OLT connection” de-
notes the link from each ONU to the OLT. It is important to note
that intra-PON communications are also received by the OLT,
providing additional flexibility in SC allocation and scheduling
according to temporal data requirements.

One important aspect to consider is the coexistence of the

proposed DSCM coherent-PON communication with "legacy"
IM-DD PON standards (such as GPON, XG-PON, NG-PON2
and 50-GPON). As shown in detail in [6], a DSCM coherent-PON
can be implemented as an overlay on existing PON infrastruc-
ture just assuming operation on separate wavelengths with a
proper wavelength compatibility plan. In fact, if a different
wavelength band is assigned to the DSCM coherent-PON (as for
sure the ITU-T VHSP initiative will force), the newly established
intra-PON links do not interfere with the existing connections of
regular legacy ONUs.

A second architecture, implementing an example of one-to-
few intra-PON communication is presented in Fig. 3(b), where
we show how two RUs can establish bidirectional communica-
tion with one DU by adding three taps and a splitter. In fact,
the architecture can be extended to more than two RUs, as we
will discuss later in the link budget analysis. Here, we focus
on only two RUs for simplicity in the schematic. Similarly to
the previous case shown in Fig. 3(a), the required modification
acts only in the the main PON splitter cabinet and it enables the
RU1 and RU2, located at different sites, to intra-communicate
to DU at another site while maintaining their connection to the
OLT, provided that SCs are properly planned. In this one-to-few
setup, the value of splitter number of output ports (ranging from
a 1:2 to a 1:N ) determines the number of ONUs connected to
the DU. For example, a 1:2 splitter in this figure facilitates intra-
PON communication between the DU and two other ONUs.
Importantly, this modification to the PON infrastructure does
not affect the links of the other ONUs, making it a viable solution
for establishing new, flexible connections that can coexist with
current and legacy PON standards.

Extending this concept further, we also show that intra-PON
communications can be established also in PON deployments
where two stages of splitting are present. In such architectures,
connecting two ONUs that branches from the same stage-2 split-
ter cabinet follows the same approach as in the single-stage case,
as illustrated in Fig. 3(c) and (d) for the connection between
DU and RU1. This is achieved by adding two taps linked by a
short-length fiber inside the stage-2 cabinet. On the contrary, for
ONUs connected to different stage-2 cabinets, such as DU and
RU2 in Fig. 3(c) and (d), two approaches are possible. The first,
shown in Fig. 3(c), involves modifying the stage-1 splitter to
interconnect the two level-2 PON branches by adding new taps
in the stage-1 splitter cabinet and connecting the two stage-2
branches by a short-length fiber. In this case, since the two stage-
2 branches are interconnected, SC allocation must be distinct not
only between the target ONUs but also across the branches to
avoid interference and ensure proper intra-branch communica-
tion. The second approach, illustrated in Fig. 3(d), is to connect
the two stage-2 cabinets via a dedicated point-to-point fiber in
addition to the added taps, although this solution is generally
not preferred due to the associated cost of deploying a new fiber.

It should be noted that in a two-stage splitter architecture,
coexistence with legacy PON wavelengths is feasible only in the
second configuration (i.e., Fig. 3(d)). In the first configuration
(i.e., Fig. 3(c)), signals from intra-connected stage-2 branches will
interfere because they occupy the same frequency spectrum.

B. Link budget first-order analysis

To assess the feasibility of the proposed intra-PON communica-
tions in DSCM-based coherent PON, three main factors must be
taken into account.

e First, it is important to minimize any modifications to the
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one connection with a single-stage splitter, (b) one-to-few connection with a single-stage splitter, (c) one-to-few connection with
two stages of splitting by modifying the stage-1 splitter, and (d) one-to-few connection with two stages of splitting by adding a new
fiber link between stage-2 cabinets. Tap: asymmetrical splitter, splitter: symmetrical splitter.

physical architecture and power budget of the original PON
ODN, ensuring backward compatibility and ease of integra-
tion with existing systems.

¢ A second consideration involves maintaining the power dif-
ference between the SCs within a defined threshold, as sig-
nificant imbalance at the receiver can lead to performance
penalties, as shown in [6, 8]. Here, we consider the max-
imum allowed power difference between SCs at a given
receiver is 10 dB as reported in [6].

¢ Third, the newly established links must maintain a sufficient
power budget to support reliable communication. Accord-
ing to the ITU-T PON standards, the N1 optical path loss
(OPL) class requires a power budget of 14-29 dB, and up
to 20-35 dB for E2 class. Consequently, if and when DSCM
transceivers are deployed in future PONs, they should com-
ply with at least PON N1 OPL class requirement of 29 dB
defined by ITU-T. Experimental results provide context for
the capabilities of current prototype DSCM transceivers suit-
able for PON applications, such as in [6], where optical path
loss measurements were conducted for DSCM transmission
in a point-to-multipoint setup coexisting with legacy PONs

using a commercial state-of-the-art transceiver. The study
reported a maximum uplink OPL of 25.6 dB at a wavelength
of 1544 nm, with a transmitted power of 1.2 dBm, 40 km of
fiber, and a 200 Gbps bitrate (both directions). In [18], a dif-
ferent transceiver and experimental configuration achieved
power budgets of 30 dB downstream and 33 dB upstream.
While these results represent the current state of the art for
DSCM transceivers, the technology is still under research
and has not yet reached its full maturity.

Therefore, we begin our PON power budget analysis by as-
suming that the future DSCM transceivers comply with the
ITU-T N1 class, allowing for an OPL of 29 dB. We then exam-
ine how the addition of taps affects this loss and determine the
required additional transceiver margin (in dB) to enable intra-
PON communication. A key consideration in this context is
the insertion loss introduced by the taps. The split ratios used
are taken from [19] and summarized in Table 2, where we list
asymmetrical splitting options, as these will later be shown to
offer particular advantages in the proposed architecture.

We start by analyzing the one-to-one setup shown in Fig. 3(a).
Figure 4 illustrates the power loss as a function of the split ratio
of the added taps for both ONU-to-OLT and ONU-to-ONU com-
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Table 2. Split ratios and corresponding insertion loss.

Split ratio | Insertion loss || Splitratio | Insertion loss
50/50 % 3.5/3.5dB 20/80 % 7.8/1.3dB
40/60 % 4.6/2.7dB 10/90 % 11/0.75 dB
30/70 % 59/19dB 5/95 % 14.5/0.4 dB

munication. We consider that both of the added taps employ the
same split ratio (x; /x2), where x; corresponds to the new link
and x; to the main path to the OLT, and we vary them simultane-
ously. The feeder fiber (i.e., before the splitter) is assumed to be
either 10 km or 0 km, while the distribution fiber in all paths after
the splitter is assumed either 10 km or 20 km, respectively. Thus,
the fiber distance between ONUs (from an ONU to the splitter
cabinet and then to another ONU) amounts to either 20 km or
40 km, respectively. The case of 0 km feeder fiber represents
the worst-case scenario, corresponding to the maximum ONU-
to-ONU distance of 40 km. For ONU-to-OLT communication,
we consider the starting point corresponding to the mandatory
compliance budget of 29 dB, plus the loss from the added tap,
i.e. 0.4 dB for the lowest split ratio 5/95 %. For ONU-to-ONU
communication with 20 km of fiber, the starting point is the sum
of the 2 x 14.5 dB loss from two taps and the fiber loss. Figure 4
clearly shows the relevance of properly selecting the splitting
ratio in the two additional taps. In our opinion, the optimal split
ratio is where the two loss curves intersect, representing the min-
imum additional margin required to support both ONU-to-OLT
(PON) and ONU-to-ONU (intra-PON) communication. For the
20 km case, this occurs around a 10/90 % split ratio, requiring an
extra-margin equal to 0.75 dB, meaning the transceiver should
support a budget of 29.75 dB to be considered as compliant with
intra-PON communication. For the 40 km case, the optimal split
ratio is 20/80 %, which requires an additional margin of 1.3 dB.
For shorter distribution fibers (as it is often the case in practical
deployments), even more asymmetric splitting ratio would be
optimal, since the fiber loss on the ONU-to-ONU path would be
lower, thus creating even lower extra-margin requirements.

T T T —&-—ONU-OLT
Optimal split 40 km |—©—ONU-ONU, 20 km
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Fig. 4. Power loss as a function of taps split ratio in a one-to-
one intra-PON connection with a single-stage splitter.

Considering the one-to-few architecture with a single-stage
splitter shown in Fig. 3(b), the optimal split ratio and the re-

quired extra margin in a future-compliant transceiver are pre-
sented in Table 3. Here, we consider the one-to-few connection
as one ONU connecting to two, three, or four ONUs and the total
fiber length from ONU to ONU (i.e., ONU-splitter cabinet-ONU)
to be either 20 km or 40 km. As shown in Fig. 3(b), the intra-PON
communication is achieved by a tap followed by a splitter (1:2,
1:3, or 1:4 symmetrical splitter), corresponding to equal insertion
losses of 3.5, 5.6, and 7.0 dB, respectively [19, 20]. The table
shows that regular PON and intra-PON communications can be
achieved with an additional 2 dB margin even for a fiber length
of 40 km and a 1-to-4 ONU configuration.

Table 3. Optimal split ratio and the corresponding margin
(in dB) required to enable both PON and intra-PON com-
munications in a one-to-few configuration, as a function of
ONU-to-ONU fiber length and the number of connected
ONUs.

‘ Fiber length ‘ Metric H Connected ONUs ‘

H Two ‘ Three ‘ Four ‘

Split (%) 10/90 | 20/80 | 20/80
20 km

Margin (dB) | 299 | 303 | 303

Split (% 20/80 | 20/80 | 30/70
40 km plit (%) / / /

Margin (dB) 30.3 30.3 30.9

After this preliminary and worst-case link budget analysis,
we discuss in the following the proposed architectures in a more
realistic statistical link budget analysis, a point of view moti-
vated by the inherent variability of ODN loss and the need to
understand the power differences between SCs at a given re-
ceiver. ODN loss in a PON generally depends on deployment
factors such as fiber lengths and split ratios. In dense urban
areas, PONs may feature short fibers and high split ratios con-
centrated in a single stage, while suburban deployments often
involve two stages of splitting with longer fiber distances. A
publicly available statistical characterization of ODN loss is pre-
sented in [21], based on an extensive set of measurements from
Orange installed FTTH customer base in France (several mil-
lions PON terminations have been characterized in that study).
The presented measured loss distribution can be approximated
by a log-normal profile, with a median path loss of 23.4 dB, a
first quartile (Q1) of 22 dB, and a third quartile (Q3) of 25 dB.
Taking these factors into account, we evaluate the impact of the
added taps’ split ratios and their associated insertion losses on
the overall PON loss. For this analysis, we consider two OPL
thresholds: 25.6 as the current achievable OPL limit, and 29 dB
as the target defined by the PON N1 class.

Figure 5(a) presents the OPL analysis as a function of the
power split ratios of the additional taps to the setup shown
in Fig. 3(a), where a one-to-one intra-PON connection is estab-
lished. Similar to Fig 4, we assume that both taps employ the
same split ratio (x1 /x2), and we vary them simultaneously. The
OPL median values for the links between ONUs to the OLT, the
RU-to-OLT, and the DU-to-OLT are represented by black square
points in Fig. 5. These points are shown with surrounding bars
indicating the interquartile range (IQR), i.e., Q3-Q1, illustrating
the distribution when the links follow PON statistics. These
links are assumed to follow the median and IQR of the original
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Fig. 5. Intra-PON power budget analysis for two communi-
cation scenarios: (a) one-to-one communication and (b) one-
to-two communication, for different split ratio options for the
added taps.

PON, with an added loss attributed to the inserted taps. Ad-
ditionally, the OPL of the new link between the RU and DU is
calculated by summing the taps loss and the fiber propagation
loss over a 20 km. In this scenario, split ratios of 5/95, as well
as 30/70 and higher, are considered infeasible due to the sig-
nificant power difference between the new link and the other
ones. Conversely, split ratios of 10/90 and 20/80 are more suit-
able for maintaining the PON OPL below the thresholds and
ensuring the power difference between SCs remains under 10 dB.
It should be noted that this particular setup does not affect the
OPL of regular ONUs, as reflected in the ONU to OLT loss across
the span for the considered tap split ratios, and consequently
the proposed architecture can be implemented as an overlay
without impacting legacy PON systems.

For the case of one-to-few intra-PON communication, illus-
trated in Fig. 3(b), the splitter here is assumed to be a symmet-
rical 1:2 splitter, resulting in an insertion loss of 3.5 dB [19].
Additionally, the other taps involved are assumed to be identical
and are varied simultaneously. Figure 5(b) illustrates the impact
of the tap split ratios on the various links within the modified
PON. As observed, the original ONU-to-OLT links remain iden-
tical to the previous case. In contrast, the OPL of the RU-to-OLT
and DU-to-OLT links increase with higher split ratios, as more
power is diverted to the newly established intra-PON links. The
RU-to-DU link loss accounts for both the taps’ insertion losses
and a total fiber length of 20 km. As shown, split ratios of 5/95,
as well as 40/60 and above, are not feasible due to the signifi-
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Fig. 6. Intra-PON power budget analysis for a two-stage PON
splitting architecture: (a) 1:4 splitter followed by 1:16, with
fiber segments of 10, 5, and 5 km; (b) 1:16 splitter followed by
1:4, with fiber segments of 15, 4, and 1 km. Intra-stage: RU

in the same stage-2 branch as the DU. Inter-stage: RU in a
different stage-2 branch from the DU.

cant power imbalance between SCs. Split ratios of 10/90, 20/80
and 30/70 appear to be more suitable for enabling one-to-few
intra-PON communication.

Alternatively, when considering two stages of splitting with
the proposed architecture illustrated in Fig. 3(c), the PON de-
ployment play a crucial role in determining the feasibility of
establishing intra-PON communication. In this analysis, we con-
sider two RUs: the first RU (RU1), which belongs to the same
stage-2 splitting branch as the DU (intra-stage), and the second
RU (RU2), which belongs to a different stage-2 splitting branch
from the DU (inter-stage). We evaluate the OPL for both links
under two scenarios. The first scenario, which results are shown
in Fig. 6(a), consists of a 1:4 stage-1 splitter followed by a 1:16
stage-2 splitter, with fiber lengths of 10, 5, and 5 km representing
the fiber from the OLT to the stage-1 splitter (feeder fiber), from
the stage-1 splitter to stage-2 splitter, and from stage-2 splitter
to the ONU, respectively. The second scenario results, shown in
Fig. 6(b), involves a 1:16 splitter followed by a 1:4 splitter, with
fiber segments of 15, 4, and 1 km. These parameters are chosen
to illustrate the feasibility of the proposed intra-PON communi-
cations in a two-stage of splitting and to highlight the significant
impact of specific network characteristics. In the intra-stage case,
i.e. RU1 and DU, the link passes only through the newly added



Research Article ‘

1| Optical Matrix

1| Optical Matrix

: Ogtical Matrix

ONU

Main DU tap PON 1
12/13|14
Pre-metro link = ONU ONU} - l] ONU i H
DU2 ((( ))) )))
Inter-PON link ONU NU| | [ONU

Fig. 7. Pre-metro and inter-PON communications in coherent DSCM metro + PON setup.

taps and a short fiber segment. On the other hand, in the inter-
stage case, i.e. the connection between RU2 and DU, the link
experiences very high loss, as the signal passes through both
stage-2 splitters. This loss is even greater in the first scenario (1:4
splitter followed by 1:16) compared to the second (1:16 splitter
followed by 1:4), as the higher splitting occurs in stage-2. To
compensate for this loss difference, the two added taps in the
stage-2 splitter cabinet are fixed at a 5/95 % split ratio, while
the split ratio of the taps in the stage-1 splitter cabinet is var-
ied simultaneously, and their impact on the power budget is
evaluated accordingly. As shown, intra-stage communication
between the RU1 and DU is feasible in both scenarios, consistent
with the results in Fig. 5(a), though it requires an additional
margin of approximately between 0.5 and 2.2 dB beyond the
29 dB threshold. For the RU2-DU (inter-stage) link, however, the
power imbalance relative to the other links is substantial in most
cases. In this case, inter-stage communication is feasible only
with a 50/50 split ratio in the first scenario with an extra margin
of 7 dB beyond N1 class, or with 20/80, 30/70, or 40/60 % split
ratios in the second scenario.

4. CONVERGED COHERENT METRO + PON

Research efforts toward a converged optical network [4, 22]
aim to reduce costs and enhance flexibility by extending co-
herent transmission all optically (i.e. without optical-electrical-
optical (O-E-O) conversion) from the metro to the access domain,
whether through single-carrier or multi-carrier (i.e., DSCM) ap-
proaches, a context in which our proposed ONU-to-ONU com-
munication fits naturally, as it can meet the low-latency require-
ments of radio X-hauling while reducing the number of OLTs
and central offices. In this Section, we therefore propose intra-
and inter-PON communication schemes in the context of a con-
verged metro-PON setups.

A. Metro + PON physical architecture

In a converged metro + PON setup, where the metro and PON
segments are interconnected all-optically via reconfigurable op-
tical add-drop multiplexers (ROADMs), three types of connec-
tions can be realized: (i) intra-PON communication, established
similarly to the architectures discussed in previous Section; (ii)
pre-metro connections, where a regular ONU communicates
with a node before traversing the metro segment via a ROADM,;
and (iii) inter-PON communication between ONUs belonging
to different PON trees, further enhancing network flexibility
and supporting low-latency use cases. We thus discuss here a
preliminary link budget analysis for the new cases (ii) and (iii).

In Fig. 7, we show an example of a converged network in
which the OLT is located at a remote site and serves several
separate PONs connected through different ROADMSs (in the
Figure, for simplicity, we represented only two PON trees). In
this configuration, we illustrate both pre-metro and inter-PON
connections. For the pre-metro scenario, the connection between
the ONUs serving RU1 and DUI is established using DSCM,
where a portion of the signal is dropped at a nearby location
(DU1) while the remaining SCs continue toward the metro seg-
ment. This functionality is enabled through the addition of three
taps connecting the PON tree, the metro, and the pre-metro
ONU. The tap that connects the pre-metro ONU to both sides
is referred to as the main DU tap. In this example, SCs 11 and
12 are allocated to a bidirectional link between RU1 and DUI.
Simultaneously, RU1 maintains its connection to the OLT using
SCs 9 and 10, while DU1 uses SCs 13 and 14 for its own OLT con-
nection. Throughout this discussion, as in the previous Section,
SC numbering is arbitrary and intended solely for illustrative
purposes.

For the inter-PON case, a direct all-optical connection be-
tween RU2 (from PON1 tree) and DU2 (from PON?2 tree) is
feasible through proper SC planning and the inclusion of op-
tical splitters within the central optical matrix. These splitters
enable a mesh-like topology that interconnects PON 1 on the
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and (c) 10/90 %. Legend in (a) applies to all.

right, PON 2 in the middle, and the OLT on the left. For example,
SCs 5 and 6 can establish an inter-PON link between RU2 and
DU2, while each site retains OLT connectivity via SCs 7 and
8 (for RU2) and SCs 3 and 4 (for DU2). Meanwhile, standard
ONUs in both PONs maintain regular US/DS communication
using SCs 15 and 16 in PON 1, and SCs 1 and 2 in PON 2. It is
important to highlight that this architecture is compatible with
conventional PONs operating at different wavelengths, allow-
ing the proposed connections to be overlaid on existing PON
deployments without interfering with ongoing traffic, thereby
ensuring flexible and scalable coexistence.

B. Metro + PON first-order link budget analysis

In the context of metro + PON setup shown in Fig. 7, the power
budget should account not only for previously discussed factors,
such as SC power imbalance and acceptable power loss, but also
for additional considerations, including the impact of optical
signal-to-noise ratio (OSNR) and filtering effects on the allow-
able OPL in the PON, as these can further degrade signal quality.
These penalties are discussed in [23] and should be taken into
account when planning the physical topology. A detailed anal-
ysis of the metro + PON scenario would require a full paper,
since it would be significantly more complex than the "single
PON tree" studied in previous section. Consequently, in order to
introduce a simple first-order analysis also for this scenario, we
neglect filtering effects and assume that an OSNR above 24 dB
results in a sensitivity penalty below 0.5 dB, whereas an OSNR
of 17 dB incurs a penalty of about 4 dB, thereby reducing the
allowable OPL by the same amount. These metro penalty values
were reported in [23], based on measurements with a 400 Gbps
transceiver using 16 SCs and DP-16-QAM modulation. Accord-
ingly, three OPL thresholds are considered: 29 dB, representing
the target N1-class compliant OPL limit; 25.6 dB, corresponding
to the current transceivers’” OPL limit for links within the PON;
and 21.6 dB, applicable to the current transceivers’ OPL limit for
links traversing the metro segment. The corresponding metro +
PON power budget analysis is presented in Fig. 8, with the split
ratio of the main DU tap varied across three cases: (a) 2/98, (b)
5/95, and (c) 10/90 %. In each case, the first value represents the
portion of power directed to the metro segment, and the second
represents the portion sent to the PON. For each main tap con-
figuration, the split ratios of the two additional taps (x1/x7) are
also varied to evaluate the overall power budget of the proposed
architecture, where x; corresponds to the main PON path and
x; to the path to and from the pre-metro ONU. The link between
RU1 and DU1 must satisfy the PON threshold (i.e., it remains

within the PON), whereas the other links must account for the
OSNR penalty as they traverse the metro segment to reach their
destinations. Results show that the 2/98 % main tap split ratio,
corresponding to insertion losses of 19 dB and 0.25 dB, is the
most favorable configuration for minimizing power imbalance
between DU1-RU1 and DU1-OLT links. This is because the
RU1-DU1 path experiences the cumulative loss of two taps plus
PON attenuation, whereas the DU1-OLT path passes only two
taps before entering the metro. Under the 2/98 % main tap con-
figuration shown in Fig. 8(a), the most suitable split ratios for
the other two taps are found to be 20/80, 30/70, and 40/60 %, as
they provide the lowest power imbalance across all links while
keeping losses close to the addressed thresholds. Finally, the
inter-PON link from DU2 to RU2 is feasible, with an OPL equal
to that of the RU-OLT path, while the reverse RU2 to DU2 link
experiences a loss equal to the DU2-OLT path.

5. FIRST-ORDER LATENCY ANALYSIS IN THE PRO-
POSED ARCHITECTURES

In this Section, we evaluate the latency reduction enabled by
the proposed architectures from a physical perspective, namely
by reducing the physical distance, minimizing O-E-O conver-
sions, and eliminating the need for electrical switching. For
the first-order analysis, three factors are considered. The first
is the fiber propagation delay, taken as 5 us/km [10]. The sec-
ond accounts for transmission protocol delays introduced by
O-E-O transceivers, including coding, mapping, error correction,
and other digital signal processing functions. In particular, [6]
reports a back-to-back latency (including DSP processing) of
approximately 31 us, which we hereafter refer to as the transmit-
ting/receiving (Tx/Rx) latency. And third, the queuing delays
incurred in electrical switches, which vary depending on the
employed techniques and traffic load. Measurements from the
European Advanced Networking Test Center [24] indicate that,
for eCPRI-based front-haul traffic between the RU and DU under
network congestion with segment routing over IPv6 (SRv6), the
minimum and maximum reported latencies for raw front-haul
access plus pre-aggregation routers are approximately 20 and 30
us, respectively.

Within this framework, we compare the latency across three
connection types: intra-PON in coherent PON as illustrated in
Fig. 3(a), pre-metro, and inter-PON in a metro + PON configura-
tion as shown in Fig. 7. For comparison, it is assumed that ONUs
are located approximately 20 km from the OLT and 10 km from
the splitter in the intra-PON connection. Furthermore, in metro
+ PON transmission, where traffic passes through ROADMs,
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Table 4. Latency comparison between conventional links and proposed direct optical connections.

Connection | Conventional Proposed Latency Notes
Type Latency (usec) | Latency (usec) | Reduction

Intra-PON 282-292 131 ~54 % Conventional: 2 Tx/Rx, 2 (20km) fiber links, and switching; proposed:
Tx/Rx, (20km) fiber link.

Pre-metro 382-392 131 ~66 % Conventional: 2 Tx/Rx, 20km fiber link, 4 (10 km) metro spans, and
switching; proposed: Tx/Rx, (20km) fiber link.

Inter-PON 432-442 281 ~35 % Conventional: 2 Tx/Rx, 2 (20km) fiber links, 3 (10 km) metro spans,
and switching; proposed: Tx/Rx, 2 (20km) fiber link, and 10 km
metro span.

the distance between consecutive ROADMs is assumed to be 10
km for simplicity. It is important to note that this comparison
focuses solely on physical-layer latency of all-optical direct links
versus conventional links, where the analysis is restricted to
physical-layer processes (propagation, O-E-O conversion, and
switching) and does not account for dynamic bandwidth allo-
cation or PON higher-layer mechanisms. Table 4 presents the
latency comparison results between the proposed and conven-
tional links. The observed reductions range from 35 % to over
50 %, depending on the configuration and link type. Overall,
the results indicate that the proposed all-optical transmission
scheme substantially decreases end-to-end latency by eliminat-
ing O-E-O conversions and minimizing switching stages in both
coherent PONs and converged metro + PON networks.

6. CONCLUSIONS

We proposed simple physical modifications to PON infrastruc-
ture combined with coherent DSCM to effectively enable both
intra- and inter-PON ONU-to-ONU communication without
relying on O-E-O conversion at the OLT. Such direct, all-optical
connectivity offers a backward-compatible upgrade path for
coherent PON and metro + PON systems, to support the evolv-
ing demands of ultra-high bitrates and stringent latency in fu-
ture X-haul networks. Our results show that future compliant
transceivers require a minimum of 1.3 dB of additional loss mar-
gin beyond the 29 dB N1 PON class limit to support a 40 km
ONU-to-ONU connection. We also demonstrated the role of opti-
mal split ratio options in managing link budgets and minimizing
power imbalances between SCs, while confirming the latency
advantages of bypassing the OLT in intra- and inter-PON traffic.
Future work will focus on defining and solving the split ratio op-
timization problem for each PON deployment scenario to enable
both traditional and ONU-to-ONU communications, as well as
providing an experimental proof-of-concept demonstration for
latency and power analysis.
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