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Abstract: We present a Monte Carlo statistical analysis of transport capacity in converged metro-access optical networks
for 6G RAN traffic, showing spectral granularity limits single-carrier systems, while DSCM enables finer allocation and
order-of-magnitude capacity gains.
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I. INTRODUCTION

Global mobile traffic is expected to continue its rapid growth, driven by emerging 6G services and data-intensive applications,
further increasing the pressure on transport network infrastructures [1-3]. In parallel, disaggregated and open radio access
network (RAN) architectures enable flexible placement of radio units (RUs), distributed units (DUs), and centralized
units (CUs) across geographically distributed locations, bringing programmability and deployment agility [4]. Each RU
requires a transport bit rate of approximately 22.2 Gbps, considering functional split 7.2 by 3GPP, to be supported over the
fronthaul (FH) and midhaul (MH) segments with latency budgets on the order of 250 us and 1 ms, respectively [5-8]. These
aspects have already been investigated in converged metro-access networks through route-level feasibility studies under joint
physical layer and latency constraints, highlighting the role of functional placement and transmission technologies [9-11].

Meanwhile, optical infrastructure in metro networks is already deployed and is being shared among multiple services,
with residual C-band capacity typically available. This available spectrum can be leveraged under a spectrum as-a-service
to support RAN traffic, enabling dynamic allocation of resources over shared infrastructure. However, efficiently utilizing
such available spectrum for fine-granular and latency-constrained RAN traffic requires careful consideration of both
resource allocation and physical-layer feasibility.

Conventional single-carrier (SC) transmission limits its ability to efficiently accommodate moderate-rate RAN demands.
In contrast, digital subcarrier multiplexing (DSCM) provides improved matching between transport resources and RU-level
traffic granularity [12, 13]. This becomes increasingly critical under RU densification, where the growing number of RUs
intensifies the demand on limited spectral resources and directly impacts the achievable transport capacity.

Previous studies do not explicitly address the utilization of available spectral resources to support increasing RAN
traffic demand under progressive network loading. In this work, we statistically investigate transport capacity in converged
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Fig. 1. Simulated converged metro-access network topology and corresponding parameters.
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Fig. 2. Modeled Converged Metro Access Network Architecture

metro-access optical networks under joint physical-layer and latency constraints, motivated by the need to efficiently exploit
available spectrum for latency-constrained RAN services. Extending the framework in [14] to metro-access scenarios and
DSCM-based transmission, we quantify the supported traffic within a given spectral allocation using blocking probability
(BP) as the primary performance metric. We further evaluate the impact of transmission configurations and analyze capacity
scaling under increasing RU density, highlighting transport limits in spectrum-constrained metro environments. Results
show that DSCM supports upto 8.8 Tbps at 10% residual C-band and 43.5 Tbps at 40% within a BP of 1%.

II. NETWORK ARCHITECTURE AND MODELING

The performance evaluation is conducted on a representative converged metro-access optical network (Fig. 1), spanning
two metropolitan areas comprising access and metro segments, reflecting a realistic operator-grade deployment [8]. Access
nodes (A-nodes) correspond to RUs, while metro nodes (M-nodes) are modeled as reconfigurable Optical Add-Drop
Multiplexers (ROADMs) enabling traffic aggregation within the optical layer. Each access cluster consists of four access
nodes connected to the metro network via circulators, a splitter, and a ROADM, emulating bidirectional (BiDi) access and
dual-fiber operation as shown in Fig. 2. DU functionalities are hosted at selected metro nodes, whereas CU functions are
centralized at data centers located at nodes M31 and M32, forming RU-DU-CU (end-to-end, E2E) paths across FH and
MH segments.

Physical-layer performance is evaluated using a Python-based framework built on GNPy [15, 16], enabling modeling of
fiber attenuation, amplified spontaneous emission (ASE) noise, and nonlinear interference (NLI). All links are assumed
to be standard single-mode fiber (SSMF) with attenuation 0.25 dB/km, and EDFAs with a 6 dB noise figure. Node
impairments include a circulator loss of 0.81 dB at the access interface and a ROADM insertion loss of 10 dB at metro
nodes [10, 17].

Transmission performance is captured using experimentally characterized models of SC and DSCM pluggable
transceivers, providing a mapping between received optical power (ROP) and signal-to-noise ratio (SNR). The end-
to-end SNR is computed as SNR™! = GSNR™! + SNR{&X, and the corresponding bit-error-rate (BER) as BER =
ki erfc(\/ ko - SNR), with a feasibility threshold of 1072, consistent with hard-decision pre-FEC limits [18, 19]. La-
tency is evaluated from propagation delay assuming 5 uskm™' for SSMF, while transceiver processing delays are neglected,
as they are comparatively negligible in transparent optical transport scenarios [20].

Network performance is assessed via Monte Carlo (MC) simulations with 1000 independent iterations. Traffic demands
are progressively generated and mapped onto E2E paths, and each request is evaluated under joint GSNR, BER, and latency
constraints. If a feasible route and spectrum assignment cannot be identified, the request is blocked. This process enables
the characterization of network capacity as a function of offered load, using BP as the primary performance metric. The
overall workflow is summarized in Fig. 3, where routing, physical-layer evaluation, and spectrum allocation are performed
iteratively for each demand.
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Fig. 3. Simulation Workflow
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III. RESULTS AND DISCUSSION

Fig. 4a shows the BP as a function of offered RAN traffic load for different levels of available C-band spectrum with a
channel-width of 75 GHz and DP-16QAM. As expected, increasing the available spectrum extends the supported load
region, shifting the operating point toward higher traffic volumes before the BP reaches 1%. A clear performance gap
between SC and DSCM transmission is observed. For the same spectral allocation, DSCM sustains significantly higher
traffic loads compared to SC, reflecting its ability to more efficiently utilize the available spectrum through fine-granular
allocation. This difference becomes more pronounced at higher loads, where resource constraints dominate and efficient
spectrum usage is critical.
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Fig. 4. Performance evaluation under different residual C-band capacity scenarios: (a) blocking probability versus offered load for SC and DSCM
schemes; (b) network capacity at 1% blocking probability as a function of available residual C-band capacity for different transmission schemes; (c)
impact of RU density on supported capacity at 1% blocking probability.

Fig. 4b quantifies the achievable network capacity at a BP of 1% for different transmission configurations. For SC
transmission, both DP-QPSK and DP-16QAM achieve identical capacity values across all spectrum allocations (e.g.,
0.5 Tbps at 10% C-band and 3.4 Tbps at 40%), indicating that system performance is primarily limited by spectrum
availability rather than modulation format. In this regime, the coarse channel granularity dominates, masking the benefits of
higher spectral efficiency. In contrast, DSCM provides a substantial capacity increase across all configurations. For example,
at 10% C-band, DSCM with DP-16QAM achieves approximately 8.8 Tbps, compared to 0.5 Tbps for SC, corresponding to
more than an order-of-magnitude improvement. This gain persists across all spectrum allocations, reaching up to 43.5 Tbps
at 40% C-band. Even with lower-order modulation (DP-QPSK), DSCM significantly outperforms SC, confirming that the
dominant factor is the improved granularity of spectrum allocation rather than modulation efficiency alone. These results
highlight that, under moderate-rate RAN traffic demands, efficient resource matching enabled by DSCM is more impactful
than increasing per-channel spectral efficiency.

Fig. 4c shows the supported network capacity at a BP of 1% as a function of the number of RUs per access cluster for
DP-16QAM. For SC transmission, the achievable capacity remains essentially constant regardless of RU density (e.g.,
0.4-1.9 Tbps depending on spectrum allocation), indicating that the system is constrained by fixed channel granularity and
cannot effectively exploit additional traffic aggregation.

In contrast, DSCM exhibits a strong dependence on RU density. As the number of RUs per cluster increases, the
supported capacity grows significantly, particularly for higher spectrum allocations. For instance, at 40% C-band, the
supported capacity increases from approximately 1.2 Tbps at 4 RUs per cluster to over 17 Tbps at 56 RUs per cluster. This
behavior reflects the ability of DSCM to aggregate multiple moderate-rate RU demands efficiently through subcarrier-level
allocation. Moreover, the results show that the capacity scaling saturates beyond a certain RU density, particularly under
limited spectrum (e.g., 10% and 20% C-band), where the system becomes resource-limited. This saturation indicates the
fundamental transport limits imposed by available spectrum under joint physical-layer and latency constraints.

IV. CONCLUSION

This work evaluated the transport capacity of converged metro-access optical networks for RAN traffic under joint physical-
layer and latency constraints. The results show that SC transmission is limited by fixed channel granularity, leading to
inefficient utilization of available spectrum. In contrast, DSCM enables fine-granular resource allocation, increasing
supported capacity from 0.5 to 8.8 Tbps at 10% residual C-band and from 3.4 to 43.5 Tbps at 40%. Furthermore, DSCM
supports a capacity exceeding 17 Tbps under RU densification. These results confirm that efficient matching between
traffic granularity and spectral resources, rather than spectral efficiency alone, is the key factor in maximizing transport
capacity, highlighting DSCM as a promising solution for future 6G x-haul networks.
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