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Abstract: We experimentally validate a transmission model for single-fiber/laser
bidirectional links in next-generation mobile transport with point-to-multipoint coherent
transceivers. The model achieves 0.3dB accuracy in 90% of cases, enabling reliable perfor-
mance prediction and network optimization.

1. Introduction

Next-generation 6G mobile transport networks will require (i) higher throughput, (ii) lower upstream/downstream
latency, and (iii) reduced hardware complexity and cost. Coherent bidirectional (Bi-Di) transmission over a single
fiber and single laser is a promising solution, as it enables efficient use of scarce fiber resources while maintaining
compatibility with PON architectures. Sharing the same optical medium also minimizes latency and alleviates
timing and synchronization challenges envisioned for 6G [I, 2]. One of the key challenges in single laser Bi-
Di is dealing with reflections — both discrete (e.g., connector induced) and distributed (Rayleigh backscattering,
RBS) — with recent works proposing signaling schemes that are inherently more tolerant to reflections [3,4]. Co-
herent transceivers based on Digital Subcarrier Multiplexing (DSCM) architectures offer high flexibility at the
transmitter [5], supporting mixed configurations and scalable Point-to-Multipoint (P2MP) operation [6]. Coherent
transceivers can deliver the required capacity, while single-laser/wavelength operation enables filterless, spectrally
efficient single-fiber designs that reduce cost and complexity. Reflection-induced penalties and time-varying field
conditions (e.g., contaminated connectors) make spectral flexibility essential. DSCM enables this through N Digi-
tal Subcarriers (DSCs) operating as quasi-independent channels, allowing fine-grained adaptation to instantaneous
link conditions.

In this contribution, we present and experimentally validate an analytical model that supports real-time Quality
of Transmission (QoT) estimation in a P2MP network with one HUB and 2 LEAFs, i.e. the central office and
user segments, respectively, in single-fiber sigle-laser Bi-Di coherent optical transmission. This analytical model
enables reliable performance prediction and network optimization with high accuracy.

2. Experimental setup

Fig. 1 shows the experimental setup: a Bi-Di P2MP optical network with a central HUB and two LEAF nodes (L1
and L2), over a single-fiber. The nodes employ real-time coherent DSCM with a single-laser Bi-Di architecture
at 194 THz. Each transceiver (TRX) uses Dual Polarization (DP)-16QAM at 25 Gbps per DSC. The 400G HUB
operates 16 DSCs; four per LEAF (100G each), while the remaining eight remain active to ensure full-capacity
operation. Each LEAF uses four DSCs per direction.

A 3—dB splitter distributes traffic among nodes, and optical circulators route the transmitted and received signals
to their corresponding ends. The TRXs operate at fixed output power, and three external Variable Optical Attenu-
ators (VOASs) control the transmitted power of each node: Ay at the HUB TX, and A7 and Aj; at the LEAFs TXSs.
The HUB-LEAF distances are d; = 20 km and d; = 40 km, conformed by two 20 km Standard Single Mode Fiber
(SSMF) segments. System losses, Ajoss, include fiber attenuation, splitter, and insertion losses. This setup provides
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Fig. 1: P2MP setup with HUB and LEAFs showing their TX spectrum, and the RX one at the HUB.
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the experimental data for validating the analytical Generalized Signal-to-Noise-Ratio (GSNR) model as function
of nodes’ power. Measured spectra in Fig. 1, with frequency axis relative to 194 THz, show the transmitted signals
from HUB, LEAF 1, LEAF 2, and the received signal at the HUB, revealing the HUB reflections and the power
imbalance between LEAFs due to different path losses (assuming same transmitted power in the LEAFs).

3. Analytical model

We derive a Bi-Di transmission model based on the Additive White Gaussian Noise (AWGN) approach [6, 7],
where all interference and impairments are treated as noise. This results in GSNR ! = SNRtrx ! +SNRgps ! +
SNRxt !, with contributions from TRX intrinsic noise, RBS, and crosstalk (XT). Eq. (1) extends this model to
each individual ith-DSC, considering each node’s transmit—receive pair, with Prx ; and Prx ; representing the local
transmit and remote receive powers along the corresponding light path.

Prx;i
GSNRpsc; = - S —— (1)
OTRX +13PRX,i +Zm:1 (2A10557,nSOCR(1 — o 40m m)/405m) Prx i +Nxt
—_———
NTRrX NRB

The TRXs intrinsic noise is represented as a baseline noise composed of a power-independent and power-
dependent term, modeled as: Ntrx = arrx + BPrx [8]. Parameters ogy and f are fitted from the experimental
GSNR and Prx data points for each individual transmitter-receiver pair, measured while isolating other interfer-
ence sources (RBS and crosstalk).

RBS is a key interference source in Bi-Di networks and can be modeled as AWGN. This assumption holds
in coherent systems, where backscattered light is depolarized, approximately spectrally flat over the signal band,
and uncorrelated with the signal of interest [9]. Localized fiber discontinuities such as splices or connectors may
introduce discrete reflections that further degrade signal quality [6]. Here, we neglect the impact of discrete re-
flections as they cannot be predicted, but in practical systems a proper SNR margin should be reserved to account
for such reflections. The equivalent reflectivity of the distributed RBS is defined as Ngg = Prxi - 2A10ssS0r (1 —
e4ed) /(4ax), where « is the fiber attenuation coefficient, S = 1.5- 1073 and oz &~ 0.15[dB /km] are the RB cap-
ture factor and RB field loss, respectively. This estimate applies to a single fiber segment, and for a system with
M segments, Ngp , must be computed individually using each segment’s 10ss Ajoss,,, and then all contributions
summed. Total system losses include fiber attenuation, splitters, and insertion losses, but here Ay, refers only
to component losses within the segment, as fiber attenuation ¢, is already included in the exponential term.

The XT term, Nxr, between the channels is attributed to out-of-band noise generated at the TX of each chan-
nel. Although colored, this term is approximated as locally AWGN and it is estimated by direct experimental
measurement, e.g., during qualification testing.

4. Experimental results against analytical model

We experimentally measured the Q-factor for all DSCs in the network. The minimum Q-factor among them is
adopted as the system performance metric, as it defines the overall transmission limit by representing the lowest-
performing DSC, as expressed in (2).

2 . 2 2 2 2
Qmin(AL1,AL2, Ag) = min {QLHH7 Qr2-1s Qhoers Qroro }7 (@)

The experimental values are obtained from TRX measurements, while the analytical ones are derived from the
modeled GSNR from Eq. (1) as Q = /2 -erfc~![3/4 - erfc(,/GSNR/10)], corresponding to DP-16QAM modula-
tion. Each term Q% _, contains the Q-factor of the DSCs received at node B from node A.

Fig. 2 shows the experimentally measured anin (solid lines) and analytical results from the model (dashed
lines) as a function of the attenuations Ap; and Ay, for six Ay values. The DSC performance of HUB and LEAF
nodes evolves differently with transmitted power due to the combined effects in Eq. (1). For instance, raising the
transmitted power increases the SNR at one node, but simultaneously amplifies reflections and crosstalk at others,
leading to a complex trade-off, where an optimal operating point can be identified such that anin is maximized
for specific attenuation settings, defined as (Ar1 opt; AL2,0pt) = argmaxa, ALZ{Qrznin(AL17AL2’ An)}.

The plots reveal that the optimal operating point shifts diagonally with increasing transmitted power, requiring
a proportional LEAF-power adjustment— offset by LEAFs 2 longer path— to balance performance, while compen-
sating for stronger reflections. Beyond a certain HUB power, the maximum Qrzrlirl saturates, limited by TRX noise,
since for Prx — o2, GSNR — 1/ in (1), neglecting nonlinearities. At low HUB powers, e.g., Ay = 4-5 dB, Qrznin
is limited by low received power. These trends are further discussed in [4], and properly captured by our model.

To validate the model, we compare analytical and experimental data using Q-factor measurements within the

minimum threshold. The close overlap between dashed (model) and solid (experimental) contour lines indicates
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Fig. 2: Overall Qfmn for all DSCs versus L1 and L2 attenuation (axes) for different Hub settings (subplots). Solid and dashed
lines: experimental and modeled values. Inset: histogram of cumulative model error.

that the model accurately reproduces the measured results. The inset in the last subplot shows the model error,
E = Quodel [dB] — Qqata[dB], including all measured and modeled Q values (i.e. not just the Q2. ones). The his-
togram reveals that 90% of the errors fall within +0.3dB, with all confined between —0.4 and 0.6dB, indicating
that larger deviations are very rare and the model is statistically reliable.

Finally, we employ an optimization approach following the Nelder—Mead Simplex Method [10], using the mod-
eled GSNRs to directly find the TX power settings that maximizes the Qfmn. The resulting points are shown in
red markers in Fig. 2. This approach is significantly faster than the grid search approach, and can significantly
simplify optimization in larger networks with multiple HUBs and LEAFs. Beyond power optimization for maxi-
mizing the anin, the model also enables practical strategies to optimize the DSCM management—e.g., minimizing
reflections, maximizing capacity on demand, or reducing power consumption by disabling unused DSCs—which
remains an open topic for future work.

5. Conclusions

We presented a BiDi P2MP analytical model capturing TRX noise, RBS, and crosstalk, validated against experi-
mental data. For 90% of cases, the modeling error remains within +0.3dB. Moreover, it enables direct optimiza-
tion of power settings for fast, reliable network operation and high transmission quality, even in larger networks,
supporting scalable beyond-5G/6G deployments.
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