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Abstract—The coexistence of quantum and dense wavelength-
division multiplexed (DWDM) channels offers a practical
route for integrating continuous-variable quantum key distri-
bution (CV-QKD) into deployed fiber networks. In this paper,
we employ numerical simulations to investigate the impact of
classical channel placement on CV-QKD system performance
in a counter-propagating configuration, accounting for fiber
nonlinearities and spontaneous Raman scattering (SpRS). We
demonstrate that, as a consequence of the wavelength-dependent
behavior of SpRS, smaller guard bands between the classical and
quantum channels can be preferable to maximizing the spectral
separation.

I. INTRODUCTION

In recent years, quantum computing has seen remarkable
advances, raising critical concerns about long-term data se-
curity. Continuous-variable quantum key distribution (CV-
QKD) provides a quantum-safe alternative to classical key
exchange mechanisms, offering information-theoretic security
based on fundamental quantum principles. Its compatibility
with commercial off-the-shelf telecommunication components
makes CV-QKD a promising candidate for the integration into
optical networks [1], [2].

To enable cost-efficient integration into optical networks,
quantum signals are preferably co-transmitted with classical
dense wavelength-division multiplexing (DWDM) data chan-
nels over a shared optical fiber. The scenario in which both
signals propagate in the same direction is referred to as co-
propagating, while propagation in opposite directions defines
the counter-propagating case. Due to fiber nonlinearities and
spontaneous Raman scattering (SpRS), the coexistence of
DWDM channels and the quantum channel introduces excess
noise, which can significantly impair the performance of CV-
QKD in the absence of adequate mitigation [3]–[5]. While
multiple experiments have demonstrated the practical feasibil-
ity of co-existence of CV-QKD with DWDM classical traffic
over metropolitan and long-haul fiber networks [6]–[8] and
several models for SpRS in the co- and counter-propagating
scenario exist [3], [9], a comprehensive simulation framework
that includes both effects from fiber nonlinearity and SpRS for
counter-propagation is still lacking.

In this work, we develop a simulation methodology for the
counter-propagation scenario and study the impact of classical
channel placement on the quantum channel in terms of excess
noise. Our results reveal the counterintuitive finding that a
smaller spectral separation between the DWDM channels and
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Fig. 1. Raman cross-section into ITU channel C34 for different ITU DWDM
channels.

the quantum channel can be advantageous, highlighting the
need for strategic wavelength planning rather than guard-band
intuition alone.

II. SIMULATION FRAMEWORK

Inspired by the numerical methods for distributed Raman
amplifiers in long-haul communication [10] and the general-
ized nonlinear Schrödinger equation [11], we have modified
the conventional numerical split-step Fourier method (SSFM)
and extended it for the counter-propagation case. Given the
computational cost, we have chosen 214 symbols for the
simulation without using a fixed seed. We have seen that this is
sufficient to capture statistical trends in parameter estimation
by evaluating signal-to-noise ratio and transmittance at each
step of SSFM and comparing it with the expected values.

A. Assumptions

Due to the relatively low power of the CV-QKD signal, its
nonlinear impact on the classical DWDM channels is negligi-
ble. We therefore implement a two-step modified SSFM that is
sufficient to capture the impairments imposed by the classical
channels on the CV-QKD signal. First, the propagation of
classical data channels was simulated using the standard SSFM
approach, and the power spectral density (PSD) was stored
at each step over the entire simulation window. Later, the
quantum channel’s propagation was simulated in the opposite
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Fig. 2. Schematic of the simulation setup. Red and blue colors highlight the quantum and classical signal paths, including their respective propagation and
DSP chains.

direction, using the stored PSDs to calculate the nonlinear
contribution assuming a fiber nonlinear coefficient of γ =
1.3 W−1 km−1.

Figure 1 shows the Raman cross-section, ρ(λ), into ITU
channel C34, evaluated for different 100GHz-spaced ITU
DWDM channels (C34 indicated by the red vertical line). The
values of ρ(λ) for C34 are obtained by extracting experimental
data from [12]. Additionally, the assumptions from Refs. [13],
[14] were adopted to approximately calculate ρ(λ) due to
remaining channels. These channel-dependent ρ(λ) values
are then used at each SSFM step to synthesize a band-
limited complex noise sequence representing SpRS, thereby
preserving its stochastic nature throughout the propagation.

B. Simulation Setup and Parameters
Figure 2 illustrates the simulation setup used to analyze the

coexistence of a CV-QKD signal multiplexed in wavelength
with counter-propagating classical channels in a standard
single mode fiber. At the CV-QKD transmitter (left side of
the figure), quantum states are generated by mapping random
bits onto 256-QAM symbols at a rate of 150Mbd. The symbol
sequence is then upsampled, by a factor chosen to meet the
required simulation bandwidth, and pulse-shaped with a root-
raised-cosine (RRC) filter. The launch power is set to 6.2 SNU
to achieve a quantum-level signal, and to reflect practical
preparation noise, a transmitter noise modeled as a zero-
mean white Gaussian noise (WGN) with variance 0.03 SNU
is added. The quantum signal is then wavelength-multiplexed
with classical channels that are generated at the fiber end with
respect to the CV-QKD signal with a launch power of 0 dBm
per channel. Fiber propagation is simulated using the proposed
SSFM method, after which the QKD signal is demultiplexed
from the classical traffic.

At the CV-QKD receiver, shot noise and electronic noise are
included as zero-mean additive WGN with variances of 1 SNU
and 0.1 SNU, respectively. Out-of-band noise is suppressed
using a matched RRC filter, and the noisy quantum states are
obtained through downsampling. Finally, parameter estimation
is performed to quantify transmittance and excess noise which
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Fig. 3. Comparison between numerically simulated SpRS noise and the
theoretical prediction. Error bars indicate statistical variation across three
independent runs.

includes the residual noise on the quantum states other than
receiver noise. The results in the following section show that
the excess noise is primarily driven by preparation noise, SpRS
and nonlinear inter-channel crosstalk.

III. SIMULATION RESULTS

To validate our simulation framework, we quantify the SpRS
noise as a function of fiber length and compare the results with
the analytical approach in [3]. Therefore, we assume the quan-
tum channel as ITU C58 and one classical channel as ITU C34,
respectively. Figure 3 shows the resulting SpRS noise based
on the analytical model and the simulation framework. For
the numerical results, we run three independent simulations
for each distance.

The results show that the numerical simulations agree with
the analytical values at the measurement points, validating our
simulation framework. In addition, Fig. 3 shows that the SpRS
noise increases with distance due to counter-propagation.
Lastly, we see fluctuations in the numerical results as a



TABLE I
CONFIGURATION OVERVIEW

Configuration Quantum Classical

A C34 None
B C34 C33, C35
C C34 C21, C47

consequence of random seeds in the simulation and estimation
errors due to the limited number of symbols.

After verifying the simulation framework, we analyze
different settings of classical and quantum channels. Hence,
we quantify the excess noise depending on the distance for
configurations A, B, and C as summarized in Tab. I.

Figure 4 depicts the numerical results for the excess noise
depending on the fiber length and the three configurations
A, B, and C. For each distance, we perform five simulation
runs and depict the mean values with error bars. For all
configurations, Fig. 4 shows decreasing excess noise with
increasing distance. All configurations start around 30mSNU
due to the excess noise from the transmitter and are subject
to attenuation, leading to an approximately exponential decay
over distance for configuration A. Moreover, adding classical
channels (configurations B and C) increases excess noise. We
differentiate the nonlinear effects from classical channels into
cross-phase modulation (XPM) and SpRS. The classical chan-
nels in configuration B have a smaller spectral separation to the
quantum channel compared to configuration C. Consequently,
the XPM for configuration B is higher compared to C. Since
the excess noise for configuration C is larger compared to
configuration B, Fig. 4 shows that SpRS is the dominant effect
compared to the XPM. The Raman cross-section correspond-
ing to configurations B and C are 3.64×10−9 km−1nm−1 and
8.97 × 10−9 km−1nm−1, respectively. This difference makes
the excess noise in configuration C higher than in configuration
B, although the guard band between the quantum and classical
channels is larger for configuration C. The study in [3] shows
comparable findings. Based on the results in Fig. 4, we
recommend configuration B compared to C. Similar to the
previous results, the figure depicts comparable fluctuation due
to different random seeds and estimation errors.

IV. CONCLUSION

We investigated the impact of classical data traffic on
counter-propagating quantum signals by comparing different
WDM channel configurations. The numerical simulation re-
sults, based on a modified SSFM, indicate that SpRS is the
dominant contributor to excess noise, severely impacting the
performance of CV-QKD. Due to the wavelength-dependence
of SpRS, we show that WDM channel configurations with
larger spectral separation to the quantum channel may per-
form worse than closer spaced channels. Rather than relying
solely on guard-band intuition, these results provide guidance
for optimizing spectrum assignment in QKD-secured optical
networks.
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Fig. 4. Evolution of excess noise over the fiber length for different configu-
rations. Statistical variation due to 5 times runs.
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