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Abstract: We model spontaneous Raman scattering noise in polarization-encoded quantum 
communication channels co-propagating with classical signals using the depolarization channel. 
Utilizing NetSquid simulations, we validate the model against demonstrations of qubit transmission, 
entanglement distribution, and teleportation. 
Keywords: Photonic quantum communication, Photonic quantum information processing. 

 INTRODUCTION 

In recent years, quantum networks have made significant progress in using photonic qubits to interconnect quantum 
processors, either through direct qubit transmission or by leveraging nonlocal correlations to teleport quantum states and 
mitigate optical fiber loss. Quantum networks are dependent on classical control planes to share outcomes of network 
primitives, such as Bell-state measurements (BSM), making quantum-classical fibre coexistence desirable for practical 
implementations. To reduce deployment cost, quantum signals should be integrated within existing infrastructure rather 
than building stand-alone quantum networks. Coexisting entanglement distribution has been demonstrated using 
wavelength-division multiplexing with suitable visibility to violate the Bell-inequality [1, 2, 3]. 

Coexistence demonstrations have raised questions about modeling classical noise, particularly nonlinear spontaneous 
Raman scattering (SpRS), in quantum networks. SpRS noise is typically quantified by the detected Raman power based 
on various fibre and detector parameters, however, this framework is not suitable for use in many quantum network 
simulators. Such simulators [4] model a subset of the network stack, such as analytical point-to-point simulators [5] or 
event-based simulators of network protocols [6, 7]. The latter abstract hardware and qubit encoding to model noise with 
theoretical quantum channels, preventing the incorporation of hardware parameters into the simulator’s error modeling. 
Consequently, these simulators are currently unable to estimate the coexisting SpRS noise effects on abstract qubits and 
quantum network primitives [8].  

 In this work, we address this gap by proposing a framework to translate coexisting SpRS noise into a format compatible 
with quantum network simulators. Previous work [1, 2, 3] identifies SpRS photons generated at the quantum wavelength 
by the higher power classical channel as the dominant noise source for coexisting quantum channels. Experiments 
characterize SpRS noise photons generated from a C-band source as completely depolarized with a purity 𝑃𝑃 = 0.5, and 
their detection noise on the polarization-encoded qubit 𝜌𝜌 is well described by the depolarization channel 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷(𝜌𝜌) with 
mixing probability 𝑝𝑝𝑚𝑚 [1]. 

 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷(𝜌𝜌)  =   �1 −
3𝑝𝑝𝑚𝑚
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(1) 

We analytically derive the depolarization channel’s mixing probability 𝑝𝑝𝑚𝑚 from physical parameters and validate the 
model using NetSquid [6] versus recent implementations of direct transmission [1], entanglement distribution [2], and 
teleportation [3] of polarization-encoded qubits coexisting with a classical channel. 

 DERIVATION OF DEPOLARIZATION CHANNEL MIXING PROBABILITY 

A. Direct Qubit Transmission Noise Model 
When transmitting polarization-encoded qubits across a coexisting channel, the probability of mixing 𝑝𝑝𝑚𝑚 is related to 

the incident Raman photons detected at the quantum wavelength. The average number of detected SpRS photons 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
within a detection window Δ𝑇𝑇 is defined as [9] 

 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝛽𝛽�𝜆𝜆𝑞𝑞 , 𝜆𝜆𝑐𝑐�𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝐿𝐿

𝐸𝐸𝑝𝑝ℎ�𝜆𝜆𝑞𝑞�
Δ𝜆𝜆Δ𝑇𝑇𝜂𝜂𝑑𝑑 = 𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Δ𝜆𝜆Δ𝑇𝑇𝜂𝜂𝑑𝑑 (2) 

where 𝛽𝛽  is the SpRS coefficient quantifying the amount of the Raman gain effect at the quantum wavelength 𝜆𝜆𝑞𝑞, 𝑃𝑃𝐿𝐿  is 
the launch power into the fibre, Δ𝜆𝜆  is the quantum filter bandwidth, 𝜂𝜂𝑑𝑑 is the efficiency of detector, and 𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the 
rate of incident SpRS photons. 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒  is the effective length of the fibre with co- or counter-propagating Raman scattering 
[6]. Normalizing this amount by the average number of detection events yields the mixing probability  
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 𝑝𝑝𝑚𝑚 =
𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑛𝑛𝑞𝑞
 (3) 

where 𝑛𝑛𝑞𝑞is the average number of qubits detected per Δ𝑇𝑇 [1]. 

B. Entanglement Distribution Noise Model 
Distributing polarization-encoded Bell states from a spontaneous parametric down-conversion (SPDC) source 

requires adapting the direct transmission noise model to incorporate the hardware noise of the source and the paired 
superconducting nanowire single-photon detectors. Building on the approach in [3, 10], the visibility of the entangled 
source 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 must be estimated from the probability of detecting a Raman photon 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 within each detection window. 
With effective spectro-temporal filtering, 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 can be assumed to be << 1. With this assumption, the probability of 
detection at the end of fibre 𝑖𝑖 is 

 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 = 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝜂𝜂𝑑𝑑𝑖𝑖𝜂𝜂𝑟𝑟𝑥𝑥𝑖𝑖 + 𝜂𝜂𝑖𝑖𝜇𝜇𝑁𝑁𝑖𝑖 + 𝑑𝑑𝑖𝑖 (4) 

where 𝜂𝜂𝑟𝑟𝑥𝑥𝑖𝑖is the transmission efficiency of the receiver’s optical components, 𝜂𝜂𝑖𝑖 is the total transmission efficiency 
from emitter to detection at the receiver, 𝜇𝜇𝑁𝑁𝑖𝑖 represents the average number of noise photons generated per pulse at the 
quantum source, and 𝑑𝑑𝑖𝑖 is the dark counts per detection window. 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖  can be treated as a cumulative detection noise 
term if other sources of noise are characterized. For 𝜂𝜂𝑖𝑖 << 1, 𝜇𝜇𝑠𝑠 << 1, and 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 << 1, the maximum and minimum 
coincidence counts, 𝐶𝐶(𝑖𝑖,𝑗𝑗) and 𝐴𝐴(𝑖𝑖,𝑗𝑗), including noisy detections are approximated from the single count probability 𝑆𝑆𝑖𝑖  

 𝑆𝑆𝑖𝑖 ≈ 𝜂𝜂𝑖𝑖𝜇𝜇𝑠𝑠 + 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 ,  𝐶𝐶(𝑖𝑖,𝑗𝑗) ≈ 𝜂𝜂𝑖𝑖𝜂𝜂𝑗𝑗(𝜇𝜇𝑠𝑠 + 𝜇𝜇𝑠𝑠2) + 𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗 ,  𝐴𝐴(𝑖𝑖,𝑗𝑗) ≈ 𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗    (5, 6, 7) 

where 𝜇𝜇𝑠𝑠 is the mean photons generated per pulse [3]. Correspondingly,  
 

𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡(𝑖𝑖,𝑗𝑗) =
𝐶𝐶(𝑖𝑖,𝑗𝑗) − 𝐴𝐴(𝑖𝑖,𝑗𝑗)

𝐶𝐶(𝑖𝑖,𝑗𝑗) + 𝐴𝐴(𝑖𝑖,𝑗𝑗)
,  𝐹𝐹𝑒𝑒𝑒𝑒𝑡𝑡(𝑖𝑖,𝑗𝑗) =

1 + 3𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡(𝑖𝑖,𝑗𝑗)

4
 

(8, 9) 

When only one qubit experiences depolarization noise, 𝑝𝑝𝑚𝑚(𝑖𝑖,𝑗𝑗) = 1 − 𝐹𝐹𝑒𝑒𝑒𝑒𝑡𝑡(𝑖𝑖,𝑗𝑗)  [11]. The 𝑝𝑝𝑚𝑚  of different entanglement 
distribution topologies can be compared using 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 [5]. A source-at-sender which only co-propagates the signal can set 
𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖= 0. A midpoint source can instead set 𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖.  

  SIMULATING COEXISTING SPRS NOISE IN NETSQUID 

We utilize NetSquid to validate the depolarization model’s output versus coexistence demonstrations. All studies 
employ a C-band source to co-propagate with either C-band [1] or O-band polarization-encoded qubits [2, 3]. Each study 
reports the baseline fidelity of the transmitted state in the absence of the classical channel 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 with its pure state 𝜓𝜓 such 
that 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  =  𝐹𝐹(𝜓𝜓,𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑). In NetSquid, 𝜌𝜌𝑑𝑑𝑎𝑎𝑟𝑟𝑟𝑟 is represented using the density operator. The sender node prepares 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
with experimentally characterized 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 before transmitting across a coexisting fiber to the receiving node. Within the 
simulated fibre, coexisting SpRS detection noise is applied using the depolarization channel with the derived 𝑝𝑝𝑚𝑚 to output 
the noisy coexisting state 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  at the receiver. 

Chapman et al. approximate a single photon source using attenuated coherent states across 1530-1570 nm quantum 
channels co-propagating with a 1542.5 nm classical source at ~5.5 dBm over various fiber lengths [1]. In NetSquid, we 
emulate the 5.5 km configuration, where 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is estimated using the Bloch sphere parameterization for the density matrix 
[12]. The 𝑝𝑝𝑚𝑚 for each channel configuration is calculated from Eq. 3 using experimental 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 and 𝑛𝑛𝑞𝑞 counts. The dark 
and coexisting fidelities of each wavelength are reported with respect to the reference channel at ~1530 nm. 

Thomas et al. generate polarization-entangled photons at signal and idler frequencies of 1287 and 1313 nm [2]. The 
signal is multiplexed with a 1550nm classical pump using a range of launch powers, while the idler propagates in dark 
fiber. In NetSquid, the polarization noise of 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  is assumed to be uncompensated polarization mode dispersion or 
polarization-dependent loss, therefore the density matrix of 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is estimated by applying the dephasing channel to the 
pure Bell-state as shown in [13]. The 𝑝𝑝𝑚𝑚 is derived for each 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ from Eq. 8 using experimental coexisting visibility 
data. 

Thomas et al. also perform teleportation with a midpoint BSM between Alice’s polarization-encoded qubit 𝜓𝜓𝐴𝐴 at 1290 
nm and Bob’s entangled photons at 1290 and 1310 nm [3]. 𝜓𝜓𝐴𝐴 is multiplexed with a 1547.32 nm classical signal at 74 
mW and propagates 15.2 km until reaching the BSM components. The classical signal is demultiplexed before the BSM 
and remultiplexed with Bob’s signal photon where it experiences counter-propagating noise over 15 km. In NetSquid, 
Bob’s 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  is represented in the same manner as the entanglement scenario [13]. The dark fidelity of each state is 
estimated from Eq. 4 using experimental parameters and setting 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖  = 0. The respective 𝑝𝑝𝑚𝑚 for each quantum state are 
derived from Eq. 4 and experimental 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 counts for each signal and idler channel pair. After transmission, we first use 
noiseless quantum gates to perform the BSM operation on Alice’s depolarized qubit 𝜎𝜎𝐴𝐴 and Bob’s depolarized signal 
photon, followed by local corrections to Bob’s idler. 
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   RESULTS 

  
Fig. 1. Experimental and simulated quantum state fidelities of coexisting (a) direct transmission  
versus quantum channel wavelength, and (b) entanglement distribution versus launch power. 

 The simulations accurately estimate the SpRS noise imparted on qubits in each scenario. Fig. 1(a) compares the 
coexisting fidelity of direct qubit transmission at various wavelengths with Chapman’s experimental results [1], such that 
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜆𝜆)  = 𝐹𝐹�𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(1530),𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜆𝜆)�. Raman gain is experimentally characterized as minimal near the classical channel 
and peaks near 1533 and 1555 nm [1]. At wavelengths below the classical channel, fidelity is primarily affected by SpRS 
noise, while higher wavelengths also suffer from greater source impurity. We find that the simulated fidelity aligns well 
with the experimental trend, though it slightly underestimates near 1555 nm. This discrepancy may be caused by a 
mischaracterized experimental source fidelity or 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 at this wavelength. 

In Fig. 1(b), we compare the simulated fidelity of coexisting entanglement distribution to Thomas’s results [2], where 
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹(𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ,𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). The simulations follow the experimental trend of decreasing fidelity with greater launch power 
due to more incident Raman photons at the detector. The fidelity of this experiment is significantly higher than the 
previous due to improved wavelength selection and spectro-temporal filtering techniques. Thomas [2] chooses to co-
propagate qubits in the O-band resulting in lower Raman gain at these wavelengths from the C-band source than 
Chapman’s C-band quantum and classical channels [1]. 

In Table I, we report high accuracy between experimental and simulated teleportation fidelity values of pole, equatorial, 
and average states on the Bloch sphere. As performed in [3], the coexisting fidelity calculation is dependent on the location 
of 𝜓𝜓𝐴𝐴 on the Bloch sphere. Pole state fidelity is dependent on 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐹𝐹(𝜓𝜓𝐴𝐴,𝜎𝜎𝐴𝐴) and the entanglement fidelity, which are 
calculated from NetSquid simulations. Calculating equatorial state fidelity additionally requires estimating Hong-Ou-
Mandle (HOM) interference visibility, 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻 . Deriving the effect of SpRS on 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻  is beyond this paper’s scope and 
covered in [10]. The average fidelity of an arbitrary qubit is derivable from both the pole and equatorial fidelities. In 
addition to simulated 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and entanglement fidelity, we utilize Thomas’s experimental dark 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻 = 83.1 +/- 1.4 and 
coexisting 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻 = 80.3 +/- 3.8% to compute 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  [3]. 

TABLE I: FIDELITY OF COEXISTING TELEPORTATION  
 Dark Fibre [3] Simulated Dark Fibre Coex. Fibre [3] Simulated Coex. Fibre 

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 97.6 97.5 96.7 96.5 

𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 90.2 90.0 +/- 2.1 88.7 +/- 3.8 87.4 +/- 1.8 

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 92.7 92.5 +/- 1.4 89.9 +/- 3.1 90.4 +/- 1.2 

 CONCLUSIONS 

We present the first theoretical model to translate coexisting SpRS noise into the depolarization channel for use within 
quantum network simulators. The model demonstrates high accuracy in reproducing experimental fidelity across 
coexisting direct transmission, entanglement distribution, and teleportation demonstrations.  The results highlight the 
ability of quantum channel theory to model coexisting polarization noise affecting arbitrary quantum states. This 
framework will enable simulators to optimize coexisting network operations at the Physical layer and above. Channel 
configurations can be evaluated to maximize the estimated fidelity of quantum network primitives. Competing 
entanglement distribution and network topologies invoking noisy primitives can be compared for different use-cases, such 
as theorized quantum data-centers [5, 14]. This model will aid the ongoing evaluation of photonic hardware to meet the 
performance requirements of quantum communication and distributed computing in coexisting networks. 
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