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The success of a future quantum internet will rest in part on the ability of quantum and classical
signals to coexist in the same optical fiber infrastructure, a challenging endeavor given the orders
of magnitude differences in flux of single-photon-level quantum fields and bright classical traffic.
We theoretically describe and experimentally implement Procrustean entanglement concentration
for polarization-entangled states contaminated with classical light, showing significant mitigation
of crosstalk noise in dense wavelength-division multiplexing. Our approach leverages a pair of
polarization-dependent loss emulators to attenuate highly polarized crosstalk that results from im-
perfect isolation of conventional signals copropagating on shared fiber links. We demonstrate our
technique both on the tabletop and over a deployed quantum local area network, finding a substan-
tial improvement of two-qubit entangled state fidelity from approximately 75% to over 92%. This
local filtering technique could be used as a preliminary step to reduce asymmetric errors, potentially
improving the overall efficiency when combined with more complex error mitigation techniques in
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future quantum repeater networks.

Introduction. —Quantum-classical coexistence within
fiber-optic resources will streamline the implementation
of quantum networks, enabling efficient utilization of in-
frastructure and reducing deployment costs. One promis-
ing pathway relies on distinguishing classical and quan-
tum channels by wavelength. Although originally pur-
sued through coarse wavelength-division multiplexing
(CWDM) [1-6], quantum—classical coexistence efforts are
increasingly targeting dense wavelength-division multi-
plexing (DWDM) with channels of 200 GHz or less, for
even greater spectral efficiency [7—13]. Given the stark
contrast in brightness between classical and quantum sig-
nals, such ultratight spacings are highly susceptible to
imperfect filter isolation and unwanted noise infiltrating
the quantum output [7, 8, 11, 13]. At whatever level
of crosstalk is present, the strong temporal correlations
between entangled photons can be leveraged to some ex-
tent for filtering uncorrelated noise by reducing the co-
incidence detection window . Nevertheless, the timing
jitter between two nodes ultimately determines how nar-
row this window can be before genuine coincidences are
lost, a limitation becoming especially pronounced in ge-
ographically separated nodes [5, 14].

In this Letter, we introduce a crosstalk mitiga-
tion method tailored to polarization-entangled photons
tainted by highly polarized classical signals. For ap-
propriate orientations, the density matrix maps approxi-
mately to the class of maximally entangled mixed states
(MEMS) [15-17], whose entanglement can be concen-
trated through local “Procrustean” filtering [17-20]. Our
approach is enabled by the nonlocal PDL compensation
possible for Bell states [21-23], whereby reductions in
concurrence due to PDL on one photon can be com-
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FIG. 1. Concept of Procrustean filtering for polarization-
entangled photons. Crosstalk suppression can be achieved
by aligning the PDLE axes and classical traffic polarizations
accordingly.

pletely compensated (in postselection) by appropriately
applying PDL to the other photon. This situation facil-
itates the filtering of noisy quantum states while retain-
ing maximal entanglement in the Bell state portion and
suppressing nonentanlged terms. After simulating a gen-
eral model, we experimentally demonstrate the approach
with programmable polarization-dependent loss emula-
tors (PDLEs; OZ Optics) applied to entangled photons
contaminated with crosstalk from copropragating lasers.
In all cases examined—Dboth on the optical table and over
a deployed network—fidelity is found to increase in good
agreement with theory. Overall, our method provides
an additional error-correction layer for quantum—classical
coexistence networks that can be applied, e.g., for dy-
namic removal of asymmetric noise.



Motivation.—Figure 1 illustrates our proposed scheme.
Consider an ideal Bell state |®1) = %(|HH> + |VV))
as the input, where |H) (|V)) denotes a horizontally
(vertically) polarized state. Following generation, sig-
nal and idler photons are physically separated into two
optical arms destined for Alice (A4) and Bob (B), each
combined with highly polarized classical traffic through
a DWDM multiplexer (MUX). Upon reaching the re-
ceivers, photons are wavelength-demultiplexed using an-
other DWDM demultiplexer (DEMUX). Due to imper-
fect spectral filtering and channel isolation, the quan-
tum channel now includes a small portion of classical
crosstalk noise. Alice and Bob send their respective sig-
nals through a PDLE module designed to controllably
replicate PDL in optical links [24, 25]. The PDLE mod-
ule spatially separates the input into two orthogonal po-
larizations, applying user-defined attenuation to one of
them, referred to as the PDL axis, while passing the other
unaltered. The two polarizations are then recombined
into a single fiber-optic spatial mode at the output.

To optimize the noise suppression possible with
PDLESs, intuition suggests orienting the PDL axes or-
thogonally (H/V) with respect to the initial reference
frame to ensure equal attenuation of the terms of inter-
est in |¥T), while aligning the classical traffic to these
axes for greatest suppression. In this scenario, a rea-
sonable approximation of the initial noisy quantum state
(before any PDL) is p &~ v |®T) (dF|+(1—~) |HV) (HV|,
where 7 € [0, 1] defines the relative weight of accidentals
stemming from the noise photons in comparison to the
genuine coincidences between the entangled pairs. For
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where I is the 2 x 2 identity and R denotes the co-
incidence rate over all outcomes in a basis, such that
Tr p = 1. The quantum state contains a correlated term
from photons in the same pair (scaled by punang) and an
uncorrelated term (scaled by 7), which can be derived
following standard arguments for the rate of accidentals
as the product of the rates on the individual detectors
multiplied by 7 [26, 27]—valid in the limit of small de-
tection probabilities.The noise term thereby consists of

v € [2/3,1] this state is precisely that of the MEMS I
subclass [15-17], which is a sufficient (though not neces-
sary) criterion for our concentration method.

With the introduction of two PDLEs imparting vari-
able transmissivities Ty, Ty € [0, 1] along their respec-
tive PDL axes, the output density matrix becomes p x
o (VT3 [HH) + Ty [VV)) (VT (HH| + Ty (VV])+
(1 = y)TuTy |[HV) (HV| Notably, the unwanted term
|[HV) (HV| decreases more rapidly than the rest of the
matrix entries as Ty and Ty decrease. In particular, the
fidelity with respect to the maximally entangled ideal
(F = (®F|p|®T)) approaches unity as Ty = Ty — 0,
implying an arbitrary increase (at the expense of flux).
Now, this model is only approximate in that it neglects
other noise terms, such as coincidences between crosstalk
and input photons, but it summarizes concisely the
instinct behind our method. In the following, we
introduce the more complete model accounting for all
accidental contributions in the system of interest.

Model. —Consider polarization-entangled photons gen-
erated in the state |®1) at rate y. Subsequently, the idler
(signal) photon is separated into optical arm A (B) with
pathway efficiency n4 (np) encompassing all loss effects
from generation through detection. The rate of photon
detection from classical crosstalk is v4 (vp) in arm A (B)
when the polarization analyzer is aligned to H (V) and
Ty =1 (Ty = 1). Additionally, we consider dark counts
at detector A (B) with rate d4 (dg). The coincidence
window is set to 7, with the assumption that this win-
dow is significantly longer than the two-photon temporal
correlations.

Under these conditions, the complete received quan-
tum state can be written as

p= 1{’““"3 (VTu |HH) + VT |VV)) (VT (HE|+ /Ty (VV])
(T | H) (H| + V) (V]) 4 vaTir [H) (H| + dal,]

@ [E92 (1) (H| + Ty [V) (V]) + veTy V) (V] + diplo] } (1)

(

a product of the marginal states at each detector, in
brackets [-] in Eq. (1), each of which contains three con-
tributions: (i) partially polarized light from the filtered
entangled photons (scaled by una(p)), (i) attenuated lin-
early polarized light from classical crosstalk (v4(p)), and
(iii) white noise from detector dark counts (d4(p))-

Due to the physical effects reflected in (i) and (iii),
Eq. (1) no longer matches a true MEMS I form, yet the
classical crosstalk term (proportional to v4vpnang) can
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FIG. 2. Numerical simulation of Procrustean filtering with fixed parameters {u,n4,n5,da,ds} = {7x 10°,0.02,0.02, 100, 100}.
(a) Variable noise rates va = vg = v € [2 x 10°,3.6 x 10°] with a coincidence window 7 = 10™°. (b) Variable coincidence
window 7 € [2 x 107%°,3.4 x 107%] with a noise rate of va = vg = 10°. Solid curves represent initial noisy states (right) and
optimized filtered states (left). Dashed curves illustrate state evolution as Ty = Ty is scanned from 1 to 1073,

still be selectively suppressed relative to the correlated
term. If Ty = Ty = T, for example, the flux from the
former drops quadratically (72), while the latter only lin-
early (T). As T decreases, at some point the multipair
(i) and dark count effects (iii) will take over; e.g., the
extreme case of Ty = Ty = 0 would completely suppress
the crosstalk but lead to a separable state. Consequently,
for any state of the form in Eq. (1), there exists an opti-
mal pair of PDLE filters (T, Tv) to maximize F.

In Fig. 2(a), we model these tradeoffs in a scenario with
n = 6 x 108 Sil, NAa =nNB = 0.02, da = dg = 100 Sil,
and 7 = 1 ns. We introduce variable noise in both arms,
with v4 = vg = v € [2,36] x 105 s71. The five points
(Roman numerals i—v) in Fig. 2(a) correspond to distinct
crosstalk levels v with no filtering applied (Ty = Ty = 1)
and represent initial noisy quantum states. For each of
these cases, we numerically find the (Ty,Ty) pair that
maximizes F, which are are shown as primed values (i'—
v') and reach F € {0.98,0.95,0.90,0.85,0.80}. Our re-
sults consistently indicate the optimal filtering occurs
when Ty = Ty, aligning with the case for ideal MEMS I
states. We also illustrate the state evolution concerning
PDLE filtering by mapping the fidelity/rate trajectories
for Ty = Ty = T € [0.001,1], as represented by the
dashed curves.The maximum attainable fidelity, along
with the optimal filtering levels, depends on the noisiness
of the initial states. Beyond this threshold, F decreases
as the multipair effect (the unfiltered |V H) (V H| term)
increasingly dominates.

Likewise, the influence of crosstalk varies as the
coincidence window 7 changes. In Fig. 2(b), we
consider a scenario where photon flux and back-
ground levels are fixed at (u,na,nB,va,vB,da,dg) =
(7 x 105 s71,0.02,0.02,105s71,10%s~%, 100571, 10057 1),
while 7 varies in [0.2,3.4] ns. As expected, the optimal
fidelity is contingent upon the noisiness of the original

state. Nevertheless, the optimal filtering configuration
(Tw, Ty ) remains consistent across all cases.

Tabletop experiments.—Figure 3 illustrates the exper-
imental setup. Broadband, polarization-entangled pho-
tons areseparated by a C/L-band demultiplexer, with sig-
nal and idler photons covering the optical C-band (1530-
1565 nm) and L-band (1565-1625 nm), respectively [de-
tailed design outlined in Ref. [28, 29]]. In each fiber
arm, we program a wavelength-selective switch (WSS;
Finisar) operated in reverse to accept a 25 GHz-wide
energy-matched channel pair: 193.9 THz in the C-band
and 189.1 THz in the L-band. For all scenarios tested, we
measure coincidences (5 s per point in the tabletop ex-
periments, 10 s in the deployed tests) in an overcomplete
set of 36 polarization projections using a pair of motor-
ized controlled polarization analyzers [28, 29]. Bayesian
quantum state tomography (QST) [30, 31], following the
refinements outlined in Ref. [32], is then applied to re-
cover density matrix samples. Without any crosstalk and
a coincidence window 7 = 1.4 s, we find the mean density
matrix in Fig. 3, with fidelity F = 0.988(1).

Subsequently, we introduce classical crosstalk using a
pair of tunable, linearly polarized continuous-wave (CW)
lasers, operating at frequencies of 189.125 THz [CW (L)
in Fig. 3] and 193.925 THz [CW (C) in Fig. 3], respec-
tively, i.e., one frequency slot away from their respective
quantum channel on the 25 GHz ITU grid (ITU-T Rec.
(G.694.1). To emulate the narrowband filtering necessary
for future coexistence networks, both lasers are heavily
attenuated. At each receiver, we record v ~ 4.5 x 10°
s™1, chosen to introduce an aggressive amount of acci-
dentals while avoiding saturation of the superconducting
nanowire single-photon detectors (SNSPDs)—the regime
of interest for our Procrustean method.

The success of the method relies on two levels of co-
ordination in polarization: first, the PDL axis at each
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FIG. 3. Experimental setup and Bayesian mean density ma-
trix of the initial entangled resource. See text for details.

receiver must be aligned to the polarization of the classi-
cal crosstalk; second, the polarization correlations for the
crosstalk contributions must be orthogonal to the corre-
lations in the Bell state of interest. Once the former is
achieved, the latter can in principle be realized through
local rotation of only one photon from the maximally
entangled pair (prior to multiplexing) [33, 34]. Nonethe-
less, for ease of implementation here, we manually tune
the polarization of all four inputs relative to fixed PDL
axes [via polarization controllers (PCs) 1-4 in Fig. 3]; this
allows us to produce a state in the form of Eq. (1), up to
a relative phase between |H H) and |VV) in the Bell state
term. Any residual phase is automatically compensated
by the local rotations we apply to the inferred density
matrices in post-processing, chosen to maximize fidelity
with respect to |[®1) [28]. The resulting noisy state mea-
sured with 7 =1.4 ns is depicted in Fig. 4(a) (labeled 1)
and resembles a MEMS T state [15-17].

For the above and all experimental results below,
we estimate the output density matrix p and flux R
with no reference to Eq. (1); the states are inferred
from a completely uniform Bures prior without assum-
ing any particular noise model [32]. However, to ex-
tract critical parameters of interest for validating our
model, for this particular case only (Ty = Ty = 1 and
7 = 1.4 ns) we perform an additional inference step in
which we temporarily assume Eq. (1) to infer the pa-
rameters (u,n4,m5,vA,v5), which are difficult to mea-
sure independently. For this purpose, we develop a cus-
tomized Bayesian model patterned after Ref. [35] that
considers both single-detector events and coincidences,
takes as input the independently measured dark count
rates at dy = dg = 100 s~ !, and places normal pri-
ors on the four unknowns of interest (,u,nAmB, V4, VB),
with means given by our initial estimates from the count
data, and standard deviations equal to 10% of these
values. Under this “open box” model [35, 36], we ob-
tain (u,na,mB,va,vp) = (5.889(3) x 10571 2.113(1) x
1072,1.375(2) x 1072,4.152(1) x 10°s71 4.653(2) x
10°s71), which, in conjunction with Eq. (1), serve as
the basis for subsequent theory curves.

Figure 4(a) depicts the state evolution as the PDLE
filtering level is increased from 0 dB (T' = 1) to 12 dB
(T'=0.063) in 2 dB steps. The fidelity advances steadily

4

from ]:0 dB — 834(3)% to ]:10 dB — 942(7)% [Flg 4(&)],
at the expense of reduced flux [Fig. 4(b)]. Incidentally,
the linear entropy decreases from 0.384(5) to 0.10(2),
while the tangle increases from 0.57(1) to 0.81(3), con-
firming true entanglement “concentration” as defined as
increases in both entanglement and purity [17, 37]. We
halt the investigation at 12 dB as we have observed that
the fidelity reaches a plateau within the range of 10-12
dB, as predicted by the accompanying theory.

To examine noisier state, we widen the coincidence
window to 7 =2.2 ns, resulting in a roughly 60% in-
crease in accidentals [cf. Eq. (1)]. The results, depicted in
Fig. 4(b), show Procrustean fidelity improvements from
Foas = 75.8(3)% to Fi0 ap = 92.2(8)%. Additionally,
the overall trend and optimal filtering level closely match
those observed in the case of Fig. 4(a) when 7 =1.4 ns,
which aligns with our findings in Fig. 2(b).

Deployed network tests.—We next apply our method in
a deployed quantum local area network on the Oak Ridge
National Laboratory campus [14, 38]. The source and
components in the idler arm remain in the original lab
(Alice in [14, 38]), while PDLE2 and the polarization an-
alyzer in the signal arm are relocated to another building
(Bob in [14, 38]). A deployed fiber link, approximately
250 m long with a round-trip loss of ~5 dB, connects
the two buildings. After polarization projections, signal
photons are routed back to Alice for photon detection.
We transmit Bob’s projected photons back to Alice—
rather than detect them at Bob—due to the availability
of SNSPDs; Bob’s avalanche photodiodes considered in
previous experiments [14, 38] approach saturation at the
level of crosstalk noise of interest here.

As a further modification from the tabletop experi-
ment, we tune the classical crosstalk lasers from their
original positionsto directly on top of their respective
quantum channels at 189.1 THz and 193.1 THz. Now, the
Procrustean filtering approach described here places no
requirements on the specific wavelength of the crosstalk,
as long as it is polarized and copropagating with the de-
multiplexed quantum output. Thus, whether stemming
from imperfect isolation of an adjacent frequency (em-
ulated in Fig. 4) or from background light that truly
spectrally overlaps with the quantum signal (emulated
in Fig. 5), all that matters is its overall contribution to
the total rate of received photons.

Figure 5 summarizes the experimental results ob-
tained from our deployed network. In this case, Pro-
crustean filtering improves the entangled state resource
from Foap = 81.7(3)% to Fsap = 91.5(5)%, which
so happens to transition the state from a regime where
quantum key distribution (QKD) is impossible to one
where it should be. The BB84 QKD protocol using one-
way communication possesses an 11% quantum bit error
rate (QBER) threshold [39-41]; the QBERs associated
with the initial state are 13.8(4)% and 12.2(4)% for the
rectilinear and diagonal bases, respectively, but they de-
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PDLE local filtering in a deployed network setting. (b) Mea-
sured density matrices at (i) 0 dB and (i’) 6 dB PDL.

crease to 6.6(6)% and 3.8(6)% for the 6 dB filtered state.

Discussion.—In this study, we have employed fidelity
as the key metric to assess the effectiveness of Pro-
crustean filtering. However, our model can be adapted
to optimize other metrics that are computable from the
density matrix as well [42-45] Expanding our analy-
sis, we could employ constrained nonlinear optimiza-
tion solvers to explore more complex scenarios, such as
maximizing total coincidence rates while constraining fi-
delity F above a predefined application-specific thresh-
old Fy [46, 47]). Such an approach can be particularly
valuable in photon-starved applications where optimizing
both throughput and quality of entanglement are essen-
tial.

Procrustean error correction should not be construed
as an alternative to CWDM/DWDM but rather an ad-
ditional layer that can supplement such strategies to fur-
ther mitigate the impact of classical crosstalk in shared
optical fiber. In this sense, our procedure can be viewed
as a form of nonlocal polarization multiplexing. In the
context of polarization entanglement distribution, tradi-
tional (i.e., local) polarization multiplexing is unavailable
for distinguishing quantum and classical signals, for the
very nature of the encoding requires that each photonic

qubit occupy both basis states in the two-dimensional
Hilbert space.

Nevertheless, by coordinating the relative orientations
of entangled photons and coexisting classic traffic, the
dominant crosstalk term can be attenuated at a rate
greater than the correlations present in the entangled
state. Accordingly, while our procedure does presup-
pose polarization coordination between coexisting quan-
tum and classical signals, the benefits it engenders are
quite general and apply to a variety of quantum—classical
operating conditions in which the dominant crosstalk is
polarized.
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