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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 dif-
ferences 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 imperfect 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 substantial 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 future quantum repeater networks.
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I. INTRODUCTION

Quantum-classical coexistence within fiber-optic
resources will streamline the implementation of quan-
tum networks, enabling efficient utilization of infrastruc-
ture and reducing deployment costs. One promising path-
way relies on distinguishing classical and quantum chan-
nels by wavelength. Although originally pursued through
coarse wavelength-division multiplexing (CWDM) [1–6],
quantum-classical coexistence efforts are increasingly tar-
geting dense wavelength-division multiplexing (DWDM)
with channels of 200 GHz or less, for even greater spectral
efficiency [7–14]. Given the stark contrast in brightness
between classical and quantum signals, such ultratight
spacings are highly susceptible to imperfect filter isolation
and unwanted noise infiltrating the quantum output [7,8,
12,14]. At whatever level of crosstalk is present, the strong
temporal correlations between entangled photons can be
leveraged to some extent for filtering uncorrelated noise by
reducing the coincidence detection window. Nevertheless,
the timing jitter between two nodes ultimately determines
how narrow this window can be before genuine coin-
cidences are lost, a limitation becoming especially pro-
nounced in geographically separated nodes where timing
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jitters are constrained by the capabilities of the timing
electronics [5,15].

In this paper, we introduce a crosstalk mitigation
method tailored to polarization-entangled photons tainted
by highly polarized classical signals, a practical source of
error from typically polarized conventional communica-
tions signals. For appropriate orientations, the noisy den-
sity matrix maps approximately to the class of maximally
entangled mixed states (MEMS) [16–18], whose entan-
glement can be concentrated through local “Procrustean”
filtering [18–21]. Additionally, our approach resembles the
polarization-dependent loss (PDL) compensation possible
for Bell states [22–24], whereby reductions in concurrence
due to PDL on one photon can be completely compen-
sated (in postselection) by applying PDL of an appropri-
ately chosen orientation and magnitude to the other. This
situation facilitates the filtering of noisy quantum states
while retaining maximal entanglement in the Bell-state
portion and suppressing nonentanlged terms. After sim-
ulating a general model, we experimentally demonstrate
the approach with programmable polarization-dependent
loss emulators (PDLEs; OZ Optics) applied to entangled
photons contaminated with crosstalk from copropragating
lasers. In all cases examined—both on the optical table and
over a deployed network—fidelity is found to increase in
good agreement with theory. Overall, our method provides

2331-7019/24/21(4)/044027(7) 044027-1 © 2024 American Physical Society

https://orcid.org/0000-0003-4009-0787
https://orcid.org/0000-0002-6429-3450
https://orcid.org/0000-0002-2811-2165
https://orcid.org/0000-0001-9650-4462
https://orcid.org/0000-0002-7215-9630
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.21.044027&domain=pdf&date_stamp=2024-04-15
http://dx.doi.org/10.1103/PhysRevApplied.21.044027


HSUAN-HAO LU et al. PHYS. REV. APPLIED 21, 044027 (2024)

an additional error-mitigation layer for quantum-classical
coexistence networks that can be applied, e.g., for dynamic
removal of asymmetric noise.

II. MOTIVATION

Figure 1 illustrates the proposed scheme. Consider an
ideal Bell state |�+〉 = 1/

√
2(|HH 〉 + |VV〉) as the input,

where |H 〉 (|V〉) denotes a horizontally (vertically) polar-
ized state. Following generation, signal and idler pho-
tons are physically separated into two optical arms des-
tined for Alice (A) and Bob (B), each combined with
highly polarized classical traffic through a DWDM mul-
tiplexer (MUX). Upon reaching the receivers, photons are
wavelength-demultiplexed using another DWDM demul-
tiplexer (DEMUX). Due to imperfect spectral filtering
and channel isolation, the quantum channel now includes
a small portion of classical crosstalk noise. Alice and
Bob send their respective signals through a PDLE mod-
ule designed to controllably replicate PDL in optical links
[25,26]. The PDLE module spatially separates the input
into two orthogonal polarizations, 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 PDLEs,
intuition suggests orienting the PDL axes orthogonally
(H/V) with respect to the initial reference frame to ensure
equal attenuation of the terms of interest in |�+〉, while
aligning the classical traffic to these axes for greatest
suppression. In this scenario, a reasonable approximation
of the initial noisy quantum state (before any PDL) is
ρ ≈ γ |�+〉 〈�+| + (1 − γ ) |HV〉 〈HV|, where γ ∈ [0, 1]
defines the relative weight of accidentals stemming from
the noise photons in comparison to the genuine coinci-
dences between the entangled pairs. For γ ∈ [2/3, 1] this
state is precisely that of the MEMS I subclass [16–18],

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.

which is a sufficient (though not necessary) criterion for
our concentration method.

With the introduction of two PDLEs imparting vari-
able transmissivities TH , TV ∈ [0, 1] along their respec-
tive PDL axes, the output density matrix becomes ρ ∝
γ

(√
TH |HH 〉 + √

TV |VV〉) (√
TH 〈HH | + √

TV 〈VV|) +
(1 − γ )TH TV |HV〉 〈HV|. Notably, the unwanted term
|HV〉 〈HV| decreases more rapidly than the rest of the
matrix entries as TH and TV decrease. In particular, the
fidelity with respect to the maximally entangled ideal (F =
〈�+| ρ |�+〉) approaches unity as TH = TV → 0, imply-
ing 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 the basic concept. In the fol-
lowing, we introduce the more complete model accounting
for all accidental contributions in the system of interest.

III. MODEL

Consider polarization-entangled photons generated in
the state |�+〉 at rate μ. Subsequently, the idler (signal)
photon is separated into optical arm A (B) with pathway
efficiency ηA (ηB) encompassing all loss effects from gener-
ation through detection. The rate of photon detection from
classical crosstalk is νA (νB) in arm A (B) when the polar-
ization analyzer is aligned to H (V) and TH = 1 (TV = 1).
Additionally, we consider dark counts at detector A (B)
with rate dA (dB). The coincidence window is set to τ , with
the assumption that this window is significantly longer
than the two-photon temporal correlations.

Under these conditions, the complete received quantum
state can be written as

ρ = 1
R

{
μηAηB

2

(√
TH |HH 〉 +

√
TV |VV〉

)

×
(√

TH 〈HH | +
√

TV 〈VV|
)

+ τ
[μηA

2
(TH |H 〉 〈H | + |V〉 〈V|)

+ νATH |H 〉 〈H | + dAI2

]

⊗
[μηB

2
(|H 〉 〈H | + TV |V〉 〈V|)

+ νBTV |V〉 〈V| + dBI2

] }
, (1)

where I2 is the 2 × 2 identity and R denotes the coinci-
dence rate over all outcomes in a basis, such that Trρ = 1.
The quantum state contains a correlated term from photons
in the same pair (scaled by μηAηB) and an uncorrelated
term (scaled by τ ), which can be derived following stan-
dard arguments for the rate of accidentals as the product
of the rates on the individual detectors multiplied by τ
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(a) (b)

FIG. 2. Numerical simulation of Procrustean filtering with fixed parameters {μ, ηA, ηB, dA, dB} = {7 × 106, 0.02, 0.02, 100, 100}. (a)
Variable noise rates νA = νB = ν ∈ [2 × 105, 3.6 × 106] with a coincidence window τ = 10−9. (b) Variable coincidence window τ ∈
[2 × 10−10, 3.4 × 10−9] with a noise rate of νA = νB = 106. Solid curves represent initial noisy states (right) and optimized filtered
states (left). Dashed curves illustrate state evolution as TH = TV is scanned from 1 to 10−3.

[27,28]—valid in the limit of small detection probabil-
ities. The noise term thereby consists of a product of
the marginal states at each detector, in brackets [·] in
Eq. (1), each of which contains three contributions: (i) par-
tially polarized light from the filtered entangled photons
(scaled by μηA(B)), (ii) attenuated linearly polarized light
from classical crosstalk (νA(B)), and (iii) white noise from
detector dark counts (dA(B)).

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 νAνB) can
still be selectively suppressed relative to the correlated
term. If TH = TV = T, for example, the flux from the
former drops quadratically (T2), while the latter only lin-
early (T). Thus, whenever noise is dominated by clas-
sical crosstalk, the fidelity with respect to |�〉 can be
increased by reducing TH and TV. However, as T decreases,
at some point the multipair (i) and dark count effects
(iii) will take over; for example, the extreme case of
TH = TV = 0 would completely suppress the crosstalk but
lead to a separable state: ρ ∝ (μηA/2 |V〉 〈V| + dAI2) ⊗
(μηB/2 |H 〉 〈H | + dBI2). Consequently, for any state of the
form in Eq. (1), there exists an optimal pair of PDLE filters
(TH , TV) to maximize F .

In Fig. 2(a), we model these tradeoffs in a scenario with
a pair rate of μ = 6 × 106 s−1, pathway efficiencies ηA =
ηB = 0.02, dark count rates of dA = dB = 100 s−1, and a
coincidence window of τ = 1 ns. We introduce variable
noise in both arms, with νA = νB = ν ∈ [2, 36] × 105 s−1.
The five points (Roman numerals i–v) in Fig. 2(a) corre-
spond to distinct crosstalk levels ν with no filtering applied
(TH = TV = 1) and represent initial noisy quantum states.
For each of these cases, we numerically find the (TH , TV)

pair that maximizes F , which are shown as primed val-
ues (i′–v′) and reach F ∈ {0.98, 0.95, 0.90, 0.85, 0.80}. Our
results consistently indicate the optimal filtering occurs

when TH = TV, 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
TH = TV = 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 ini-
tial states. Beyond this threshold, F decreases as the mul-
tipair effect (the unfiltered |VH 〉 〈VH | term) increasingly
dominates.

Likewise, the influence of crosstalk varies as the
coincidence window τ changes. In Fig. 2(b), we
consider a scenario where photon flux and back-
ground levels are fixed at (μ, ηA, ηB, νA, νB, dA, dB) =
(7 × 106 s−1, 0.02, 0.02, 106 s−1, 106 s−1, 100 s−1, 100 s−1),
while τ varies in [0.2, 3.4] ns. We again assume the bipho-
ton temporal correlation is significantly shorter than τ , so
increasing τ only includes more accidentals from two ran-
dom clicks between the detectors. As expected, the optimal
fidelity is contingent upon the noisiness of the origi-
nal state. Nevertheless, the optimal filtering configuration
(TH , TV) remains consistent across all cases.

IV. TABLETOP EXPERIMENTS

Figure 3 illustrates the experimental setup. Broadband,
polarization-entangled photons are separated by a C- and
L-band demultiplexer, with signal and idler photons cov-
ering the optical C band (1530–1565 nm) and L band
(1565–1625 nm), respectively (detailed design outlined in
Ref. [29,30]). 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 sce-
narios tested, we measure coincidences (5 s per point in the
tabletop experiments, 10 s in the deployed tests) in an over-
complete set of 36 polarization projections using a pair of
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cw (L)

cw (C)

FIG. 3. Experimental setup and Bayesian mean density matrix
of the initial entangled resource. The gray shaded box (PDLE2
and the polarization analyzer in the signal arm) was relocated to
another building in the deployed network test. See text for details.

motor-controlled polarization analyzers [29,30], compris-
ing a quarter-wave plate, half-wave plate, and polarizing
beamsplitter. Bayesian quantum state tomography (QST)
[31,32], following the refinements in likelihood and prior
outlined in Ref. [33], is then applied to recover density
matrix samples. Without any crosstalk and a coincidence
window τ = 1.4 s, we find the mean density matrix in
Fig. 3, with fidelity F = 0.988(1).

After establishing this initial entangled resource, we
introduce classical crosstalk using a pair of tunable, lin-
early polarized cw lasers, operating at frequencies of
189.125 THz [cw (L) in Fig. 3] and 193.925 THz [cw
(C) in Fig. 3], respectively, 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 narrow-
band filtering necessary for future coexistence networks,
both lasers are heavily attenuated. At each receiver, we
record ν ≈ 4.5 × 105 s−1—approximately 10 times more
than the detection rate due to photons from entangled
pairs—chosen to introduce an aggressive amount of acci-
dentals while avoiding saturation of the superconducting
nanowire single-photon detectors (SNSPDs).

To demonstrate the method for maximum improvement
relies on two levels of coordination in polarization: first,
the PDL axis at each receiver must be aligned to the polar-
ization of the classical crosstalk; second, the polarization

correlations for the crosstalk contributions must be orthog-
onal to the correlations in the Bell state of interest. Once
the former is achieved, the latter can in principle be real-
ized through local rotation of only one photon from the
maximally entangled pair (prior to multiplexing) [34,35].
Nonetheless, for ease of implementation here, we manu-
ally 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 |HH 〉 and |VV〉 in the Bell-state
term. Any residual phase is automatically compensated by
the local rotations we apply to the inferred density matri-
ces in postprocessing, chosen to maximize fidelity with
respect to |�+〉 [29]. The resulting noisy state measured
with τ = 1.4 ns is depicted in Fig. 4(a) (labeled i) and
resembles a MEMS I state [16–18].

For the above and all experimental results below, we
estimate the output density matrix ρ and flux R with
no reference to Eq. (1); the states are inferred from a
completely uniform Bures prior without assuming any
particular noise model [33]. However, to extract critical
parameters of interest for validating our model, for this
particular case only (TH = TV = 1 and τ = 1.4 ns) we per-
form an additional inference step in which we temporarily
assume Eq. (1) to infer the parameters (μ, ηA, ηB, νA, νB),
which are difficult to measure independently. For this
purpose, we develop a customized Bayesian model pat-
terned after Ref. [36] that considers both single-detector
events and coincidences, takes as input the independently
measured dark count rates at dA = dB = 100 s−1, and
places normal priors on the four unknowns of inter-
est (μ, ηA, ηB, νA, νB), 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 [36,37], we obtain (μ, ηA, ηB, νA, νB) = [5.889(3) ×
106 s−1, 2.113(1) × 10−2, 1.375(2) × 10−2, 4.152(1) ×
105 s−1, 4.653(2) × 105 s−1], which, in conjunction with
Eq. (1), serve as the basis for subsequent theory curves.
To effectively concentrate this noisy state, we utilize two
PDLE modules (with approximately 1-dB residual loss) to

(a)

(b)

FIG. 4. Bayesian state fidelities and collected coincidences versus PDLE local filtering. Measured density matrices at (i,ii) 0 dB
(TH = TV = 1) and (i′,ii′) 10 dB (TH = TV = 0.1) of PDL. Coincidence window τ : (a) 1.4 ns, (b) 2.2 ns.
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implement Procrustean filtering on the multiplexed chan-
nel. To optimize state fidelities, we set both PDLEs to
the same filtering level throughout the experiment (i.e.,
TH = TV = T), which aligns with the observations made
in the previous sections.

Figure 4(a) depicts the state evolution as the PDLE fil-
tering level is increased from 0 dB (T = 1) to 12 dB (T =
0.063) in 2-dB steps. The fidelity advances steadily from
F0 dB = 83.4(3)% to F10 dB = 94.2(7)% [Fig. 4(a)], at the
expense of reduced flux [Fig. 4(b)]. Incidentally, the lin-
ear entropy decreases from 0.384(5) to 0.10(2), while the
tangle increases from 0.57(1) to 0.81(3), confirming true
entanglement “concentration” as defined as increases in
both entanglement and purity [18,38]. We halt the investi-
gation at 12 dB as we have observed that, for our particular
system parameters, the fidelity reaches a plateau within the
range of 10–12 dB, as predicted by the accompanying the-
ory. Beyond this point, the fidelity begins to decline due
to the accidentals from multipair emission, as discussed
previously.

To examine noisier state, we widen the coincidence win-
dow to τ = 2.2 ns, resulting in a roughly 60% increase in
accidentals [cf. Eq. (1)]. The results, depicted in Fig. 4(b),
show Procrustean fidelity improvements from F0 dB =
75.8(3)% to F10 dB = 92.2(8)%. Additionally, the over-
all trend and optimal filtering level closely match those
observed in the case of Fig. 4(a) when τ = 1.4 ns, which
aligns with our findings in Fig. 2(b).

V. DEPLOYED NETWORK TESTS

We next apply our method in a deployed quantum local
area network on the Oak Ridge National Laboratory cam-
pus [15,39]. The source and components in the idler arm
remain in the original lab (Alice in Refs. [15,39]), while
PDLE2 and the polarization analyzer in the signal arm
are relocated to another building (Bob in Ref. [15,39]).
A deployed fiber link, approximately 250 m long with a
round-trip loss of approximately 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
[15,39] approach saturation at the level of crosstalk noise
of interest here.

As a further modification from the tabletop experiment,
we tune the classical crosstalk lasers from their origi-
nal positions at 189.125 THz and 193.925 THz (25 GHz
away from their respective quantum channels) to the cen-
ter 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 demultiplexed quantum output.

(a) (b)

FIG. 5. (a) Bayesian-estimated fidelities and flux versus PDLE
local filtering in a deployed network setting. (b) Measured
density matrices at (i) 0 dB and (i′) 6 dB PDL.

Thus, whether stemming from imperfect isolation of an
nearby frequency (emulated 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 polar-
ized contribution to the total rate of received photons, as
quantified by νA and νB in Eq. (1). Consequently, by shift-
ing the laser frequencies for the deployed experiment, we
supplement the out-of-band crosstalk tests in Fig. 4 with
in-band crosstalk as well, finding no qualitative differences
between the two (as confirmed below).

Figure 5 summarizes the experimental results obtained
from our deployed network. In this case, Procrustean fil-
tering improves the entangled state resource from F0 dB =
81.7(3)% to F6 dB = 91.5(5)%, which so happens to tran-
sition the distributed entangled state from a regime where
quantum key distribution (QKD) is impossible to one
where it may be performed. The BB84 QKD protocol using
one-way communication possesses an 11% quantum bit
error rate (QBER) threshold [40–42]; the QBERs associ-
ated with the initial state are 13.8(4)% and 12.2(4)% for
the rectilinear and diagonal bases, respectively, but they
decrease to 6.6(6)% and 3.8(6)% for the 6-dB filtered state.

VI. DISCUSSION

In this study, we have employed fidelity as the key
metric to assess the effectiveness of Procrustean filtering.
However, our model can be adapted to optimize other
metrics that are computable from the density matrix as
well [43–46]. Expanding our analysis, we could employ
constrained nonlinear optimization to explore more com-
plex scenarios, such as maximizing total coincidence rates
while constraining fidelity above a predefined application-
specific threshold [47,48]. Such an approach can be par-
ticularly valuable in photon-starved applications where
optimizing both throughput and quality of entanglement
are essential.
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Procrustean filtering should not be construed as an
alternative to CWDM and DWDM or time-division multi-
plexing but rather an additional layer that can supplement
such strategies to further mitigate the impact of classi-
cal crosstalk in shared optical fiber. By coordinating the
relative orientations of entangled photons and coexisting
classic traffic—possible through control of the polariza-
tion of either the quantum or classical input (full control
of both signals is not required)—the two-photon correla-
tions possessed by the quantum and classical portions are
distinct and can be selectively filtered when multiplexed
in shared fiber. Accordingly, while our procedure does
presuppose polarization coordination between coexisting
quantum and classical signals and so does not address
cases of highly unpolarized noise (Raman scattering being
a common example [6,7,12]), the benefits it engenders are
still quite general, applying to any operating condition in
which the dominant crosstalk is polarized. Such cases can
lead to asymmetric errors in the quantum state, making this
local filtering technique a potentially valuable preliminary
step, in tandem with other error-reduction techniques, for
improving entanglement distribution efficiency in future
quantum repeater networks.
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