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Long-Distance Entanglement Purification for Quantum Communication

Xiao-Min Hu,l’4 Cen-Xiao Huang,l’4 Yu-Bo Sheng,z’3 S Lan Zhou,z’3 & Bi-Heng Liu ,1’4’+ Yu Guo,l’4 Chao Zhang,l’4

Wen-Bo Xing,l’4 Yun-Feng Huang,l’4 Chuan-Feng Li,"** and Guang-Can Guo

1,2,45

'cAS Key Laboratory of Quantum Information, University of Science and Technology of China,
Hefei 230026, People’s Republic of China
*Institute of Quantum Information and Technology, Nanjing University of Posts and Telecommunications,
Nanjing 210003, People’s Republic of China
3School of Science, Nanjing University of Posts and Telecommunications, Nanjing 210003, People’s Republic of China
*CAS Center For Excellence in Quantum Information and Quantum Physics, University of Science and Technology of China,
Hefei 230026, People’s Republic of China
>Key Lab of Broadband Wireless Communication and Sensor Network Technology, Nanjing University of Posts and Telecommunications,

Ministry of Education, Nanjing 210003, People’s Republic of China
® (Received 1 August 2020; accepted 3 December 2020; published 8 January 2021)

High-quality long-distance entanglement is essential for both quantum communication and scalable
quantum networks. Entanglement purification is to distill high-quality entanglement from low-quality
entanglement in a noisy environment and it plays a key role in quantum repeaters. The previous significant
entanglement purification experiments require two pairs of low-quality entangled states and were
demonstrated in tabletop. Here we propose and report a high-efficiency and long-distance entanglement
purification using only one pair of hyperentangled state. We also demonstrate its practical application in
entanglement-based quantum key distribution (QKD). One pair of polarization spatial-mode hyper-
entanglement was distributed over 11 km multicore fiber (noisy channel). After purification, the fidelity of
polarization entanglement arises from 0.771 to 0.887 and the effective key rate in entanglement-based
QKD increases from 0 to 0.332. The values of Clauser-Horne-Shimony-Holt inequality of polarization
entanglement arises from 1.829 to 2.128. Moreover, by using one pair of hyperentanglement and
deterministic controlled-NOT gates, the total purification efficiency can be estimated as 6.6 x 10> times
than the experiment using two pairs of entangled states with spontaneous parametric down-conversion
sources. Our results offer the potential to be implemented as part of a full quantum repeater and large-scale

quantum network.
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Quantum entanglement [1] plays an essential role in
both quantum communication [2—5] and scalable quantum
networks [6]. However, the unavoidable environmental
noise degrades entanglement quality. Entanglement puri-
fication is a powerful tool to distill high-quality entangle-
ment from low-quality entanglement ensembles [7,8] and
is the heart of quantum repeaters [9]. Several significant
entanglement purification experiments using photons
[10,11], atoms [12], and electron-spin qubits [13] were
reported. These experiments were all tabletop and did not
distribute entanglement over a long distance. Moreover,
these experiments based on Ref. [7] were low efficiency
for they require two copies of low-quality entangled states
and consume at least one pair of low-quality entangled
states even if the purification is successful. In optical
systems, a spontaneous parametric down-conversion
(SPDC) source is commonly used to generate entangled
states. The probabilistic nature of SPDC makes it
still challenging to generate two clean pairs of entangled
states simultaneously because of double-pair emission
noise [11].
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Hyperentanglement [14], simultaneous entanglement
with more than one degree of freedom (d.o.f.), is more
powerful and can be used to increase the channel capacity
[15,16]. Hyperentanglement also fulfills quantum telepor-
tation of a single photon with multiple d.o.f. [17-19]. The
distribution of hyperentanglement were also reported
[20,21]. Some entanglement purification protocols
(EPPs) assisted by spatial-mode d.o.f. have been proposed
[22-24]. Such deterministic entanglement purification
usually requires the spatial or other entanglement to be
more robust. The fidelity of purified polarization entangle-
ment equals the fidelity of spatial entanglement, and this is
essentially the transformation from spatial entanglement to
polarization entanglement.

Here we propose and report the first high-efficiency
long-distance polarization entanglement purification using
only one pair of hyperentanglements. We also demonstrate
its practical application in entanglement-based quantum
key distribution (QKD) [25]. We show that the EPP using
two copies [7] and subsequent experiments [10—13] is not

© 2021 American Physical Society


https://orcid.org/0000-0002-4569-7716
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.010503&domain=pdf&date_stamp=2021-01-08
https://doi.org/10.1103/PhysRevLett.126.010503
https://doi.org/10.1103/PhysRevLett.126.010503
https://doi.org/10.1103/PhysRevLett.126.010503
https://doi.org/10.1103/PhysRevLett.126.010503

PHYSICAL REVIEW LETTERS 126, 010503 (2021)

(a)
Deterministic Deterministic
E CNOT il I
‘/NWWVNMS)/ JWWW/}
Channel
Q9 <« L IR e IR
(b)

BD1 HWP PBS1

DI a3 D2

Alice D3y Bob
FIG. 1. Protocol of entanglement purification using hyper-
entanglement. (a) General protocol of long-distance entangle-
ment purification using hyperentanglement. After long-distance
distribution, deterministic CNOT operations are performed be-
tween different degrees of freedom of single particles. Then the
target qubits (encoded in 1 degree of freedom) are measured. If
we only keep the same measurement results, then the entangle-
ment encoded in the other degree of freedom (control qubits) is
purified. (b) Purification protocol based on polarization-spatial-
mode hyperentanglement. The hyperentangled state |®*),, ®
[T, 1s first generated by the entanglement source (S) and then
distributed to Alice and Bob in the channel (a;b,, a;b,). After
suffering from the channel noise, the entanglement purification is
performed. The entanglement purification operation uses a half-
wave plate (HWP, set at 45°) and a polarizing beam splitter (PBS,
which transmits the H-polarized photon and reflects the V-
polarized photon). This essentially acts as a CNOT gate with a
success probability of 100% between the polarization (target
qubits) and spatial-mode (control qubits) degree of freedom.
After PBS1 and PBS2, we convert the spatial mode to polari-
zation. Thus, we can verify its success by selecting the cases in
which the two photons are in the output-mode state D;D, or
D;D,. The beam displacer (BD) can couple H- and V-polarized
components from different spatial modes.

necessary and polarization entanglement can be purified
using entanglement in other d.o.f. Moreover, the double-
pair emission noise using SPDC source is removed
automatically and the purification efficiency can be greatly
increased in a second time. A general protocol is shown in
Fig. 1(a). In our experiment, we use hyperentanglement
encoded on polarization and spatial modes. As shown in
Fig. 1(b), a hyperentangled state |p) = |®T),, ® ™).
is distributed to Alice and Bob. |®*),, is one of the
polarization Bell states |®*),, = (1/v2)(|H),|H),=*
V)alV)p), and [¥5)y, = (1/V2)(|H)|V), £ V)| H),).
|¢p*),p is one of the spatial-mode Bell states |¢p*),, =
(1/v2)(Jai)|by) £ |az)|b)),  and  [y*),, = (1/V2)
(la1)|by) £ |aa)|by)), where H(V) denotes horizontal (ver-
tical) polarization, and a;, b, a,, and b, are the spatial
modes. The noise channel makes the hyperentangled state
become a mixed state as p,;, = pb, ® pib with

Py = F1]@7F) p(@F| + (1 = F1)[¥F),,(PF] (1)
and

Pap = Fal¢ )an (@t 1+ (1= F)lw ")yl (2)

The principle of purification is to select the cases in which
the photons are in the output modes DD, or D;D, (see
Supplemental Material [26]) and we can obtain a new
mixed state

Pap = F|OT) o (@T| + (1 = FI[FT) 0 (FT[. - (3)

Here F' = {[F\F)/[F\Fy + (1= F)(1 = Fy)}. If Fy >
> and F, > 1, we can obtain F' > F; and F' > F),.

To demonstrate the purification, we first generated one
pair of hyperentangled state. As shown in Fig. 2(a), a
continuous-wave (c.w.) laser operated at 775 nm is sepa-
rated into two spatial modes (p; and p,) by a beam
displacer and then injected to a polarization Sagnac
interferometer to generate polarization-entangled photon
pair [31] in each spatial mode [16,21,32]. Noticed that we
use a c.w. laser; the final state is the superposition of the
states in each mode. Thus, we can generate the hyper-
entanglement |¢) = |®T),, ® [¢T),, by tuning the rela-
tive phase between the two spatial modes. We used
200 mW pumped light to excite 2400 photon pairs/s.
The coincidence efficiency of the entangled source is
18%. To show the performance of entanglement purifica-
tion in the noisy channel, we distributed the hyperentangled
state over an 11 km multicore fiber (MCF) [21,33-35]. The
difficulty of long-distance distribution of polarization and
spatial-mode hyperentanglement is maintaining the coher-
ence and phase stability between different paths. The MCF
provides an ideal platform for distributing spatial-mode
states over a long distance. The distance between the
nearest two cores of the MCF is very small (approximate
41.5 um), and the noises of different paths are very close,
so it can maintain coherence [21,33-35]. However, there
are still some other difficulties, such as the polarization-
maintaining and group delay mismatch. To overcome these
obstacles, we used a phase-locking system to ensure the
effective distribution of hyperentanglement [21,26]. In
Fig. 2(b), the hyperentangled state |¢) was distributed
over 11 km in the MCF. During distribution, a small bit flip
(BF) error (|¥*),, and |y),,) and small phase flip (PF)
error (|®7),, and |¢7),,) were introduced by the fiber
noise environment. The fidelities of the hyperentangled
state in the polarization and spatial modes were Fp =
0.961 £0.001 and Fg=0.952+£0.001, respectively.
Here, we use superconducting single photon detectors to
detect each photon, the efficiency is 80%, and the dark
count rate is approximate 300 Hz. Including all the losses,
the coincidence efficiency was ~8.1%, and the coincident
count rate was 600 Hz.
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FIG. 2. Experimental setup. (a) Preparation of hyperentangled state. The pump light beam is separated into two spatial modes by the
BD. These two beams are injected into a Sagnac interferometer to pump a type-II cut periodically poled potassium titanyl phosphate
(PPKTP) crystal (1 x 7 x 10) mm and generate the two-photon polarization entanglement 1/v/2(|HV) + |VH)) in each spatial mode.
After HWPI (set at 45°), the hyperentangled state |®T) , ® |¢p1),, = 1/V2(|[HH) + |[VV)) ® 1/v2(|a1b,) + |a,b,)) is generated.
(b) Quantum noisy channel. This channel is divided into two parts. The first part is a controllable spatial mode and polarization BF or PF
loading noise setup. The other part is an 11 km MCEF. (c¢) Purification process. This process is also divided into two steps. The first step is
a CNOT gate between the spatial mode and polarization d.o.f. The setup consists of a HWP (set at 45°) placed on spatial modes a, and
b,. The PBS is used for postselection of the polarization qubit, and the spatial-mode states of the same polarization are preserved, while
different polarization states are ignored. Hadamard operations are needed to convert the PF noise to BF noise before purification.
(d) Quantum state tomography setup. DM, dichroic mirror; QWP, quarter-wave plate.

In our experiment, we added symmetrical BF noise to
both the polarization and spatial-mode d.o.f., so that
Fp= Fg~ F. The BF noise loading setup [26] can add
any proportion of BF noise (|¥"),, and |y™),,) to the
hyperentangled state of the polarization and spatial modes.
We loaded 20% BF noise into the ideal state, and when it
was combined with the MCEF, the fidelities of the polari-
zation and spatial-mode states were F%® = 0.771 £ 0.002
and F9% =0.771 £ 0.002, respectively. When 30% BF
noise was added, the fidelities of the polarization and
spatial-mode  states were F%7 = 0.666 & 0.002 and
F$7 = 0.664 £ 0.002, respectively.

The purification setup is rather simple and only contains
a PBS and a HWP [Fig. 2(c)]. It is essentially the
controlled-NOT (CNOT) gate between the polarization
and spatial-mode d.o.f. for a single photon. Unlike the
CNOT gate between two photons in polarization, such a
CNOT gate works in a deterministic way and does not
exploit the auxiliary single photon. The control qubit can be
regarded as a spatial-mode qubit (|a;) = (0),|a,) = [1)),
and the target qubit can be regarded as the polariza-
tion qubit. The CNOT gate makes |0)|H) — |0)|H),
0)IV) = [0)[V), [D)[H) = [1)|V), and [1)|V) — |1)|H).
After the CNOT operation, the second operation is to
postselect the polarization qubit. Through the PBS, the
spatial-mode states with the same polarization are retained,
and different polarization states are ignored. The purifica-
tion process is completed. The experimental results show
that the fidelity of the purified state was significantly

improved for BF noise [Fig. 3(a)]. For 20% BF noise,
the fidelity after purification became F*% = 0.887 + 0.001,
which is very close to the theoretically predicted value
F = 0.896. For 30% BF noise, the fidelity after purification
became F*7 = 0.774 + 0.002, which is also very close to
the theoretical value F = 0.778.

BF and PF noise can be converted to each other
through the Hadamard operations (see Supplemental
Material [26]). We also show that our protocol is still
feasible in the case of PF noise. A PF noise proportion of
20% (|®7),, and |¢7),,) was loaded into the hyper-
entangled state. When this was combined with the
MCEF noise, the fidelities of the polarization and spa-
tial-mode states were F%® =0.793 +0.002 and F3® =
0.796 £ 0.002, respectively. Different from the case
of BF noise, we first converted PF noise into BF noise
through Hadamard operations and then completed entan-
glement purification. The fidelity after purification is
FO% =0.903 4+ 0.001, which is also very close to the
theoretical value F = 0.932. For hyperentangled states
with only MCF noise, we found that PF noise (~3.3%)
was much higher than BF noise (~1.1%). After the
purification, the fidelity was F = 0.974 £ 0.001. This is
higher than the fidelity of the polarization or spatial-mode
state before purification, which shows that our purification
was efficient in fiber distribution.

Finally, let us show the practical application of this
purification experiment. The first is to increase the secure
key rate [36] in entanglement-based QKD [25]. Secure
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Experimental results. (a) Results before and after BF noise purification. On the left are the density matrices of polarization and

path-entangled states before purification, and on the right are the density matrices of path states after purification. The yellow column
represents a value greater than 0, and the blue column represents a value less than 0. The transparent column represents the value of the
ideal maximally entangled state. The fidelity of the purified quantum state has obviously been improved significantly. (b) Results before
and after PF noise purification. The first half is the result of loading 20% PF noise. The second half is the result of noise introduced only

by the MCF.

QKD requires that the quantum bit error rate (QBER) is
less than 11% (QBER =1-F, F is fidelity) [2] to
generate an effective key rate (R). In 20% BF noise and
20% PF noise cases, as shown in Figs. 4(a) and 4(b), after
purification, the R increases significantly from O or nearly 0
to 0.332 +0.010 and 0.371 £ 0.009. Here R is defined as
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R = 1-2H(QBER), where H(e) represents the Shannon
entropy, given as a function of the QBER by H,(¢) =

—(1—e)log, (1 —e) —elog,(e).

We also show the

improvement of R along a real noise channel in
Fig. 4(c). The second is to distill nonlocality from nonlocal
resources [37], which has the potential application to
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FIG. 4. QKD based on entanglement purification. (a)-(c) The correlations for mutually unbiased bases required for QKD
[computational bases (|0),, |1),) and Fourier bases |0)f, |1)z] before and after purification in the case of loading 20% BF noise,
20% PF noise, and using MCF only. The corresponding QBER and quantum key rate (R) are also presented.
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improve the noise tolerance in future device-independent
QKD (DI-QKD) [38]. Using the reconstructed density
matrix, we can calculate the values of Clauser-Horne-
Shimony-Holt inequality of these nonlocal quantum states.
Initially, for 30% BF noise, Sg¢ = 1.837 +0.006 < 2 for
spatial-mode entanglement and Sp = 1.829 4+ 0.006 < 2
for polarization entanglement. After purification, S =
2.128 +0.006 > 2 (see Supplemental Material [26]).

The integration time of each data point is 60 s, and the
count rate of the entangled source after fiber distribution is
~600/s (before purification). After purification, due to the
influence of postselection, the successful events are
retained and the failure events are ignored, thus the count
rate of the entangled source after purification is reduced,
respectively. For 30% BF noise, the count rate of purified
entangled source is ~350/s; for 20% BF and PF noise, the
count rate of purified entangled source is ~410/s.

We propose and demonstrate the first long-distance
polarization entanglement purification and show its prac-
tical application to increase the secure key rate in entan-
glement-based QKD and improve the noise tolerance in
DI-QKD. Compared with all two-copy EPPs based on
Ref. [7], our EPP using one pair of hyperentanglements has
several advantages. First, this protocol reduces half of the
consumption of copies of entangled pairs. Second, ben-
efited from the success probability 100% CNOT gate
between the polarization and spatial inner d.o.f., the
purification efficiency of this EPP is 4 times than that of
two-copy EPPs in Refs. [8,10,26]. Third, if we consider the
experimental implementation (SPDC sources), the double-
pair emission noise in generating two clean pairs can be
removed automatically and the purification efficiency can
be estimated as 1.65 x 103 times than the EPPs using two
pairs entangled states with SPDC sources. The total
purification efficiency can be calculated as 4 x 1.65 x
10° = 6.6 x 10? than the EPPs using two pairs entangled
states with SPDC sources. It is worth noting that, since both
outcomes of PBSs are used for postselection, we need two
sets of measurement setups at both sides of Alice and Bob.
However, in the two-copy EPPs [10], two photons act as
triggers, so two additional measurement setups are also
needed. Our protocol is general and can be effectively
extended to other d.o.f. of photons, such as the time bin
[39], frequency [40], and orbital angular momentum [18],
to perform multistep purification to improve the fidelity of
entanglement further. Moreover, if combining with the
suitable high-capacity and high-fidelity quantum memory
[41] and entanglement swapping [18,42], the approach
presented here could be extended to implement the full
repeater protocol and large-scale quantum networks, ena-
bling a polynomial scaling of the communication rate with
distance.
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