
R E S EARCH ART I C L E
QUANTUM INFORMAT ION
1Key Laboratory of Quantum Information, University of Science and Technology of China,
CAS, Hefei 230026, People’s Republic of China. 2Synergetic Innovation Center of Quantum
Information and Quantum Physics, University of Science and Technology of China, Hefei,
Anhui 230026, People’s Republic of China. 3Department of Physics, South University of
Science and Technology of China, Shenzhen 518055, People's Republic of China. 4Center
for Quantum Information, Institute for Interdisciplinary Information Sciences, Tsinghua
University, Beijing 10084, People’s Republic of China. 5Department of Chemistry and
Chemical Biology, Harvard University, Cambridge, MA 02138, USA.
*These authors contributed equally to this work.
†Corresponding author. E-mail: cfli@ustc.edu.cn

Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
2016 © The Authors, some rights reserved;

exclusive licensee American Association for

the Advancement of Science. Distributed

under a Creative Commons Attribution

NonCommercial License 4.0 (CC BY-NC).

10.1126/sciadv.1500672
Robust bidirectional links for photonic
quantum networks

Jin-Shi Xu,1,2* Man-Hong Yung,3,4,5* Xiao-Ye Xu,1,2 Jian-Shun Tang,1,2 Chuan-Feng Li,1,2† Guang-Can Guo1,2
D
ow
Optical fibers are widely used as one of the main tools for transmitting not only classical but also quantum
information. We propose and report an experimental realization of a promising method for creating robust
bidirectional quantum communication links through paired optical polarization-maintaining fibers. Many lim-
itations of existing protocols can be avoided with the proposed method. In particular, the path and polarization
degrees of freedom are combined to deterministically create a photonic decoherence-free subspace without
the need for any ancillary photon. This method is input state–independent, robust against dephasing noise,
postselection-free, and applicable bidirectionally. To rigorously quantify the amount of quantum information
transferred, the optical fibers are analyzed with the tools developed in quantum communication theory. These
results not only suggest a practical means for protecting quantum information sent through optical quantum
networks but also potentially provide a new physical platform for enriching the structure of the quantum com-
munication theory.
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INTRODUCTION

Photonic quantum technologies have developed rapidly in recent years
and have shown promise for many applications in quantum infor-
mation processing (QIP) such as quantum computing (1), quantum
simulation (2), and quantum metrology (3). To scale up these applica-
tions, robust quantum communication links for short to medium dis-
tances (for example, 100 m or less) are required to be connected to
different optical QIP modules. There, the problem of photon loss in
optical fibers is negligible for the length scales considered (4); we can
therefore ignore this problem for the purpose of building links for a
quantum network (Fig. 1).

The decoherence problem of (polarization-encoded) photonic qu-
bits can be divided into two parts, namely, the rotation of polarization
(ambiguity of reference frame) and the dephasing of the relative phases
between polarizations. The decoherence problem can be reduced to the
dephasing problem only (that is, without basis rotation) with the use of
PM fibers (5). This work is focused on turning these dephasing channels
of PM fibers into robust links for quantum communication.

To deal with the dephasing problem,we can use one of themostwell-
known methods for protecting quantum information—quantum error
correction (6), where logical qubits are encoded inmany physical qubits.
The approach has been realized experimentally (7). However, the
resources required for encoding, decoding, and error detection remain
technologically demanding.

Alternatively, another means to achieving robust quantum commu-
nication is through the use of decoherence-free subspace (DFS) (8–29),
which is applicable when quantum states are beset with correlated er-
rors. Despite its elegance, the current DFS approach for optical com-
munications suffers from drawbacks, which make it challenging to
achieve large-scale applications.
First, there remains a high demand for resources that are necessary
to obtain deterministic entangled photons or to carry out entangling
operations (with low efficiency) for the current quantum-optics tech-
nology (30). In particular, the encoding operation can be achieved with
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Fig. 1. Optical quantum network. (A) A quantum network where each QIP

module is connected to other modules through an input port and an output
port. (B) These input/output links can be constructed with our method using
polarization-maintaining (PM) fibers. Here, we show the links that can transfer
singlequbits. To sendentangled states ofmultiple qubits,we caneither include
more such transmission links or send through the same link sequentially.
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the construction of the CNOT gate (31, 32), but it requires a large num-
ber of ancillary photons during implementation (33).

Second, for the direct transfer of quantum states, most optical im-
plementations of DFS (23, 25) produce correct output states only prob-
abilistically (that is, after selection), which limits the potential
applicability of the methods for multiple uses.

Third, existing approaches (18, 19, 23, 25, 28, 29) for quantum com-
munication through fiber optics are unidirectional (that is, one-way
communication) (34), which limits the range of their applications for
quantum networks that would require frequent short-distance quan-
tum communications.

To avoid the drawbacks of the previous DFS methods, we propose
and experimentally realize an alternative approach to constructing
robust quantum communication links that represent a simple and
promising way of protecting quantum information through noisy
optical fibers. Essentially, our setup involves a pair of optical fibers.
The reason for using a pair of fibers instead of a single fiber is to elim-
inate the need for further additional active control, which is muchmore
complicated in terms of implementation (see the Supplementary
Materials for more details).
http://advanc
ded from

 
RESULTS

Experimental setup and the underlying design principle
Our experimental setup is shown in Fig. 2A. The key ingredients in our
setup include a pair of optical PM fibers and a set of half-wave plates
Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
(HWPs). The two fibers are bundled together to maximize error corre-
lation, as shown in Fig. 2B. In the experiment, we used polarization
beam splitters (PBS) to encode and decode two PM fibers with the basis
setting at the horizontal and vertical directions ({|H〉, |V〉}). The PBS
behaves like a CNOT gate, with the path degrees of freedom
(DOF) {|0〉, |1〉} controlled by the polarization, where |0〉 and |1〉 rep-
resent the transmission and reflection cases, respectively. Different
types of HWP setting in the interferometer allow our setup to be op-
erated in either the bidirectional mode or the unidirectional mode.
Here, we would focus on bidirectional use, where the angles of HWPs
in the reflection path are set to 0° and those of HWPs in the transmis-
sion path are set to 45°. The case for the unidirectional mode (all HWPs
in the interferometer are set to be 22.5°) is shown in the Supplementary
Materials.

When the quantum state |fin〉 = a|H〉 + b|V 〉 (a and b are some
unknown complex numbers and |a|2 + |b|2 = 1) is sent from the A side
to the B side (from left to right), the PBS entangles the path DOF, and
the state becomes |fph〉 = a|H〉 |0〉 + b|V〉 |1〉. The horizontal polariza-
tion along the transmitted path (|0〉) is unchanged, but the vertical po-
larization at the reflected path (|1〉) flips to the horizontal state. The
information of the input quantum state is then transferred to the path
DOF, |fph 〉 = |H 〉 (a|0〉 + b||1〉). After the photon passes through the
pair of PM fibers, phase shifts tH0,H1 (o) are induced from each path
for each frequency component o, jfph〉 ¼ jH〉 ðaeitH0 ðoÞj0〉 þ
beitH1ðoÞjj1〉Þ. Then, the HWP at the reflected path flips the polarization
back to |V〉, which gives the following state: jfph〉 ¼ aeitH0 ðoÞjH 〉 j0〉 þ
beitH1 ðoÞjV 〉 j j1〉.
 on July 29, 2018
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Fig. 2. Experimental setup. (A) The full setup for entanglement distribution over a pair of 120-m-long PM fibers. Part of the entangled photon is kept
by Alice’s laboratory; another part of the entangled pair enters the interferometric unit. The photons are finally detected by single-photon avalanche

detectors (SPADs) with 3-nm interference filters (IFs) in front of them. (B) The two fibers are bundled together to maximize error correlation.
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Finally, the two paths cross at the decoding PBS, which separates the
pathDOF, jfph〉 ¼ aeitH0 ðoÞjH〉 þ beitH1 ðoÞjV 〉Þ j0〉�

. The correspond-
ing reduced densitymatrix of the polarization state has the following form

jaj2 ab*eiDtH

a*be−iDtH jbj2
� �

ð1Þ

with DtH = tH0 − tH1. Whenever the errors are highly correlated,
that is, tH0≈ tH1≡ tH, the signal photon with a state identical to the
initial one can be detected along the path |0〉. The phase difference DtH
causes dephasing to the output state as expected.

In a similar but not identical way, quantum information can be sent
from theB side to theA side (from right to left). As shown in Fig. 2A, for
an input general photon state |yin〉 = g|H〉 + d|V〉 (g and d are some
unknown complex numbers and |g|2 + |d|2 = 1) at the B side, the
corresponding reduced density matrix of the output state at the A side
has the following form

jgj2 gd*eiDtV

g*de−iDtV jdj2
� �

ð2Þ

with DtV = tV0 − tV1 (tV0 and tV1 represent the obtained phases
when the photon passes through paths |0〉 and |1〉, respectively).
Whenever the errors are correlated, that is, tV0 ≈ tV1 ≡ t, the signal
photon with a state identical to the initial one can be detected along
the path |0〉 and the phase difference DtV causes dephasing to the
output state as expected.

Coherent information of noisy quantum channels
To quantify the amount of quantum information that can be trans-
mitted through our setup, we analyzed the data through the tools devel-
oped in quantum communication theory, instead of just measuring the
fidelity of output states. However, as far as we are aware, the parame-
terization in this work is not widely known; therefore, we provide a con-
cise but self-contained theoretical background below.

Quantitatively, the amount of quantum information transmitted
through a noisy channel (Fig. 3) can be quantified by coherent
information (35), I c = S[E(rA)] − S[(E ⊗ I)(|Y〉AB〈Y|)], where E rep-
resents the quantum operation of a noisy channel, rA is the initial input
state, and |Y 〉AB is the purified state of rA; that is, rA = TrB(|Y〉AB〈Y|). I
is the identity operator, and S[r] = −Tr (r log r) is the von Neumann
entropy of a density matrix r. Here, the term “channel” is equally ap-
plicable to either a single fiber or the combined fibers in the experimen-
tal setup. The quantum capacity

Q1≡max
r

I c ð3Þ

of a single-use quantum channel is defined by the maximal coher-
ent information that can be achieved over all possible input states r.
More generally, quantum capacity is defined through the average
coherent information transmitted through multiple uses (36–38);
but for dephasing channels (39), both definitions are equivalent.

For any state r in the two-dimensional space, it can always be
expressed in some orthogonal basis {|y〉, |y⊥} as r = l0|y〉〈y| +
l1|y⊥〉〈y⊥|, where |y〉 = cos q |0〉 + sin q eif|1〉 and |y⊥〉 = sin q |0〉 −
cos q eif |1〉, and l0 + l1 = 1. The corresponding purified state can be
written as jY〉 ¼ ffiffiffiffiffi

l0
p jy〉j0〉 þ ffiffiffiffiffi

l1
p jy⊥〉j1〉. Therefore, the coherent

information I c for any quantum channel transmitting qubits depends
only on three independent parameters, namely, l0, q, and f, which are
used to describe the experimental data.
Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
To fully characterize the action of a channel on the input signals
r, we experimentally performed a full quantum process tomogra-
phy (40, 41) on the quantum channels. By expanding the output
state EðrÞ with a complete set of basis ^Em of the Pauli operators
{I, X, Y, Z}, the operation of the quantum process can be expressed
as EðrÞ ¼ ∑mncmn

^Emr
^E†
n . In this representation, the 4 × 4 matrix

c completely and uniquely characterizes the physical process E.
The matrix elements cmn’ can be constructed from experimental
tomographic measurements (42) of four input signals, namely,
jH〉; jV 〉; jD〉 ≡ 1ffiffi

2
p jH〉þ jV 〉ð Þ; jR〉 ≡ 1ffiffi

2
p jH〉� ijV 〉ð Þ

n o
.

Main experimental results for single-fiber characterization
Figure 4 (A to D) shows the experimental results for single-fiber char-
acterization. Figure 4A shows the experimental real part of the cmatrix,
denoted as c(s), of the single PM fiber (the corresponding imaginary part
is small and is shown in the Supplementary Materials). Note that the
two nearly equal distributions of I and X indicate the strong dephasing

effect of the fiber on the basis of |D〉 and |J〉 (≡
1ffiffiffi
2

p jH〉� jV 〉ð Þ); that is,
EðrÞ≈ðIrI þ XrX Þ=2 ≡ cðiÞðrÞ. The fidelity of the experimental re-
sult c(s) is about c(s) = 99.86 ± 0.01%.

With the experimentally determined c matrix, we systematically
searched for the maximal value for the coherent information Ic. We
found that the maximal value of coherence information is about
8.55 × 10−16 ± 3.50 × 10−16 with l0 = 0, q = 7p/25, and f = 47p/50.

Figure 4B shows the coherence information calculated from c(s)

by scanning q and l0 with f equal to 47p/50. We can see that the
maximal value of coherence information is achieved with l0 equal
to 0.
A

B

ε
ε
ε

ε

ε

εε ε

Fig. 3. Quantum information transmission through noisy channels. (A) In
the standard quantum channel theory, where channels are assumed to be

independent and uncorrelated, photons can pass through each channel or the
same channel one after another, following a tensorial decomposition. (B) In the
setting of interferometric activation over optical fibers, a photon, carrying a qubit
of information in the polarization basis, can travel through different channels,
inducing an extra DOF to compensate for correlated noise through interference.
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The coherence information of the single fiber is further shown as a
function of l0 with q = 7p/25 and f = 47p/50 (Fig. 4C). The theoretical
prediction (black line) agrees with the experimental result (blue line and
red dots), which is nearly equal to zero (the black line and the blue line
nearly overlap, and only the blue line can be seen). Error bars are esti-
mated from the SD, and the maximal deviation is about 0.006.

The theoretical (blue columns) and experimental (red columns) fi-
delities of the four states {|H〉, |V〉, |D〉, |R〉}) are further compared in Fig.
Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
4D. We find that they are in good agreement. Therefore, we conclude
that the quantum capacity of the PM fiber is a good approximation to a
zero-capacity quantum channel.

Main experimental results for bidirectional transfer
The experimental data for the bidirectional modes are presented in Fig.
4 (E toH) for quantum information transmitting from left to right (A to
B) in Fig. 2A. Figure 4E shows the real part of the experimental mean
E

J L

F G H

K

Bidirectional transfer ( A to B)

Bidirectional transfer (B to A)

A B D

Single-fiber transformation

C

I

Fig. 4. Experimental results. (A) The real part of the experimental matrix c(s) for a single fiber. (B) The coherent information I c calculated from c(s) by
scanning q and l , with f = 47p/50. (C) Coherent information of the single fiber as a function of l , with q = 7p/25 and f = 47p/50. The theoretical prediction
0 0

(black line) agrees with the experimental result (blue line and red dots), which is nearly equal to zero (the black line and the blue line nearly overlap, and only
the blue line can be seen). (D) The fidelities of different states passing through the single fiber. (E) The real part of the experimental mean density matrix c(AB)

for the bidirectional use from A (left) to B (right). (F) The coherent information calculated from c(AB) as a function of q and l0, with f = 13p/10. (G) Coherent
information of the paired fibers as a function of l0, with q = 7p/25 and f = 13p/10. The black line represents the theoretical prediction. The blue line and red
dots represent the results calculated from c(AB) (H) The fidelities of different states passing through the paired fibers. (I) The real part of the experimentalmean
densitymatrix c(BA) for the bidirectional use from B (right) to A (left). (J) The coherent information calculated from c(BA) as a function of q and l0, with f = 41p/25.
(K) Coherent information of the paired fibers as a function of l0 with q = 19p/25 and f = 41p/25. The black line represents the theoretical prediction. The
blue line and red dots represent the results calculated from c(BA) (L) The fidelities of different states passing through the paired fibers. Error bars are
estimated from the SD.
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densitymatrix c(AB) (the imaginary part is negligible and is shown in the
Supplementary Materials), and the fidelity is calculated to be c(AB) =
94.68 ± 0.01%. Figure 4F shows the coherent information calculated
from c(AB) as a function of q and l0, with f = 13p/10. Coherent
information as a function of l0 with q = 7p/25 and f = 13p/10 is further
shown in Fig. 4G. The black line represents the theoretical prediction.
The blue line and red dots represent the results calculated from c(AB).
The fidelities of different states are shown in Fig. 4H.

The experimental data for the bidirectional transfer from B to A are
shown in Fig. 4 (I to L). The real part of the experimental mean density
matrixc(BA) is shown in Fig. 4I, and the fidelity is calculated to be c(BA) =
95.13 ± 0.01%. Figure 4J shows the coherent information calculated
from c(BA) as a function of q and l0, with f = 41p/25, and Fig. 4K rep-
resents the coherent information as a function of l0, with q = 19p/25
and f = 41p/25. The fidelities of different states are further shown in Fig.
4L. The results clearly show the ability of the setup to bidirectionally
transmit quantum information.

Application to testing quantum nonlocality
Our setup can also be used to transmit nonlocal quantum information.
Weprepareddifferent kindsof entangled states of the form |Y〉=a|HH〉+
b|VV〉 from two type I beta-bariumborate (BBO) crystals (43), wherea2

is set to be {0.1, 0.2, 0.5, 0.8, 0.9}. Our goal is to verify the nonlocality of
the output state with maximal entanglement by testing the Clauser-
Horne-Shimony-Holt (CHSH) inequality (44)

S ¼ Eðq1; q2Þ þ Eðq1; q′2Þ þ Eðq′1; q2Þ − Eðq′1; q′2Þ ð4Þ

where

E q1; q2ð Þ¼ cðq1; q2Þ þ cðq⊥1; q⊥2Þ − cðq1; q⊥2 − cðq⊥1 ; q2ÞÞ
cðq1; q2Þ þ cðq⊥1; q⊥2Þ þ cðq1; q⊥2 þ cðq⊥1; q2ÞÞ

q⊥j ¼ qj þ 90°, j = 1, 2, and c(q1,q2) represents the coincidence counts
with the polarization angle settings q1 in mode A and q2 in mode B.

Figure 5 (A and B) characterizes the properties of the setup for trans-
ferring entangled states. Figure 5A shows the corresponding state fidelities
when states are transferred from A to B (cyan columns) and from B to A
(yellow columns). The fidelities of all output states are larger than 90%.

The coherent informationwith the corresponding input states is fur-
ther shown in Fig. 5B. The output state rA′ [¼ EðrAÞ] is obtained by
tracing photon B of the final two-photon state rAB′ [¼ ðE ⊗ IÞ
ðjY〉AB〈YjÞ] to calculate the coherent information. Cyan columns and
yellow columns represent the experimental results when states are
transferred from A to B and from B to A, respectively. We can see that
themaximal coherent information is achievedwitha2 = 0.5,which agrees
with previous results.

Figure 5 (C and D) shows the experimental results of the correlations
when states are transferred fromA to B and from B toA, respectively. The
angle settings are calculated fromthe final densitymatrixes tomaximize the
values of S (S≤ 2 for any local realistic theory). In our experiment, we ob-
tain the values S=2.438± 0.025 in Fig. 5C and S=2.542± 0.023 in Fig. 5D.
Both results violate the classical limit well above experimental errors (over
about 18 SDs), indicating the incompatibility of local realistic theories.
DISCUSSION

Our approach can be considered as exploiting a DFS at the single-
photon level (that is, without the need for any ancillary photon), but
Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
it is applicable to entangled multiqubit states as well. More precisely,
for any givenmultiqubit state of n photons, |y〉 = a|P〉n−1|0〉S + b|Q〉n−1|1〉S,
where |P〉n−1 and |Q〉n−1 are the states of the n − 1 qubits entangled
with the subsystem photon S to be sent through optical fibers.

We note a crucial difference between entanglement distribution and
direct quantum state transfer. Both approaches are studied theoretically
and experimentally in the literature. Of course, quantum state transfer
can be achievedwith entanglement distribution in the protocol of quan-
tum teleportation. However, more resources for measurement and
feedback control are required to accomplish the task. Here, we focus
on direct quantum state transfer (which also covers entangled states)
as frequent exchanges of quantum states are expected in generic photonic
quantumnetworks; less operations can potentially lead to a higher efficiency.

Transferring unknown quantum states (from Alice to Bob) using
DFS is more challenging than sending known states, like Bell’s state
ðj01〉þ j10〉Þ= ffiffiffi

2
p

. The latter case corresponds to the task of entangle-
ment distribution because, for entanglement distribution, one can al-
ways reprepare the state if it fails for any probabilistic operation (for
example, through a generator located between Alice and Bob).

Furthermore, for quantum state transfer, one may want to transfer
only part of a multiqubit state that could come from an intermediate
step of some potentially complicated quantum operations; the
information encoded in the state would be lost and irrecoverable if it
fails.Therefore, state independence is essential for anyquantumtransmission
method for building communication links of a quantum network (Fig. 1).

The time-bin method (8) is often exploited to achieve a DFS when
two photons are sent through the same optical fiber, when the time
delay is sufficiently short that the induced errors are correlated. This
approach (16, 23) can be achieved with the use of entangled photons
(Fig. 6A), that is, a|H〉 + b|V〉→ a|H〉|V〉 + b|V〉|H〉, where |H〉 and |V〉
represent the horizontal and vertical polarizations, respectively.
A B

DC

A to B B to A A to B B to A

Fig. 5. Experimental results for the entangled input states with one of
the photons passing through the paired PM fibers. (A) The fidelities of

the photon states with a2 = 0.1, 0.2, 0.5, 0.8, and 0.9. (B) The coherent
information with the corresponding input states. (C and D) The compo-
nents for obtaining the CHSH values when states are transferred (C) from
A to B (S = 2.438 ± 0.025) and (D) from B to A (S = 2.542 ± 0.023). Error bars
are estimated from the SD.
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However, currently, the generation of entangled photons remains non-
deterministic. The applicability of this approach is therefore limited.

An improvement has been implemented in a series of studies
(21, 25, 29), which relaxed the requirement of entangled input (Fig.
6B). However, this improvement requires the projection to the entan-
gled subspace through a parity-checking operation that can be successful
only with a probability of 1/2 (see more details in the Supplementary
Materials). Theprobabilistic operation limits the scalability of this quantum
communication protocol for the purpose of building links in a quantum
network. For example, sending the state fromnode 1 to node 2 and then
to node 3 will result in the successful probability dropping to 1/4, and so
on. This limitation does not exist in our approach.

Furthermore, the time-bin DFS approach typically requires a pair of
photons, which are successively sent through the same optical fiber (two
photons + one fiber). Our approach provides a more versatile imple-
mentation that protects individual photons based on the inference of
their paths, that is, a single-photon phenomenon (one photon + two
fibers) that acts on individual photons in anymultiqubit state. Our con-
struction of DFS for each photon is made possible by the hybrid ap-
proach of using both polarization and path DOF; a CNOT gate
between them can be achieved deterministically with the use of a
PBS. Furthermore, noise correlation in the fibers is maximized through
the physical bundling of the paired fibers.

In summary, we have presented a novel scheme that is capable of
transmitting quantum information bidirectionally and that avoids many
limitations of the existing schemes. Given the currently available technol-
ogy, theproposedmethod ismostly suitable for securing short- tomedium-
distance [for example, O(1 to 100) m] quantum communications.

For short- to medium-range applications, there is no significant
drawback in our approach to building robust links for photonic
quantum information transfer, compared with other existing methods.
To extend our method for long-distance transfer (for example, 100 km),
Xu et al. Sci. Adv. 2016; 2: e1500672 8 January 2016
we will need to overcome the challenge of stabilizing the relative phase
in the interferometer, which can be accomplished easily in our setup
(120 m). Furthermore, to increase the error correlation, we bundle the
paired fibers together. It is not known how well this technique can be
extended for large distances; this problem points to a new research
direction. Furthermore, our experimental setting provides a new
physical platform for enriching the structure of the quantum channel
theory when applied to correlated channels, and the setup has
potential application for protecting quantum information in the
large-scale photonics implementation of quantum algorithms.
 on July 29, 2018
.org/
MATERIALS AND METHODS

Our experimental setup is shown in Fig. 2. Ultraviolet (UV) pulses
were used to pump two type I BBO crystals to produce polarization-
entangled photon pairs (43). The UV pulses were frequency-doubled
from a mode-locked Ti:sapphire laser centered at 800 nm with a
130-fs pulse width and a 76-MHz repetition rate. After com-
pensating for the birefringence effect between H and V in BBO
crystals with quartz plates (CP), maximally entangled photon pairs
emitted into paths A and B. The photon in path A passed through
the quantum channel (either a single PM fiber or the encoded paired
PM fibers) and was sent to Bob. The photon in path B was triggered
into |H〉, and the photon in path A, which was prepared for the
corresponding states ({|H〉, |V〉, |D〉, |R〉}), was sent to the interferometer
(from left to right) to implement quantum process tomography. To
verify bidirectional use, the photon in path A was then triggered
into |H〉, and the photon in path B, which was prepared for the
corresponding states ({|H〉, |V〉, |D〉, |R〉}), was sent to the interferometer
(from right to left) to implement quantum process tomography.

A picosecond pulse laser with a pulse width of about 2.2 ps, a
wavelength of 860 nm, and a repetition rate of 76 MHZ was used as
a reference light, which was separated from the signal photon by optical
gratings at each output port. The reference light was then coupled into a
feedback control system by using the piezo motion to lock the relative
phase between the two arms of the interferometer (not shown in Fig. 2).
Quartz plates were used as compensators to maximize the interference
between the two arms.

The polarization of the final state was then analyzed by a quarter-
wave plate, anHWP, and aPBS in each arm. The photonswere detected
by SPADs with 3-nm IFs in front of them.

In our experiment, the counting of each measurement was assumed
to follow the Poisson distribution (the subprogram used was Poisson-
Distribution inWolframMathematica 7.0).We randomly regrouped 50
counting sets for each measurement quantity from the distribution
counting. The values of the quantity were calculated from the
corresponding counting sets, and 50 values were obtained. The error
of the quantity was then estimated by the square root of the variance
of the 50 values.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/1/e1500672/DC1
Dephasing effect of PM optical fibers
Coherent information
Single-use channel capacity of the completely dephasing channel
Reconstruction of the density matrix c
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Fig. 6. Different approaches to constructing DFS for optics. (A) A stan-
dard two-photon approach (16, 23) where entangled states are prepared

probabilistically. (B) An alternative two-photon approach (21, 25, 29) where
the protected subspace is obtained through postselection of a parity check.
(C) A single-photon approach (applicable for arbitrary multiple-photon
states) presented in this report where the path DOF is used to construct
an effective DFS.
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Unidirectional transfer
Fig. S1. Quantum state evolution of unidirectional information transfer in the case where the
noise from the two fibers is perfectly correlated.
Fig. S2. Experimental results for the unidirectional transformation.
Fig. S3. Experimental results for the entangled input states, with one of the photons passing
through the paired PM fibers.
Phase stabilization
Fig. S4. Envelope of two-photon coincidence counts by scanning of the piezo position.
Imaginary part of the density matrix c
Related transmission methods
Fig. S5. Experimental results for the imaginary parts of the density matrixes c.
Fig. S6. For postselection free unidirectional transmission of quantum informationwith a single PM fiber, active
components (for example, electronic half-wave plates) and accurate active control systems are needed.
Fig. S7. Forpostselection freebidirectional transmissionofquantuminformationwitha singlePMfiber, active
components (for example, electronic half-wave plates) and accurate active control systems are needed.
Comparison with the active single PM fiber case
 on July 29, 2018
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