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Quantum Communication With Polarization-Encoded
Qubit Using Quantum Error Correction

Daniel Barbosa de Brito, José Cláudio do Nascimento, and Rubens Viana Ramos

Abstract—One of the most promising physical properties for
implementation of quantum technology is light polarization.
However, since light polarization is a fragile property, the use
of quantum error correction (QEC) is a crucial issue in order
to make quantum information over optical network feasible. In
this direction, this paper discusses optical setups for quantum
error correction in quantum communication setups based on light
polarization. In particular, we show how to use the QEC setup
to provide error-free entanglement distribution and its use in an
error-free probabilistic teleportation setup. Then, we discuss the
performance of the error-correction setup in a very noisy channel.
Finally, we show that the same QEC setup can also be used to
correct bipartite of qubit states.

Index Terms—Light polarization, quantum communication,
quantum error correction (QEC).

I. INTRODUCTION

QUANTUM communication and computing are new areas
of information processing that make use of quantum
properties in order to permit the realization of new ways

of communication and computation without counterpart in the
classical world, as quantum key distribution [1]–[3], quantum
teleportation [4]–[6], and quantum searching [7], [8]. One of the
most promising physical properties for experimental realization
of quantum technologies is the light polarization. This happens
because the polarization-encoded qubit is easily generated,
detected, and transformed. On the other hand, it is well known
that light polarization is also a fragile property that changes
in an unpredictable way during light propagation in common
single-mode fibers. Thus, in order to make quantum technology
based on light polarization feasible, quantum error correction
(QEC) schemes must be employed, that is, the unpredicted
light-polarization changes must be controlled. QEC can be
achieved by using quantum codes [9]–[12]. Most quantum
codes are based on the introduction of redundancy. Additional
qubits are included and entangled with the qubit that carries
the useful information. For a polarization-encoded qubit using
single-photons, each qubit is represented by the polarization
of an optical pulse containing only one photon. This means
that a quantum code of qubits will use single-photon
pulses, where are ancillas. The photons must be
entangled through an -qubit quantum circuit. All of them are
sent through a noisy channel and disentangled at the receiver
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Fig. 1. QEC using entangled states.

by another quantum circuit. The ancillas are measured and,
according to their values, a selected single-qubit operation (a
polarization change) is applied in the signal qubit in order to
recover the correct polarization. The block diagram is shown
in Fig. 1. In this figure, is the input signal and is the
corrupted signal at channel output. The ancillas are considered
initially in the horizontal linear polarization.

The most famous quantum code able to correct a general
single-qubit error is the Shor code [13]. It uses nine qubits. The
smallest quantum code able to correct a general error in a qubit
is a five-qubits code [13]. The codification, using unnormalized
states, is given as

(1)

(2)

In (2), is a polarization rotator of (the NOT gate). The
quantum coder and decoder is the quantum circuit shown in
Fig. 2 [14].

In Fig. 2, , , and are the (single-qubit gates) polarization
rotations

(3)

The controlled gates are gates that are applied only if the con-
trol qubit (indicated by a black ball) is in the vertical polariza-
tion. For example, in the third column of Fig. 2, a gate will
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Fig. 2. Quantum circuit for five-qubit quantum code.

be applied in the first qubit and a gate will be applied in the
second and fourth qubits only if the fifth qubit is vertical. Every
single-qubit gate can be implemented using polarization rotators
and compensators. On the other hand, the two-qubit gates Con-
trolled-NOT (CNOT) and Controlled require large nonlin-
earities, not achievable with present optical materials. A CNOT
gate using only linear optical device can be constructed; how-
ever, its behavior is probabilistic: sometimes the gate works and
sometimes it fails [15]–[18]. Therefore, the physical implemen-
tation of quantum codes employing redundancy through entan-
glement is, with current technology, inefficient. On the other
hand, a single-qubit QEC system that does not use both ancillas
and entanglement has been proposed [18]. Hence, this scheme
can be built with today’s technology. In this direction, this paper
extends the schemes proposed in [19] and [20] in three ways:
1) proposing a complete optical setup for probabilistic quantum
teleportation using QEC; 2) analyzing the performance of the
QEC setup when the channel is very noisy due to fast variations
of the fiber birefringence; and 3) showing that the QEC setup
can also be used to protect bipartite of qubit quantum states.

This paper is outlined as follows. In Section II, the QEC
setup for single-photon quantum communication systems and
its use in error-free entanglement distribution and probabilistic
teleportation are considered. In Section III, the performance of
the QEC setup considering a very noisy channel is analyzed. In
Section IV, we show that the QEC setup can also be used to cor-
rect bipartite of qubit quantum states. Finally, the conclusions
are presented in Section V.

II. QEC SETUPS

In order to make the polarization-encoded qubit transmis-
sion protected against the noise (unpredictable polarization ro-
tations) during fiber propagation, quantum codes can be used.
However, a simpler QEC (without using ancillas and entangle-
ment) based on a time-bin qubit has been proposed [19] as well
its use in error-free distribution of a polarization-entangled pair
of photons [21]. A simplified version of the setup presented in
[19] was proposed in [20]. Here, we show this last is also suit-
able for error correction in polarization entangled pair of pho-
tons distribution. First, we give a brief description of the optical
setup used, which is shown in Fig. 3 [20].

Fig. 3. Optical setup for error correction.

In Fig. 3, PCs are Pockels cells and and are, respectively,
long and short paths. Let us assume that the input state at Alice’s
place is and the noisy channel is modeled
by the unitary operation that implements the transformation

(4)

where and are random variables. In Fig. 3, there are two
paths after the first PBS, a short path taken by the horizontal
component and a long path taken by the vertical component.
When the input state passes through the unbalanced polarization
interferometer, the components of the polarization are separated
in time, producing the state . Alice turns on her
Pockels cell only when the component is present, effecting
the transformation . Thus, the encoded state sent
by Alice in the quantum channel is .
Using (4), the quantum state at channel output is given by

(5)

At Bob’s side, the Pockels cell is activated to rotate
the polarization only of the component while is acti-
vated to rotate only the component. At each mode 1 (upper
arm) and 2 (lower arm), there exists an unbalanced polarization
interferometer. In these interferometers, the horizontal compo-
nent takes the long path while the vertical component takes the
short path. When the corrupted state (5) arrives at Bob’s place,
after passing through the first PBS and Pockels cells, it is trans-
formed to

(6)

This state passes through the unbalanced polarization interfer-
ometers producing the total output state

(7)

In (6) and (7), the superscripts 1 and 2 denote the paths to-
wards the output modes 1 and 2. From (7), one sees that Bob
obtains the corrected state in outputs 1 and 2 with probabilities,
respectively, equal to and . When the channel
is approximately an ideal channel, Bob obtains the uncorrupted
state that is more likely in output 1, on the other hand, when
is allowed to vary over its total range of values according to a
uniform distribution, then the probability of obtaining the un-
corrupted state in one of the outputs tends to 1/2. One cannot
be sure in which output the photon will emerge, however, using
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Fig. 4. Error-correction setup for a polarization-entangled pair of protons.

an optical delay and an electrooptic switch to form a time-mul-
tiplexing system, one can have the photon always at the same
output (but in different times).

Any error (polarization change) that can be modeled by the
sequence compensator–rotator–compensator can be corrected.
For this, the characteristic time of change of the fiber parame-
ters must be larger than the time separation between and
pulses. It is important to note that the setup shown in Fig. 3 can
also work well for coherent states and, hence, it can also be used
for passive polarization correction in classical optical commu-
nication systems.

Using two equal setups of the type shown in Fig. 3, the setup
for error correction in Bell state distribution is as shown in
Fig. 4.

In Fig. 4, the time-multiplexing scheme composed by a time
delay and an electrooptic switch is used to guarantee that both
photons will always emerge from the same output at Alice’s side
and Bob’s side. It is easy to show that, having the initial input
state , the output state is

(8)

(9)

(10)

where the noisy channels (channel : from the source of
entangled photons to Alice; channel : from the source
of entangled photons to Bob) are modeled by the uni-
tary operations realizing the transformations

(again, the angles

Fig. 5. Optical setup for probabilistic teleportation of polarization-encoded
qubit.

are random variables). The state , for example, means
a horizontal state emerging from output at Alice (Bob).
After the time multiplexing, the spatial uncertainty becomes a
time uncertainty, that is, the photon will appear earlier if it took
the shortest path (output 1) or the latter if it took the longest
path (output 2). Once entangled photons can be distributed in
an error-free way, it is possible to construct quantum commu-
nication with a low error rate.

A probabilistic teleportation of polarization-encoded qubit
can be implemented using the setup shown in Fig. 5 [22].

In Fig. 5, SPD is a single-photon detector, is
a polarization beam splitter (PBS) in the rectangular basis

, while is a PBS in the diagonal basis
. The

double lines mean classical communication. The quantum state
evolution in the setup in Fig. 5 is as follows:

(11)

(12)

(13)

(14)

(15)

The teleportation succeeds if Alice measures one photon in
output A and one photon in output B. Hence, as can be seen
in (14) and (15), Alice has to send two classical bits to Bob,
the first one informing if the teleportation succeeded, which
happens with a probability of 50%, and the second informing if
Bob does or does not have to apply a phase shift in his photon.

Now, it is possible to put the setups shown in Figs. 4 and 5
together in order to construct an optical setup for probabilistic
quantum teleportation employing error correction and using
only simple optical devices. The setup proposed is shown in
Fig. 6. Using it, a quantum teleportation succeeds with prob-
ability if Bob just measures the qubit received.
The probability appears due to the fact that Alice
sends the qubit at the right time to coincide with the
arrival of the photon that took path 1. If the photon coming
from the central node took path 2, the teleportation does not
happen. If Bob uses the qubit received to another quantum
operation for which he has to know the exact time of arrival
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Fig. 6. Simple optical setup for probabilistic teleportation employing error cor-
rection.

of the photon sent by the central node, then the probability
of success is , assuming that Bob also
realizes his synchronization considering output 1.

III. VERY NOISY CHANNEL

Here, we analyze the performance of the error-correction
setup when the channel is very noisy, implying that the fiber
birefringence has fast variations and it can change during the
time interval between the short and long time slots. In this case,
the pulses in each time slot will experiment different unitary
evolutions. Since the channel varies between the and com-
ponents of the state sent by Alice, what is the probability of the
state received by Bob to be the same as that sent by Alice? In
order to answer this question, consider that and

are, respectively, the unitary transformations
acting in the and pulses. The quantum state at Alice’s
encoder output can be represented by

(16)

Hence, polarization and time-bin are not entangled. When the
unitary transformation is the same for both pulses, the channel
does not entangle polarization and time-bin and the qubit can be
received corrected at the receiver. On the other hand, when the
fiber birefringence varies in a time interval shorter than the time
separation between and pulses, one has at channel output

(17)

Fig. 7. Error rate and entanglement versus�� = ' � ' when � = � .

and polarization and time-bin are entangled. The amount of en-
tanglement of the state (18) is given by

(18)

(19)

As expected, when , one has , resulting in
, and the QEC does not fail. The output state is

(20)

and its fidelity is given by

(21)

(22)

The larger the entanglement, the larger the error rate . This
can be seen in the simple case that . In this case,
and depend only on , and one can obtain the
curve shown in Fig. 7 for .

For other values of and , the same kind of behavior
is observed.

IV. BEYOND QUBIT ERROR CORRECTION

In Section II, it was shown how to use the QEC setup to pro-
tect the individual qubits of a bipartite state, that is, each indi-
vidual qubit “sees” a different channel. Here, we consider the
correction of the complete bipartite state. In other words, Alice
has the bipartite state

that are two photons separated by in time, and she
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Fig. 8. QEC of bipartite quantum state.

wants to send this state to Bob. In order to do this, Alice uses
the setup shown in Fig. 8.

The quantum state leaving Alice’s polarization interferometer
and after Alice’s Pockels cell are respectively

(23)

(24)

In (24), one can observe that there are four time slots: , ,
, and . As can be noted in (24), is activated in order

to rotate the polarization of the pulses only in the time
slots and . Once more, channel propagation is modeled
by an unknown unitary transformation, but now this one acts
in both qubits. In a general way, one can say that

, where the coefficients ,
, , and depend on the parameters of . Thus, the quantum

state at channel output is

(25)

Now, Bob activates his Pockles cell in order to rotate the polar-
ization only of the pulses in the time slots and . Further,
in Bob’s polarization interferometer, the horizontal component
takes the longest path while the vertical component takes the
shortest path. Thus, Bob’s output state is

(26)

As can be seen in (26), there are six time slots at the output:
, , , , , and .

With probability , the correct state is found in the time slots
and . Hence, selecting only these two time slots,

one can be sure that, if there are photons, then they represent the
correct bipartite state.

V. CONCLUSION

We have discussed an error-correction setup based on a
time-bin qubit showing how to use it to obtain error-free entan-
glement distribution. Then the complete setup for probabilistic
teleportation of polarization-encoded qubit with error correc-
tion for entanglement distribution was presented. The advantage
of this setup is the fact that it uses only linear optical devices
and, hence, it can be constructed with today’s technology. The
difficulties in the setup proposed are the time synchronization
due to the Pockels cell in the error-correction setup and the fact
that the polarization interferometers at the transmitter and re-
ceiver must be equal. It also suffers from other problems that are
common to every setup for quantum communication in optical
networks, like the low performance of present single-photon
detectors and single-photon sources. Furthermore, it is assumed
that, when the Pockels cell is not active, it does not introduce
any change in the polarization of the pulse passing through it.
Hence, we assume that horizontally polarized photons are not
disturbed. In the real device, however, this may not be the case,
and some error may be introduced into the system. However,
it is possible to place a compensator–rotator–compensator
after the Pockels cell just to compensate for its behavior in the
best way. Moreover, the coupling between an optical fiber and
nonfiber-based optical devices always implies loss. This loss
does not cause an error, but it decreases the probability of the
photon to arrive at the receiver’s place. Then, it was shown
that, if the channel varies during the time interval between
the first and second time slots, then an entanglement between
the photon polarization and time slot arises. In this case, the
performance (ability to correct the polarization change during
fiber propagation) of the error-correction setup depends on the
amount of entanglement between polarization and time-bin.
The larger the entanglement, the larger the error rate, although
this last also depends on the polarization qubit sent. At last, we
showed that the optical setup used to correct single-qubit error
can also de used to correct the error of a bipartite of the qubit
state.

There is an error-detection technique called error filtration
[23], [24]. It is quite interesting, but it does not seem to be better
than the techniques proposed in [19] and [20], because it is still
possible to find errors in the “useful output” in the error filtra-
tion. On the other hand, in the setups proposed in [19], [20],
and in this study, only corrected qubits (in the case that both
components of the time-bin qubit experiment the same channel)
emerge at the “useful output.”

As explained in the text, our setups transform the polariza-
tion-encoded qubit to a time-bin qubit, since the latter is more
robust against polarization fluctuation. A question that may
arise is: why should one construct quantum communication
systems based on light polarization instead of constructing
quantum communication systems based only in time-bin
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qubits? Some answers are: 1) the existing quantum memories
work with polarization qubit [25] and 2) quantum computation
with linear optical devices has been proposed with polariza-
tion qubits [15]–[18]. Hence, for the realization of nonlocal
quantum computation over optical networks (for example,
a nonlocal CNOT), polarization-encoded qubit is important.
What our schemes (and those in [19] and [20]) do, in fact,
is to transform polarization qubits into time-bin qubits only
for fiber propagation. At the receiver, the time-bin qubits are
transformed to polarization qubit again. However, one knows
that in the correct time slots there will not be any error on the
qubit.

Finally, it is important to note that active channel equalization
can also be applied for QEC in quantum communication sys-
tems based on light polarization. In this kind of error correction,
from time to time, optical pulses are sent through the fiber and
their polarizations at the fiber output are measured in order to
find the correct compensator–rotator–compensator values that
implement the inverse transfer function of the channel. For our
setups, however, this is not necessary. It will always work. Thus,
our setups are passive in the sense that it is not necessary to
find out which are the channel’s parameters in order to adjust
an equalizer.
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