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a  b  s  t  r  a  c  t

An  improved  quantum  key distribution  scheme  via  single-photon  two-qubit  states  is  proposed.  The
input–output  model  of  the polarization  state  is  established.  And  the  influence  of  the  interferometers
to  the  polarization  state  is  analyzed.  Quantum  bit error  rate  of polarization  coding  caused  by birefringent
and coordinate  system  difference  between  incident  light  and  the  fast  and  slow  axes  in fiber  interferometer
is simulated.  Furthermore,  maintaining  conditions  of  polarization  state  are  given  on  this  basis.
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1. Introduction

Since Bennett and Brassard presented the first quantum key
distribution (QKD) scheme in 1984 [1], quantum cryptography is
attracting researchers’ attention [2–4]. A lot of schemes and theo-
ries have been proposed and improved [5–8]. These QKD schemes
and theories have been implemented in a number of groups both
in fiber-based systems [9–11] and in free space arrangements
[12–16].

Most existing QKD systems rely on either polarization or phase
of faint laser pulses as an information carrier. For long-distance free
space distribution, the main difficulty of practical systems is the key
generation rate. Because of the link loss, “Bob” can just capture a
few photons which “Alice” sends to. It is not a significant issue for
experimental demonstrations but a vital disadvantage for practical
applications. Several schemes have been proposed to improve the
key generation rate [17,18]. Single-photon two-qubit states possess
a deterministic nature that can be exploited for direct secure com-
munication [19]. Paper [20] proposed a scheme for quantum key
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distribution, in which a single photon is encoded with polariza-
tion state and phase state. But the implementation system of this
scheme is a little bit complicated, and it has just analyzed the secu-
rity and implementation roughly.

In this article, an improvement scheme of free-space QKD via
single-photon two-qubit states is proposed. The implementation
system of this scheme is concise. And the quantum bit error rate
(QBER) of polarization coding caused by fiber M–Z  interferometer
is discussed.

2. Improvement scheme of two-qubit QKD

The implementation system in paper [21] needs four inter-
ferometers and also needs as many photon detectors and beam
splitters as two polarization QKD systems. So we improve the
scheme and implementation system as shown in Fig. 1.

The two-qubit QKD scheme setups are shown in Fig. 1. Only four
semiconductor lasers (LD1–LD4) send out one pulse carried polar-
ization message at a time. The laser pulse passed through Alice’s
interferometer and was  modulated phase information and attenu-
ated by the attenuator (A). Then, the pulse was launched into free
space. The pulse was  caught by Bob’s antenna and passed through
an interferometer. Then enters the detection unit that has eight
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detectors (D) on the output of Bob’s interferometer to distinguish
what phase and polarization message the photon takes.

L, S represents, respectively, the long and short arms of Alice
and Bob’s interferometers. Like the original phase QKD system,
here are four possible paths to reach the detectors in the two-
qubit QKD scheme; they are L + S, S + S, S + L, L + L. Fig. 2 shows the
output pulses of Bob’s interferometer. Because the lengths of L + S
and S + L are equal, so these two pulses overlap in time domain
(pulse B), and the interference occurs. For the pulses of path S + S
and path L + L, here is no interference. So they are kept out of the
door in original phase QKD scheme. The two-qubit QKD scheme is
proposed to codes the phase and polarization information in one
photon. Specifically, the interference pulse (pulse B) carries both
phase and polarization information, and the pulses (A and C) which
are discarded in the original phase QKD scheme can be coded in
polarization information.

The principle of key distribution in the improvement scheme is
as follows.

(1) The polarization coding unit of Alice randomly activates for
each photon pulse to rotate the state of polarization to one of
the four states, which are −45◦ ((1/

√
2)|H〉 − (1/

√
2)|V 〉), +45◦

(1/
√

2|H〉 + 1/
√

2|V 〉), 0◦ (|H 〉), 90◦ (|V 〉), then sends them into
the M–Z  interferometer.

(2) The phase modulator randomly encodes 0, �, �/2 or 3�/2 states
to pulse in the long arm. Then the photon carries two different
quantum key information which are sent to Bob.

(3) In much the same way that phase QKD scheme decode does,
the Bob’s phase modulator selects 0 or �/2 phase to measuring
what phase the pulse B takes.

(4) All the pulses of A, B and C carry the polarization informa-
tion. The polarization decoding units decoding the polarization
information in the same way as polarization QKD scheme, both
in out1 and out2.

Bob told Alice what measurement matrix he used in the phase
and polarization detection. But Bob did not publish the result
he had obtained. Then Alice tells Bob which results are correct.

3. Polarization QBER caused by M–Z  interferometers

From the standpoint of interference, the difference of trans-
mission matrix between long arm and short arm must be very
small. And in some mobile platforms, the polarization state will
change with the change of mirror’s position drastically. Typically,
the encapsulated fiber interferometer is used in the phase QKD
scheme quantum distribution experiment. But the polarization
state of photon also changes slowly in the fiber system, largely
because of the birefringence. The bit error rate of polarization
coding increases. We  will discuss the variation regularity of polar-
ization state and QBER under the influence of fiber interferometer
in detail below.

Take the case of S + S path, suppose Jones vector of incident

light is EAin =
[
Ex1
Ey1

]
, and the output light is Eout1 =

[
Ex2
Ey2

]
. The

coordinate system of fast and slow axes in the fiber interferom-
eter is (u, v). The coordinate system of incident light is (x, y),
and the angle between these two coordinate systems is �. Matrix

for coordinate transform is R(�) =
[

cos � sin �
− sin � cos �

]
. Jones matrix

of fiber is J =
[
ei�SX 0

0 ei�SX

]
= ei(�SX+�SX)/2

[
ei SX/2 0

0 ei SX/2

]
,

 SX = �SX − �SX is the phase difference between v-phase compo-
nent and u-phase component, and SX = {SA, SB}  represent the short
arm fibers of interferometer both on Alice’s side and Bob’s side.
Considering the difference between coordinate systems of two

fiber-based interferometers, JC is the rotation matrix.

Eout1 =
[
Ex2

Ey2

]
= R(−�)JSBR(ϕ)Cei�JSAR(�)
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2
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where the  ̊ represents common phase of the atmospheric chan-

nel, C is considered as unitary. Let M = R(−�)

[
ei� 0
0 e−i�

]
R(�),

� = ( SB +  SA)/2 represent the birefeingent phase difference
between fast and slow axes in the path.

M =
[

cos � − sin �

sin � cos �

][
ei� 0

0 e−i�

][
cos � sin �

− sin � cos �

]

=
[

cos2 �ei� + sin2 �e−i� sin � cos �(ei� − e−i�)

sin � cos �(ei� − e−i�) sin2 �ei� + cos2 �e−i�

]

=
[

cos � + i sin � cos 2� i sin � sin 2�

i sin � sin 2� co s� − i sin � cos 2�

]

The polarization measurement is little affected by the public
phase. And the output of these four polarizations in polarization
coding could be:

Eout0 = ME0 =
[

cos � + i sin � cos 2�

i sin2 � sin 2�

]

=
√

cos2 � + sin2 � cos2 2�|0〉 +
√

sin2 � + sin2 2�|1〉

Eout90 = ME90 =
[

i sin � sin 2�

cos � − i sin � cos 2�

]

=
√

sin2 � sin2 2�|0〉 +
√

cos2 � + sin2 � cos2 2�|1〉
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