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SPECIAL TOPIC — Quantum communication and quantum network
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Quantum communication networks, such as quantum key distribution (QKD) networks, typically employ the
measurement-resend mechanism between two users using quantum communication devices based on different quantum
encoding types. To achieve direct communication between the devices with different quantum encoding types, in this pa-
per, we propose encoding conversion schemes between the polarization bases (rectilinear, diagonal and circular bases) and
the time-bin phase bases (two phase bases and time-bin basis) and design the quantum encoding converters. The theoretical
analysis of the encoding conversion schemes is given in detail, and the basis correspondence of encoding conversion and
the property of bit flip are revealed. The conversion relationship between polarization bases and time-bin phase bases can
be easily selected by controlling a phase shifter. Since no optical switches are used in our scheme, the converter can be
operated with high speed. The converters can also be modularized, which may be utilized to realize miniaturization in the

future.
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encoding
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1. Introduction

Quantum communication networks can support secure
key exchange and information transfer by quantum key dis-
tribution (QKD),!'=3! quantum teleportation, *-8! quantum se-

%101 and so on. The typ-

cure direct communication (QSDC),!
ical quantum communication networks are QKD networks,
such as integrated space-to-ground quantum communication

networks.[11-12

1 QKD is the most widely studied protocol in
quantum cryptography, which Bennett and Brassard proposed
in 1984.1131 The first QKD experimental demonstration was
realized in 1989.1141 Over the next four decades, quantum
communication developed rapidly. The early implementations
of QKD systems mainly focused on the communication be-
tween two endpoints. With the increase in the number of
users who require high-security communication, QKD net-
works are put forward and widely studied, such as the first
QKD network set up by DARPA (Defense Advanced Research
Projects Agency),!'>1%! the European project SECOQC (Se-
cure Communication based on Quantum Cryptography),[!7-1%1
the Tokyo QKD network, > the 2000 km Beijing—Shanghai
Up to
now, quantum communication networks are composed of lots

quantum secret communication trunk, and so on.

of QKD systems connected in a point-to-point manner with
measurement-resend mechanisms to be compatible with dif-
ferent encoding types and communication protocols. The
quantum information can be encoded with various physical
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CSTR: 32038.14.CPB.adcdeb
properties of photons, such as polarization,?!-26] phase?’-2°]
and time-bin.?%-331 In a quantum communication network, the
quantum communication systems or subnetworks may utilize
different quantum encoding methods to be suitable for differ-
ent communication channels, secure key rates, or cost. To en-
able direct communication between the users whose encoder
and decoder are based on different encoding schemes, a quan-
tum encoding converter is necessary. Therefore, it is necessary
to study the conversion scheme between different quantum en-
coding methods.

There are few researches on quantum encoding conver-
sion schemes in quantum communication. A polarization to

t.341 The presented

phase converter was presented in the paten
converter can convert two sets of conjugate polarization bases
(right and left circular polarizations, positive and negative 45°
polarizations) into two sets of phase bases (—m/2 and /2,
0 and 7). A phase to polarization converter was achieved in
Ref. [35]. As the original measurement device independent
(MDI) QKD employs the polarization encoding, Alice and
Bob can execute the phase encoding MDI QKD by using the
phase to polarization converter to adapt the polarization de-
coder used by Charlie at the photon coincidence measurement
end. One of the key components in the converter is the opti-
cal switch, which routes the front and back pulses to different
paths. However, the speed of the converter is limited by the
optical switch.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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In 2-dimensional quantum systems, information is of-
ten encoded in three bases, such as three polarization bases,
i.e., rectilinear basis Br = {|H),|V)}, diagonal basis Bp =
{ID),]A)} and circular basis Bc = {|L),|R)}, and time-bin
phase bases, i.e., two phase bases {0,7n}, {n/2,27/3} and
time-bin basis {|yy),|y1)}. Four states in any two conju-
gate bases can be selected to implement the BB84 protocol
while four or six states in the three bases can be used to realize
the RFI protocol.3®! To be compatible with different quantum
encoding schemes and quantum communication protocols in
quantum communication networks, research on mutual encod-
ing conversion between six polarization states and six time-bin
phase states is significant in practice. In this paper, we propose
the polarization to time-bin phase and time-bin phase to polar-
ization conversion schemes. Compared with Ref. [34], our
scheme can be adopted in QKD systems encoded in any polar-
ization states besides the four polarizations, and one can mod-
ulate the conversion relationship simply by controlling a phase
shifter. Since no optical switches are used in our scheme, the
converter can be operated at high speed. Moreover, the con-
verters can be modularized, which may be utilized to realize
miniaturization in the future.

The rest of the paper is organized as follows. In Sec-
tion 2, we introduce polarization and time-bin phase encod-
ings in quantum communication. In Section 3, we propose
the conversion schemes to convert six polarization states to
six time-bin phase states and vice versa. We also present the
implementations of the converters with optical fiber devices.

Finally, the conclusion is given in Section 4.

2. Preliminaries

In this section, we introduce two different kinds of en-
codings, i.e., polarization encodings and time-bin phase en-
codings. The introduction of various encodings in this section
paves the way for understanding our conversion scheme pre-

sented in the following.

2.1. Polarization states

The original QKD scheme in BB84 protocol was
achieved by polarization encodings. The qubits are encoded
with four states in any two conjugate bases. As represented
in Fig. 1(a), there exist three bases conjugate to each other
on the Poincaré sphere. They are rectilinear basis Br =
{|H), |V)}, diagonal basis Bp = {|D), |A)} and circular basis
Be ={|L), [R)}, where |H), [V}, |D), |A), |L) and |R) rep-
resent horizontal, vertical, 45°, 135°, left-hand and right-hand

circular polarizations, respectively.
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Fig. 1. (a) Six polarization states and (b) six time-bin phase states of three
conjugate bases represented on the Poincaré sphere.

Table 1. Six states that can be chosen in the polarization
encoding BB84 QKD system.

Basis X Y zZ
State bft 0 |H) |D) L)
bit “1” V) |A) |R)

The relationships of the six states in different bases are

1
2

(H)+ V), \A>=\%<\H>—|v>>,

_ b _ b
V2 V2

Note that the encoding states in the BB84 scheme should be in
two conjugate bases. Therefore, any two of Bg, Bp, B¢, often

D)

5

L) (IH)+i[V)), [R) (IH)=i[v)). D

called X, Y, Z bases, can be used. By convention, bit “0” can
be encoded by the polarization states |H), |D) and |L), while
bit “I” can be encoded by the polarization states |V, |A) and
|R), as listed in Table 1.

2.2. Time-bin phase states

The time-bin phase states include two time-bin states and
four phase states. In a time-bin phase encoding BB84 QKD
system, the two bases are the time-bin basis and a phase basis,
or two phase bases. The time-bin basis (Z basis) includes two
states |yo) = |1); |0) and |y1) = [0)g 1), , where E and L de-
note the early and late modes, respectively. The general form
for a phase encoding qubit is |y) = 1/v2(|wo) + €' |y1)),
with ¢ = {0,7/2,w,37/2}. In the Z basis, Alice encodes
the bit “0” or “1” by states |yp) or |y). In the X basis, Al-
ice encodes the bit “0” or “1” by states 1/v/2(|yo) + |w1)) or
1/v2(|wo) — |y1)). In the Y basis, Alice encodes the bit “0”
or “1 by states 1/v/2(|yo) +i[y1)) or 1/v2(|yo) —iy1)).
The three bases based on time-bin phase encoding are listed in
Table 2.

Table 2. Six states that can be chosen in time-bin phase coding BB84
QKD system.

Basis zZ X Y
¢ - {0,7} {n/2,3m/2}

bit “0” [wo) = [Dg [0}, 1/v2(1wo) +[w1)) 1/v2(1wo) +ilyn))
bit “1” Jy1) = [0)g |1, 1/V2(1wo) —|w1)) 1/vV2(lwo) —ilw))

State
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The idea of encoding qubits using the phase of photons
was first proposed by Bennett in Ref. [37]. Figure 2 shows
the practical realization of a QKD system based on phase en-
coding with two asymmetric Mach—Zehnder interferometers
at Alice and Bob ends, where the phase ¢ is the relative phase
introduced by the two phase modulators, i.e., § = @a — ¢p. As
shown in Fig. 1(b), the poles denote the time-bin states which
can be generated by the interferometer, where the first beam
splitter is replaced by a switch. When the coupling ratio of the
beam splitter is 50:50, the phase states are on the equator. The
azimuth angle of the Poincaré sphere represents the relative
phase ¢.138] Therefore, the time-bin phase encoding and the
polarization encoding are formally isomorphic and there exist
conversion schemes in theory.

i Alice ir i i
1 Mirror Bob

I ¢ I (o) ¢ 1
: 2 ! . K
| 1 1
i 1 1
| 1 1 I
| I 1 1
| | : :
i

s, RO QD | . o
i v N
i TTTTTTTT T [ o yOuty |

Fig. 2. Phase encoding BB84 scheme with Mach—Zehnder interferometers.

3. Schemes

In quantum communication, quantum information can be
encoded using various physical properties of photons, such as
polarization and time-bin phase. In certain application sce-
narios, one encoding method is usually more convenient than
others. For example, the information of quantum communi-
cation systems is often encoded by time-bin phase in optical
fiber whereas by polarization in free space. So, in the scenario
of multi-user quantum networks over the wide area, quantum
communication may be established between users with dif-
ferent encoding methods, and it is meaningful to develop a
universal encoding conversion scheme that can be compatible
with different encoding methods.

3.1. Polarization to time-bin phase conversion scheme

Since time-bin phase encoding is formally isomorphic to
polarization encoding, conversion schemes between them ex-
ist. Here we propose a converter to transform six polarization
states into six time-bin phase states, as seen in Fig. 3.

M, , » [ PS | — XM,
)
()
In PBS BS Out

Fig. 3. Schematic of the polarization to time-bin phase converter. The
PBS is a polarization beam splitter, the BS is a beam splitter, M| and M,
are mirrors, the PS is a phase shifter, and the “7” performs the conversion
V) = [H).

The polarization to time-bin phase converter is composed
of a polarization beam splitter (PBS), two arms, a phase shifter
(PS), a m-polarization rotator, and a beam splitter (BS). The-
oretically, the converter can be regarded as a polarization de-
coder and a time-bin phase encoder. The PBS acts as the polar-
ization decoder and divides different polarization pulses into
the two unbalanced arms. The two arms, the PS and the BS
act as the phase encoder, which is similar to an unbalanced-
arm interferometer in a time-bin phase encoding QKD system.
The function of the m-polarization rotator is to transform |V)
to |H). We assume that the input pulse is one of the six po-
larization states (|H), |V), |D), |A), |[L) and |R)). After pass-
ing through the PBS, the component |H) of the input pulse

goes along the lower arm while the component |V) goes along
the upper arm. The two unbalanced arms lead to time delay
between the two components and the 7-polarization rotator
makes the polarization along the two arms the same. Then,
through the converter, the earlier pulse and the later pulse have
the same polarization, and polarization states will be trans-
formed into time-bin phase states. The phase of the compo-
nent |V is modulated by the PS to compensate for phase drift
caused by the environment or to select the conversion relation-
ship between polarization bases and time-bin phase bases. The
converter is described in detail as follows.

When a horizontal polarization state |H) is input, it trans-
H)
will be the early mode and we have a state |H)g |0); in the

fers through the PBS and goes along the short arm. Then,

output port. The evolution of the input state |H) is

1) P 0 2 S0 @
where |0); denotes that there is no photon in the late mode.
When a vertical polarization state |V) is input, it transfers
through the PBS and goes along the long arm. Specifically, a
phase of 7/2 is introduced in the reflected path of the PBS and
the BS respectively. Therefore, the state transferred along the
long arm acquires an additional phase 7. After the 7-rotator,
the output state will become — |0)g |H); . The evolution of the
input state |V) is

PBS

V) PR 510), (V) 2 01005 |H)p = ——= [0)g [H) . (3)

L
V2
The polarization to time-bin phase conversion scheme
transfers the X basis in polarization encoding to the Z basis
in time-bin phase encoding.
When inputting a 45° polarization state |D), the PBS
splits it into two modes. The evolution of the input state |D) is

D) P88 %umE 0}, +110) V),)
ER %umE 0)y. + 1[0} [H)1)
2, () 10}, ~ 0)e ). @)
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In the similar way, the 135° polarization state |A) can be
transformed to (1/2)(|0)g |H); +|H)g |0);) in the output port.
From Table 2, we can find that the polarization to time-bin
phase conversion scheme transfers the Y basis in polarization
encoding to the X basis in time-bin phase encoding.

When inputting a left-hand circular polarization state |L),
the PBS splits it into two modes. The evolution of the input
state |R) is

L) 728 %<|H>E|0>L+i-i|o>E|v>L>
=N %qu 0}y, — [0} [H),)
2 ()G 10}, — 00 [H), ). 0

Similarly, the right-hand circular polarization state |R)
becomes 1/2(|H)g|0); + i]|0)g|H);) in the output port.
Therefore, the polarization to time-bin phase conversion
scheme transfers the Z basis in polarization encoding to the
Y basis in time-bin phase encoding.

In the analysis above, the PS is set to be zero (or a number
to compensate the phase drift). If the PS is set to some other
value, the encoding conversion will be different. For exam-
ple, we take a phase shift induced by 7/2 as an example. The
evolution of polarization states in the X basis is

1
H) 223 |H) o), 2> 5 e 0L ©6)
V) B8 0y, (v, PRI o) v,
s — o) [H), 2 —% 10)g H)y )

when the PS introduces a phase shift of 7/2, the converter
transfers the X basis in polarization encoding to the Z basis in

time-bin phase encoding. The evolution of polarization states
in the Y basis is

pBs |

D) — ([H)g[0), +1|0)g[V)L)

N

2

—_—

e 5 (H)e0)L = [0)gV)L)

(

3
—

H)g|0)L — [0)g [H)y)

Sl

lw
wn
N =

(IH)g |0}, = i[0)g [H)y. ®

converter l

|A) §(|O>E |H)p +1ilH)g|0)L)- 9

The converter transfers the Z basis in polarization encod-
ing to the X basis in time-bin phase encoding, i.e., |L) — |0),
|R) — |). Similarly, we can get the states’ evolution for other
introduced phases. For 7, the conversions are

[H) = [E), [V) = L),
D) =10, |A) = [7),

IL) = |7/2), |R) — [37m/2). (10)
For 37/2, the conversions are

|H) = |E), [V) —i|L),

D) = |%/2), |A) — [37/2),

IL) — |7), |R) —10). )

When the PS introduces a phase 37 /2, the Z basis in polar-
ization encoding is transformed into the X basis in time-bin
phase encoding. And the bit “0” encoded by |L) is turned to
|7), which corresponds to the bit “1”, so bit flip happens. The
conversion results with different phase shifts are listed in Ta-
ble 3.

Table 3. The conversion results with different additional phases introduced by PS.

Phase of PS 0 /2 T 3r/2
Basis Bit flip? Basis Bit flip? Basis Bit flip? Basis Bit flip?

Polarization X —=Z no X—=Z no X—=Z no X—=Z no

s Y =X yes Y=Y yes Y—X no Y=Y no

Time-bin phase Z —Y yes Z—X no Z—Y no Z—X yes
maintaining beam splitter (PMBS), and two unbalanced arms.
- The short arm and the long arm are constituted by the
polarization-maintaining fiber (PMF). Both the slow (or fast)

PBS

PMBS

Fig. 4. Schematic of the polarization to time-bin phase converter based
on commercial fiber-optic devices.

As seen in Fig. 4, the conversion scheme above can be
easily constructed by using commercial fiber-optic compo-
nents. The converter contains a PBS, a PS, a polarization-

axes of the two arms’ PMFs are connected to the two output
ports of the PBS and the two input ports of the PMBS. Be-
cause of the coupling between the slow (or fast) axes of the
arms’ PMFs and the input ports of the PMBS, there is no need
for a m-rotator or other polarizers to unify the polarizations.

It can be observed that the structure of the converter in our

050310-4
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scheme is much simpler than that of Ref. [34], and our scheme
also contains the conversion of time-bin states.

3.2. Time-bin phase to polarization conversion schemes

We propose a time-bin phase to polarization conversion
scheme in this section. The schematic diagram of the con-
verter is shown in Fig. 5, where the time-bin phase to polar-
ization conversion scheme is approximately the inverse of the
polarization to time-bin phase conversion scheme.

My S

| -
»
In Out
PBS; PBS,

\ 4
y

Fig. 5. Schematic of the time-bin phase to polarization conversion
scheme.

To see how the converter works, we study the evolution of
the input states. Keeping the polarization of the incident light
45° to the polarization direction of the PBS, the four phase
states |0), |7/2), |7) and |37/2) are

L
V2

where @, € {0, 7/2,7,37/2}. |T + AT) denotes the state that
passes along the long arm of the encoder interferometer and

lin) = —(|T) — &'t [T +AT)), (12)

AT is the time delay caused by the different lengths of the two
arms.

As shown in Fig. 5, when passing through the PBS, each
input phase state is transformed to the earlier and the later
pulses due to the unbalanced arms. Here we set the time delay
between the two arms to AT, and the evolution of the input
state is

12 <|T> _ el |T+AT>)

N

PBS,
—

N =
N

H)|0) — &' |Hpa7) |0>)

_|_

N =
T DI

~

|0) [V7ar) — €'91]0) \VT+2AT>>

)

BS H)|0) — &' |Hy ar) \0>)

—%ei% (\0> Vriar) —e'?110) |VT+2AT>) ;o (13)
where ¢ is the phase shift modulated by the PS, and ¢, =0
is set for example. Among the three peaks in the output port,
only the middle peak is a superposition state. Then we only
concentrate on the evolution of the middle peak. It is repre-
sented as

17 . .
jout) = —3 [e”m H) + el |v>}

Ir .
- [el‘*" |V>+|H>] (14)
According to Eq. (14), the states in the output port under
different input polarization states are

0ut)g, o = — 5 (H) + V),
0u)gy 2 = 5 (1)~ V),
0ut)g,_x = 5 () ~ V)

i .
|OUt>(p1:3n'/2 = §(|H>+1|V>) (15)
For the two time-bin qubits, the early state |E) denotes
the input state |T') while the late state |L) denotes the input
state |T 4+ AT). Then the states in the output port are

1 .
joute = 5 ()7 = ' V) 7ar )

1 .
lout); = §(|H>T+AT — ' (V)7 oar)- (16)

When choosing the states at time 7 + AT, the output states
are

1 . 1 1
jout)g = —5 ¢ [V) = —2|V), louty, = 5 [H). (17)

In the analysis above, there is no additional phase introduced
by PS, i.e., ¢ = 0. For other modulated phases, the results of
the conversion are different. We list the conversion results in
Table 4.

From the perspective of the application in an optical fiber
system, the schematic of the time-bin phase to polarization
converter is shown in Fig. 6. Set the slow (or fast) axes of the
arms’ PMFs align with the polarization direction of the PBS;
and the PBS,.

Table 4. The conversion results with different additional phases introduced by PS.

Phase of PS 0 /2 T 3n/2
Basis Bit flip? Basis Bit flip? Basis Bit flip? Basis Bit flip?
Time-bin phase X =Y no X—Z no X—=Y yes X—=Z yes
1 Y—>Z no Y=Y no Y—-Z yes Y—=Y yes
Polarization Z —X no Z—X no Z—X no Z—X no

050310-5
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X g o<

Fig. 6. Schematic of the time-bin phase to polarization converter based
on commercial fiber-optic devices.

4. Conclusion

In this paper, we propose encoding conversion schemes
between the polarization bases (rectilinear, diagonal and circu-
lar bases) and the time-bin phase bases (two phase bases and
time-bin basis) and design the quantum encoding converters,
which can help to achieve direct communication between the
devices with different quantum encoding types. The conver-
sion between polarization bases and time-bin phase bases can
be easily selected by controlling a phase shifter. Our scheme
can be applied to quantum communication systems encoded
in any polarization states. Since no optical switches are used
in our scheme, the converter can be operated with high speed.
Moreover, the converters can be modularized, which may fa-
cilitate miniaturization in the future.
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