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Abstract—There are several groups have implemented polariza-
tion encoding measurement-device-independent quantum key dis-
tribution (MDI-QKD). However, these groups use manual polariza-
tion controller to achieve the initial polarization state for encoders,
and some of the encoders cannot fully satisfy the two bases for
polarization encoding quantum key distribution. Here, we apply
an all-fiber and calibration-free intrinsically stable polarization-
modulated unit (APMU), which can maintain stable encoding for
several hours without any calibration. A proof-of-principle demon-
stration of MDI-QKD based on our APMU is implemented with
the four-intensity decoy state protocol. The proposed APMU can
realize stable MDI-QKD encoding and simplify the operation for
Alice and Bob, which makes the polarization encoding MDI-QKD
more practical.

Index Terms—Quantum key distribution, Measurement-device-
independent, Calibration-free, Intrinsic-stability.

I. INTRODUCTION

QUANTUM cryptography is different from classical cryp-
tography that guarantees security based on mathematical

computational complexity, its security is unconditionally guar-
anteed by the basic physical principles of quantum mechanics
[1]. Quantum Key Distribution (QKD) allows the two parties,
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commonly known as Alice and Bob, to share a string of secret
keys remotely. Combined with one time pad, eavesdroppers can’t
obtain any information from it even with unlimited computing
power [2]. Unfortunately, in the practical QKD implement, due
to the great gap between the practical devices and the theoretical
assumptions of QKDs, there will still be loopholes for eaves-
dropper to carry out security attacks [3], [4], [5], [6], [7], [8],
[9], [10], such as the faked state attack [7], [10], time-shift attack
[6], [8], phase-remapping attack [4], [9] and detector blinding
attack [3], [5], [11] etc. However, device-independent quantum
key distribution (DI-QKD) can close these loopholes [12], it
does not require detailed knowledge of how the QKD device
works, and it can prove security based on the violation of Bell’s
inequality, but DI-QKD is impractical with current technology
and has an extremely low secure key rate [13]. In contrast, the
proposed measurement-device-independent quantum key distri-
bution (MDI-QKD) based on partial Bell state measurements
(BSMs) is practical with current technology, which allow eaves-
dropper to fully control the measurement devices without any
information leakage [14]. MDI-QKD makes all known attacks
against the detection side invalid.

As the most secure QKD protocol at present, MDI-QKD
has been implemented in many experiments. MDI-QKD ex-
periments based on polarization are generally employed [15],
[16], [17], [18] as well as those based on phase encoding or
time-bin encoding [19], [20], [21]. Polarization encoding QKD
has potential advantages, since there is only one time slide,
The stability of polarization encoding can be achieved by an
encoder with intrinsically stability. The random birefringence
effect of polarization encoding MDI-QKD in fiber channel can
be compensated by polarization compensation equipment [18].
While the depolarization of MDI-QKD in free-space channel
is negligible because of the isotropic tendency of free space
[22], [23], and the polarization states have extremely stable
transmission characteristics in free space channel.

In the previous polarization encoding MDI-QKD experi-
ments, the performance of polarization encoder will directly
determine the stability of MDI-QKD system, that is, the in-
creasing of quantum bit error rate (QBER). Researchers encode
polarization qubits into polarization states by using electronic
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polarization controller [16], [18], which will increase the com-
plexity of the system and the consumption of resources, or
prepare polarization qubits by polarization modulation module
[24], which will make circular polarization states affected by
birefringence of a small section of fiber [17].

Our group have proposed intrinsically stable polarization-
modulated unit (PMU)[25] and applied them in MDI-QKD
system to achieve stability of polarization state preparation [15].
However, every time before experiment getting start, we still
need manual polarization controller (PC) to adjust the initial
polarization state into the polarization with equal amplitudes
of the two polarization components. Still, we cannot guarantee
the long-term stable operation of the system in real-time in an
environment with external disturbances, manual calibration may
be required during system operation. This is a common problem
for polarization encoders [26], [27], [28]. Although there is a
previous work to achieve the initial state of the encoder through
spatial coupling [29], in practical applications, this solution will
cause the optical signal to couple in and out multiple times
between the fiber and space, which will increase the complexity
of the overall device. Therefore, it is very important to design
an all-fiber encoder that automatically matches the input po-
larization to a polarization with equal amplitudes of the two
polarization components.

Here, we propose an All-fiber and calibration-free intrin-
sically stable polarization-modulated unit (APMU). Using a
customized polarization maintaining beam splitter (PMBS) to
replace the manual polarization calibration structure of PC and
circulator (CIR) in current encoders, solve the problem that
the encoder cannot operate stably for a long time and requires
manual calibration in the experiment, and achieve long-term
calibration-free self-stabilizing polarization encoding. And a
particular back and forth identical modulation method to achieve
intrinsic stability within the encoder is used. The four polariza-
tion states of the diagonal and circular basis can be prepared
by loading voltage V0, Vπ{2, Vπ and V3π{2 to phase modulator
without any calibration. Our proposal realizes the stability of
APMUs for a long time without any calibration, that is, the
QBER of the system can be kept at a low level for a long time. In
the following sections, we firstly theoretically prove the system
stability of our proposed encoder and conduct experimental
QBER tests. Then we apply four-intensity decoy states [30]
to MDI-QKD experiments based on the encoder to avoid side
channel attacks caused by imperfect sources.

II. PERFORMANCE OF THE APMU

In this section, we first describe the structure of APMU and
prove its intrinsic-stability, and then perform QBER tests on the
APMU-based BB84-QKD system.

A. Configuration of APMU

The configuration of APMU is depicted in Fig. 1. A linearly
polarized laser pulse enters the polarization beam splitter (PBS-
1) and exits aligned with slow axis of polarization maintaining
fiber (PMF). The PMBS is a customized component which is
essentially a beam splitter (BS). The port 1 of PMBS is aligned

Fig. 1. Configuration of the APMU. PBS: Polarization beam splitter, PMBS:
Polarization maintaining beam splitter, FM: Faraday mirror, PM: Phase modu-
lator.

with slow axis of PMF, the slow axis of the port 2 is 45° relative
to the slow axis of the port 1, and the port 3 is a single mode
fiber (SMF). Which means the linearly polarized light incident
along the slow axis of the port 1 will exit at 45° along the slow
axis of the port 2. Therefore, taking the slow axis of port 2 of
PMBS as X axis of the reference frame, the polarization state
exits from port 2 transform to

J in “ 1?
2

ˆ
1
1

˙
. (1)

Polarization maintaining fiber PMF0 in Fig. 1 can be de-
scribed as a Jones matrix [27]

ÝÝÝÑ
PMF “

ˆ
1

eiδPMF q
˙

“ ÐÝÝÝ
PMF. (2)

where δPMF is the phase shift between TE mode and TM mode
of the PMF0. The direction of the arrow above the matrix
indicates the propagation direction of the laser pulse, PMF0 is
the slow axis aligned with PBS-2, so the laser pulse becomes

J0 “ ÝÝÝá
PMF ¨ J in “ 1?

2

ˆ
1

eiδPMF

˙

“ 1?
2

ˆ
1
0

˙
` 1?

2

ˆ
0

eiδPMF

˙
“ J0H ` J0V ,

J0H “ 1?
2

ˆ
1
0

˙
, J0V “ 1?

2

ˆ
0

eiδPMF

˙
. (3)

The reflection and transmission matrices of Polarization Beam
Splitter PBS-2 can be written as

R “
ˆ
0 0
0 1

˙
, T “

ˆ
1 0
0 0

˙
. (4)

After beam splitting by PBS-2, the TE mode J0H is trans-
mitted into SMF2, and the TM mode J0V is reflected into
SMF3. Firstly, taking single-mode fibers (SMF) as the arbitrary
birefringent components with phaseϕk and azimuth θk, then the
matrix for a single-mode fiber given by [24], [31]
ÝÝÝÝÑ
SMFk “
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êiϕk{2cos2θk`e´iϕk{2sin2θk i sin 2θk sinϕk{2
i sin 2θk sinϕk{2 e´iϕk{2cos2θk`eiϕk{2sin2θk

˙

“
ˆ
Ak Bk

Bk Dk

˙
,

ÐÝÝÝÝ
SMFk “

ˆ
Ak ´Bk

´Bk Dk

˙
, (5)

where k “ 0, 1, 2, 3 for SMFk in Fig. 1, AkDk ´ B2
k “ 1. The

Faraday rotators (FM) always convert the incident polarization
state into its perpendicular polarization as output, we can write
the function of FM as [27]

FMl “
ˆ ´1

´1

˙
, (6)

wherel “ 1, 2, 3 for FMl in Fig. 1. When the phase modulator
(PM) is not driven, we can describe PM as

ÝÝÝÑ
PM0 “

ˆ
1

eiφ

˙
“ ÐÝÝÝ

PM0, (7)

when the PM is driven

ÝÝÑ
PM “

ˆ
eiϕo 0

0 eipϕe`φq

˙
“ ÐÝÝ

PM, (8)

where ϕo and ϕe respectively represent the phase shift applied
to TE and TM mode by the PM when there is an electric pulse
drive, and φ represents the phase shift between the two modes
of the PM waveguide itself when there is no electric pulse drive.
During the encoding process, the same modulation is performed
twice on J0H by PM when J0H is back and forth propagation.
So, the evolution of J0H is

J1 “R ¨ ÐÝÝÝÝ
SMF3 ¨FM3 ¨ÝÝÝÝÑ
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˙
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(9)

where ϕSMFk pk “ 0, 1, 2, 3q is the global phase of the SMFk.
Similarly, the evolution of component J0V is

J2 “ T ¨ ÐÝÝÝÝ
SMF2 ¨ FM2 ¨ ÝÝÝÝÑ

SMF2 ¨ R ¨ ÐÝÝÝÝ
SMF0 ¨ ÐÝÝÝ

PM0

¨ ÐÝÝÝÝ
SMF1 ¨ FM1

¨ ÝÝÝÝÑ
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“ 1?
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˙
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(10)

After J1 and J2 combine at PBS-2, the polarization of laser
pulse becomes

J3 “ J1 ` J2 “ 1?
2
eipϕSMF0`ϕSMF1`ϕSMF2`ϕSMF3`πq

ˆ
eipφ`δPMF `πq
eipϕo`ϕe`φq

˙
. (11)

Ignoring the global phase that does not contribute to the
polarization state in the (11), we could write J3 as

J3 “ 1?
2

ˆ´eiδPMF

eipϕ0`ϕeq

˙
. (12)

Finally, PMBS can output the encoded polarization state

JOut “ ÐÝÝÝ
PMF ¨ J3 “ 1?

2

ˆ´1

eipϕ0`ϕeq

˙
(13)

to the quantum channel through port 3. Set different voltages of
PM to satisfy ϕo ` ϕe “ π, 0 then we have ˘45° (Diagonal(D)
and Antidiagonal(A)) linear polarization for diagonal basis Z.
Set voltages of PM to satisfy ϕo ` ϕe “ 3π{2, π{2 then we
have Right-hand circular polarization(R) and Left-hand circular
polarization(L) for circular basis X. So far, we have theoreti-
cally proved the self-stability of the APMU, and the prepared
polarization state depends entirely on the voltage loaded on the
PM.

It is worth mentioning that in our proving derivation, the
polarization-dependent loss is not considered. Because the laser
pulse is always transmitted back and forth in the components,
the polarization-dependent loss will be converted into the total
loss of the laser pulse, and does not contribute to the polarization
encoding.

B. QBERs of the APMU-based BB84-QKD System

In order to demonstrate the stability of the APMU experimen-
tally, we conducted a QBER test on the APMU-based BB84-
QKD system, show as Fig. 2. Considering that this article is
for implementing the APMU-based MDI-QKD system. We use
a continuous wave frequency-locked laser (CW Laser, Clarity-
NLL-1550-LP) and an intensity modulator (IM) to realize the
generation of laser pulse, and the relevant parameter settings
are also considered based on the MDI-QKD system described
later. Such a QBER test of the BB84-QKD system can not
only illustrate the experimental stability of the APMU, but also
directly reflect the performance of the APMU applied in the
MDI-QKD system.

With the modulation of the modulator bias controller (MBC,
MX10A) and the pulse width modulator (PWM, EPG-210B-
0100-S-P-T-A), the IM will convert the continuous wave laser
into a weak coherent pulse with a frequency of 50 MHz and a
full width at half maxima (FWHM) of 200 ps. By controlling the
fiber length difference between SMF2 and SMF3 to be 36 cm
in Fig. 2, there is a delay difference of 3.6 ˘ 0.02 ns when the
horizontal(H) and vertical(V) polarization components reach the
PM. The waveguide of the PM is 7 cm long, so it takes 350 ps
for the pulse to pass through the PM. We set the length from
PM to FM1 to be 300 cm, then the total round-trip delay from
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Fig. 2. Experimental setup for the APMU-based BB84-QKD system. CW
Laser: Continuous wave laser, PMCIR: Polarization maintaining circulator,
IM: Intensity modulator, PWM: Pulse width modulator, MBC: Modulator bias
controller, SS: Signal source, ATT: Attenuator, PC: Manual polarization con-
troller, BS: Beam splitter, PBS: Polarization beam splitter, SPD: Single photon
detector, PWM: Pulse width modulator, SS: Signal source, MBC: Modulator
bias controller.

PM to FM1 is 30 ˘ 0.4 ns. During the encoding process, a
voltage-variable square wave pulse with a frequency of 100 MHz
and a pulse width of 3.3 ns is provided by signal source (SS) to the
PM to realize twice modulation for the H component and avoid
crosstalk between H and V in different modulation directions.
The specific encoding process for one qubit between PM and
FM1 is shown in Fig. 3. Before the pulse enter the fiber spool,
we attenuate the average photon number per pulse to 0.1 with
an attenuator (ATT).

We conducted a total of 14.6 hours of QBERs test on the
APMU-based BB84-QKD system without any calibration, using
the FPGA to collect the QBER once per second and average
every 60 collections as a point in Fig. 4. In order to illustrate the
self-stability and calibration-free characteristics of the APMU,
a short-distance of 3 m fiber channel was used in this exper-
iment. During the experiment, the QBERs of the polarization
states are always lower than 0.8%, and the average QBERs
of the Z basis is 0.34%, and the average QBERs of the X
basis is 0.36%, which shows that our APMU can stably prepare
four polarization states for QKD for a long time without any
calibration.

III. SYSTEM CONFIGURATION OF MDI-QKD SETUP

Fig. 5 schematically shows our experimental setup for MDI-
QKD base on APMU, the two identical legitimate users Alice
and Bob both use a CW Laser (Clarity-NLL-1550-LP) as laser
source, which can achieve a dip visibility up to 48.1%. The
following optical apparatus is a fast axis blocked and slow axis
free-pass polarization maintaining circulator (PMCIR), which
is also used as an optical isolator with a return loss greater than
60 dB. Before the modulation of the optical intensity modulator
(IM), we use the MBC (MX10A and MBC-DG-BT-PD) to
automatically find the appropriate DC bias voltage to achieve the

Fig. 3. Encoding process for nth pulse pair between PM and FM1. Fiber length
is described by time scale. H: Horizontal polarization component, V: Vertical
polarization component. Here, we assume that the nth pulse pair exactly arrives
at PM when t “ 0ns. In actual encoding, the two polarization components are
not H and V in PM, H and V are only defined according to the two path states
after PBS-2 beam splitting.

Fig. 4. The record of QBERs of the APMU-based BB84-QKD system over
time.

lowest IM output laser intensity. Then we use PWM (EPG-210B-
0100-S-P-T-A) to generate an electrical signal with VPP “ 6V,
frequency of 50 MHz and FWHM of 200 ps for IM to generate
50 MHz, 200 ps optical pulse, and the extinction ratio of IM can
reach 29 dB. The voltage-variable, 100 MHz, 3.3 ns electrical
signal generated by the SS is used to realize the polarization
qubits encoding of the Z basis and X basis when the optical
pulse enters the APMU (same as Fig. 1).

Electrical optic attenuators (EATT) attenuate the polarization
qubits to the single-photon level and perform a total length
of 85 kilometers of equivalent fiber loss(0.2 dB/km) between
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Fig. 5. Experimental setup for the APMU-based MDI-QKD system. CW Laser: Continuous wave laser, PMCIR: Polarization maintaining circulator, IM: Intensity
modulator, EATT: Electrical attenuator, PC: Manual polarization controller, BS: Beam splitter, PBS: Polarization beam splitter, SPD: Single photon detector, PG:
Pulse generator, PWM: Pulse width modulator, SS: Signal source, MBC: Modulator bias controller, CC: Coincidence counter.

Alice and Bob. It is necessary to use manual polarization con-
trollers (PC) to align Alice’s and Bob’s polarization qubits to
Charlie’s reference frame since we did not apply a real-time
polarization compensation. Charlie performs partial Bell state
measurements and records the contributing events that two of
the single-photon detectors (SPD, gate windows „1 ns, gate
frequency „50 MHz, detection efficiency „16.6%, dark count
probability per gate „3 ˆ 10´6) click simultaneous[14], [18]
by coincidence counter (CC) with resolution of 5 ps. It’s worth
noting that all active devices are synchronized by a multi-channel
clock pulse generator (PG).

We applied the four-intensity decoy state MDI-QKD protocol
[30] to our MDI-QKD system to estimate the low bound of
the final secure key rate. According to the optimal parameters
for MDI-QKD protocol in [30], Alice and Bob choose with
probability 0.423 to send a signal state with an average photon
numbers ofμZ “ 0.252 in the Z basis, and choose with probabil-
ity 0.398, 0.138, 0.041 to send decoy states with average photon
numbers of μx “ 0.078, μy “ 0.241, μ0 “ 0 respectively. The
contributing events cause by pulse pairs from Z basis are used to
distill the key bits only, while the contributing events cause by
pulse pairs from X basis will be used to estimate the yield and
the phase-flip error rate of the single-photon pulse pairs [30].

IV. RESULTS AND DISCUSSION

Alice and Bob have sent out a total number of2.4 ˆ 1012 pulse
pairs for Charlie to measure. After key sifting, we performed the
measurement of yields and QBERs with different combination
intensity in both bases from sifted key. With a failure probability
of 5.73 ˆ10´7 in na “ 5 [32], the yields and QBERs of Z basis
and X basis are listed in Tables I and II respectively.

In the implementation of MDI-QKD, both Alice and Bob send
out weak coherent pulses, and Charlie’s Bell state measurements
are taken in Z basis, cause the asymmetric QBERs of the Z basis

TABLE I
THE EXPERIMENTAL VALUE OF YIELD Q

µZ ,µZ
Z AND QBER E

µZ ,µZ
Z IN Z

BASIS. ERRORS SHOWN REPRESENT 5 STANDARD DEVIATIONS

TABLE II
THE EXPERIMENTAL VALUES OF YIELDS Q

IA,IB
X AND QBERS E

IA,IB
X

WITH AVERAGE PHOTON NUMBERS IA AND IB (IA, IB P tµx, µy , µ0u)
IN X BASIS

and X basis. The QBER of Z basis is caused by dark counts of the
detectors and the polarization misalignment between users and
Charlie. In an ideal case, if there is no polarization misalignment
and dark counts, theEμZ ,μZ

Z “ 0. The lowerEμZ ,μZ

Z is expected
while the polarization aligned properly. However, due to the
existence of multi-photon pulse in the weak coherent pulses,
the QBERs in X basis will be much higher than the QBER in
Z basis. This is because the case that one of Alice and Bob
sends a vacuum pulse and the other sends a two-photon pulse
could occur, then Charlie’s successful Bell state measurement
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TABLE III
PARAMETERS TO ESTIMATE THE SECURE KEY RATE

may generate bit that irrelevant, resulting in a bit error. Since
this case happens with the same probability as if Alice and Bob
both sent single-photon pulses, there would be a QBER of 25%
in the X basis even without polarization misalignment and dark
counts [18]. In our MDI-QKD experiments, the QBERs of the Z
basis and X basis are a bit larger compared to the previous works
[17], [18] due to the ˘0.6% difference in detection efficiency
between the single-photon detectors.

A lower bound of the secure key rate is given by [14]

R ěpZApZBtp1,1Z Y 1,1
Z r1´HpE1,1

X qs´fQμZ ,μZ

Z HpEμZ ,μZ

Z qu,
(14)

where pZA, pZB is the probability for Alice and Bob both
send out signal pulses in Z basis, p1,1Z is the probability that
the signal pulses sent by Alice and Bob contains only one
photon. The yield QμZ ,μZ

Z and QBER EμZ ,μZ

Z of the Z basis can
be obtained directly from the experimental values as listed in
Table I. f “ 1.16 is the inefficiency of error correction and
Hpxq “ ´xlog2pxq ´ p1 ´ xqlog2p1 ´ xq is the binary Shan-
non entropy function [14]. Y 1,1

Z is the lower bound of the
yield when both Alice and Bob send single-photon pulses in
Z basis, E1,1

X is the upper bound of the QBER for single-
photon pulse pair in X basis, and both Y 1,1

Z and E1,1
X are

estimated from the decoy-state experimental values of the X
basis in Table II. Take the finite key effect into account when
estimating Y 1,1

Z and E1,1
X , all parameters used to estimate the

lower bound of the secure key rate are listed in Table III.
Finally, we have a secure key rate of 3.88 ˆ 10´8 bits per
pulse.

Limited by the performance of experimental equipment, the
repetition frequency of our optical pulse can only reach 50 MHz,
that is, 1.95 bits of security keys can be obtained per second.
More secure key bits be obtained if we can apply a higher pulse
repetition rate and SPDs with higher gate frequency and detec-
tion efficiency. As mentioned above, the detection efficiency of
the SPDs we use are mismatch, resulting in higher QBERs and
a lower secure key rate. The secure key rate of our system can
also be improved when the detection efficiency of the SPDs can
be more matched.

V. CONCLUSION

We proposed an all-fiber and calibration-free intrinsically
stable polarization-modulated units and theoretically proved its
self-stability that the encoded polarization states are completely
dependent on the loading voltage for the PM. Without any
calibration, a total of 14.6 hours of QBER tests were performed
on the APMU-based BB84-QKD system, resulting in average

QBERs of 0.34% and 0.35% for Z basis and X basis, respec-
tively. We also demonstration of polarization encoding MDI-
QKD based on APMUs, obtained the Z basis QBER of 2.28%
and the secure key rate of 3.88 ˆ 10´8 bits per pulse. The secure
key rate can be improved by increasing the detection efficiency
and making the detection efficiency more matched. Overall, our
work proposed a portable and extremely stable encoder, not only
providing an easy-to-operate and well-performance encoding
unit for future practical polarization encoding applications such
as MDI-QKD networks or conventional QKD systems, but also
providing an all-fiber and calibration-free solution for all cur-
rent encoder that use phase modulator to achieve polarization
encoding. It will upgrade the stability of polarization encoding
practical application. Combining the advantages of free-space
polarization encoding communication, our work is one step
closer to the practicality of free-space polarization encoding
QKD.
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