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Abstract—We present a model for the quantum-bit error rate
in a polarization-encoding system for transmission of quantum
information, without compensation of polarization. The random
evolution of the polarization along the fiber is induced by its
polarization mode dispersion. An experimental setup able to
measure the quantum-bit error rate in the transmission of the
photons through several fiber lengths is proposed, and some
experimental results are obtained. Our experimental scheme is
designed to work on the 1550 nm telecom band.

Index Terms—Quantum-Bit Error Rate, Optical Fiber, Photon
Polarization, Single Photon, Avalanche Photodiode.

I. INTRODUCTION

T
HE need for highly secure systems for transmission
of information, is one of the main goals in nowadays

research on optical communications. Thus, the implementation
of quantum key distribution (QKD) systems appears as a nat-
ural solution for helping solve this problem [1]. The quantum-
bit error rate (QBER) can be used to measure the quality
of the signal transmission in the QKD systems. In general it
depends on several factors, such as the type of protocol used,
the transmission impairments, the noise and imperfections of
the fiber link, or the dark counts of the detection system [1].
In order to share secret keys between two entities, the

need for quantum protocols is of utmost importance. The
first QKD protocol was proposed in 1984 by Bennett and
Brassard [2], and its implementation took place at IBM, in
1989 [3, 4]. This protocol makes use of two nonorthogonal
sets of basis, i.e., of four states of polarization (SOPs). Since
then, many other QKD protocols were developed, like the
E91 [5], the B92 [6], the six-state [7], the decoy-state [8],
or the SARG04 [9]. Experimental implementations of these
protocols, were presented for optical fibers [10–13], and free-
space [14, 15]. The QBER of a system can be measured by
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comparing the right and wrong bits, whose codification can be
performed in phase, polarization, frequency, among others [1].
In this paper, we present a simplified model for the QBER,

in a system where we use the polarization of the photons to en-
code information. This model does not includes compensation
of the random rotations of polarization due to transmission
through the optical fiber, since that was already presented
in [16]. We also propose an experimental setup able to measure
the QBER in the system, and obtain some experimental results
after propagation of the photons in different fiber links.
This paper is organized in four sections. In Section II, we

present a simplified model for the QBER in a system that
makes use of polarization-encoding, and its evolution with
the fiber length and the time. An experimental setup used
to measure the QBER, and the experimental results obtained
after transmission through several optical fibers with different
lengths, are presented in Section III. Finally, in Section IV we
present our main conclusions.

II. SIMPLIFIED MODEL FOR QBER EVOLUTION WITHOUT
COMPENSATION OF POLARIZATION

In order to obtain a theoretical model for the QBER in a
polarization-encoding system without compensation of polar-
ization, for transmission of quantum information, we assume
the scenario presented in Fig. 1. If a linear SOP, e.g. vertical,
is sent to an optical fiber, it will experience a random rotation
due to the residual fiber birefringence. Then, after the fiber, we
consider that it will be rotated of an angle θ in relation to the
vertical. Next, it will reach a 50/50 beam splitter, and it can
be detected in one of two detectors (D1 or D2), after passing
through two linear analysers (A1 and A2), one horizontally
set, and the other vertically aligned.
The probability of a photon to be detected in detector D1

is given by,

Ph =
1

2

[
1− cos(θ)2

]
, (1)

Fig. 1. Schematic draw of the evolution of a linear SOP after propagation
through an optical fiber and its detection.
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Fig. 2. (a)-(b) Evolution of the SOP and the ̂QBER along the fiber, for two different Lc values. (c)-(d) Variation of the SOP and the ̂QBER as a function
of time, for several fiber transmission lengths.

and the probability of being detected in D2, by,

Pv =
1

2

[
cos(θ)2

]
, (2)

where the 1/2 is related with the coupler probability, and the
term 1− cos(θ)2 gives the probability for the photons to pass
through the polarizer.
The QBER can be defined as the rate between the wrong bits

and the total number of bits received when t→∞, as [1, 17],

QBER = lim
t→∞

Nwrong in [0, t]
Nreceived in [0, t]

. (3)

Since we are measuring the QBER in a finite time interval
Δt = tw − 0, we will have,

̂QBER =
Nwrong in [0, tw]
Nreceived in [0, tw]

. (4)

Assuming that the input photons have a vertical linear SOP,
the number of wrong bits are given by the detections in D1,
i.e., the number of received photons times Ph. Therefore, the

̂QBER can be written as,

̂QBERD1
=

Nreceived in [0, tw]× Ph
Nreceived in [0, tw]× (Ph + Pv)

= 1− cos(θ)2 .
(5)

In order to obtain the variation of the SOP along the fiber,
we assume that the rate of change of the angle θ is a white-
noise process [18],

dθ

dz
= gθ(z)|t=t0 , (6)

with,
〈gθ(z)〉 = 0 , (7)

and,
〈gθ(z)gθ(z′)〉 = σ2zδ(z − z′) , (8)

where σ2z = 2/Lc, being Lc the correlation length, and
δ(z − z′) represents the Dirac delta function [19].
The variation of θ with time can be modeled as,

dθ

dt
= hθ(t)|z=z0 , (9)



with,
〈hθ(t)〉 = 0 , (10)

and,
〈hθ(t)hθ(t′)〉 = σ2t δ(t− t′) , (11)

where σ2t = 2/tc, and tc = 2tf/(3ω
2D2

pz), where tc
represents the drift time of the index difference between the
fast and slow fiber axes, ω is frequency of the photons,
and Dp represents the polarization mode dispersion (PMD)
coefficient [16].
A representation of the angle θ and the ̂QBER evolutions

with the propagation along the fiber and the time is shown in
Fig. 2. For these plots, we have used the following parameters:
Lc = 100 and 200 m, tf = 5 × 109 s, Dp = 0.2 ps/km1/2,
and λ = 1550 nm [16].
From Fig. 2, we can see that the angle θ shows a random

variation either with the fiber length and the time, which leads
also to a random variation of the ̂QBER in both quantities. In
the time evolution, we observe higher angle drifts for longer
fiber distances. In the evolution with the distance, we observe
that the drifts are highly dependent on the correlation length.
As smaller the Lc, larger the SOP variations.

III. EXPERIMENTAL QBER MEASUREMENT

In this section we focus on the experimental realization of
our subject of study. First, we describe the experimental setup
proposed, focusing on its main details. Next we show and
analyse the experimental data that we have obtained.

A. Experimental Setup

The schematics of the experimental setup that we used
to measure the ̂QBER in a polarization-encoding system in
optical fibers is presented in Fig. 3.
A pump at λp = 1550.92 nm from a tunable laser source

(TLS), passes through a polarization controller (PC-1), and
is externally modulated using a Mach-Zehnder modulator
(MZM), to produce optical pulses with a full-width at half
maximum (FWHM) of approximately 1 ns and a repetition rate
of 10 kHz. A variable optical attenuator (VOA) can be used
to control the average number of photons per pulse that are
generated. Then, the pulses are filtered using a flat-top dense
wavelength-division multiplexing (DWDM) optical filter with
a FWHM of 100 GHz, in order to eliminate its sidebands, and
go into a 50/50 beam splitter, where two linear SOPs can be
generated. Two acousto-optic modulators (AOM-1 and AOM-
2) are used as switches, and are connected to a microcontroller,
which can be used to send a binary pattern to the system.
When the microcontroller sends a bit “0”, the photon in AOM-
1’s arm can be sent, and if the microcontroller sends a bit
“1”, is the photon in AOM-2’s that can be sent. The pattern
uploaded to the microcontroller was a pseudorandom binary
sequence (PRBS) with length 12, and with 131072 bits (16
kB). After the two AOMs, photons pass through a polarization-
beam splitter (PBS), where the photon from channel 1 (CH1)
outputs at 0◦ polarization, and the photon form channel 2
(CH2) outputs at 90◦ polarization. The two PCs (PC-2 and

Fig. 3. Schematics of the experimental setup used to measure the ̂QBER in
a polarization-encoding system in optical fibers. The synchronization laser is
sent counter-propagating.

PC-3) are used to align the polarization of the photons with
the axes of the PBS. After passing through the PBS, the
quantum signal can be transmitted through different fibers
links. Then, the photons enter in an arrayed-waveguide grating
(AWG) with a 200 GHz channel separation, where a classical
signal at λs = 1547.72 nm, that works as a synchroniza-
tion pulse for the detectors, is inserted counter-propagating.
The synchronization signal is externally modulated with the
same frequency as the quantum signal, and is received by
a PIN detector, which will give the trigger to both single-
photon detector modules (SPDMs). The quantum signal passes
through an optical filter which is used to eliminate some
cross-talk from the synchronization channel to the quantum
channel. Then, it reaches another 50/50 beam splitter where
single photons can choose going up or down. In the lower
arm, photons with 0◦ polarization can pass through the linear
polarizer (LP-1) set at 0◦ and reach SPDM-1 (id200) [20, 21].
In the upper arm, photons with 90◦ polarization can pass
through the linear polarizer (LP-2) set at 90◦ and reach the
SPDM-2 (id201) [20, 22]. The TTL outputs of both SPDMs
are connected to the microcontroller, which compares the bits
received by the SPDMs with the ones the were sent, in order
to calculate the ̂QBER according to (4).

B. Experimental Data

In Fig. 4 we present the variation of the ̂QBER with time,
for different fiber lengths.
The experimental results show that the ̂QBER in a back-to-

back situation is almost constant with time, starting at a value
of about 0.5%. This value is much close to the devices limit,
and traduces an interference visibility of 99%, which is very
good [1]. This behaviour for back-to-back also traduces proper
alignment of polarization and good stability of the system.
When we add an optical fiber for transmission of the photons,
we can see for the case when L = 5 km, that the ̂QBER
starts to increase due to random rotations of polarization in
the fiber. Increasing even more the fiber length, i.e., when the



0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

10

20

30

40

50
Q

B
E

R
 (%

)

Time (Hours)

Back-to-Back
L = 5 km
L = 20 km

Fig. 4. ̂QBER as a function of time, for several propagation fiber lengths.

fiber length L = 20 km, the ̂QBER shows a more random
behaviour, as we have seen in Fig. 2.
These results highly recommend the use of a polarization

control scheme, in order to maintain the ̂QBER low, and to be
possible to use this scheme in QKD experiments, guaranteeing
the security of the transmission.

IV. CONCLUSIONS

From the theoretical and the experimental results presented
in this paper, we concluded that the ̂QBER is highly dependent
on time, and also on the fiber length were the photons are
transmitted. The background ̂QBER, that is also achieved in a
back-to-back situation, highly depends on the number of cross-
talk photons from the synchronization channel to the quantum
channel, and the alignment of polarization.
The counter-propagating scheme for sending the synchro-

nization pulse allows to avoid largely the cross-talk photons,
which decreases the need for high quality filters. The ̂QBER
highly depends also on the stability of the system, with main
attention to the lasers, the power source and the fiber.
We concluded that an active polarization control scheme is

mandatory in order to assure small ̂QBER values, compatible
with a real and efficient implementation of quantum crypto-
graphic protocols.
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