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Abstract. Optimising the interconnection between free-space and fibre
links will be necessary for future quantum communication networks. In
daylight free-space quantum communication based on direct detection, the
required Field Of View (FoV) of the receiver system needs to be minimised
to reduce solar background noise coupling into the detectors. Reducing the
FoV requires minimising beam wander effects caused by atmospheric
turbulence through active optics. We implement a fine tracking system
designed to correct tip and tilt wavefront aberrations, using two feedback
loops; each of them consisting of a quadrant detector and a fast steering
mirror for stabilising the beam in the whole optical axis of the receiver. We
test the performance of the tracking system with different optical fibres in
order to evaluate the reduction in the quantum bit error rate (QBER) caused
by solar background noise. A reduction of 75% for single mode fibre was
obtained, and 45% reduction for a 25 µm core diameter fibre, both cases for
strong turbulence (𝐶𝑛2 ~10-12 – 10-13 m-2/3) and 100 m propagating channel.
These results look promising for enabling free-space Quantum Key
Distribution (QKD) in wireless networks for realistic/adverse conditions
such as daylight and strong turbulent regimes.

1 Introduction
Quantum safe communications is now recommended by national securities agencies
worldwide. Quantum Key Distribution (QKD) is a quantum safe cryptographic primitive that
ensures key transmission with information-theoretic security [1, 2].
Due to limitations in the maximum distance of fibre links caused by absorption in optical
fibres, free-space links are essential to increase the range of quantum networks to a global
scale. Many advances have been reported in recent years from terrestrial stationary links of
a few kilometres [3-5], to satellite to ground links [6-9]. Tests on mobile terrestrial links using
drones and UAVs are also being developed [10-13].
The Quantum Bit Error Rate (QBER) of a QKD link depends on both the channel and
receiver losses, and on the noise of the system, which in the case of direct detection-based
QKD systems is especially affected by solar background noise that couples into the receiver’s
detectors.
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Therefore, it is vital to reduce this noise, which can be achieved by reducing the Field of
View (FoV) of the receiver through using small core optical fibres that collect and guide the
quantum signal to the detectors in the receiver. However, this must be performed in
conjunction with active beam tracking techniques to avoid signal losses. Tracking techniques
reduce the spot focal wander at the desired optical plane of the receiver caused by
atmospheric turbulence.
In this work, we test a fine tracking system designed for improving the free-space to fibre
interface for QKD systems, in high turbulence regimes as those typically observed in urban
areas in daylight. The system compensates for tip and tilt aberrations of the wavefront using
two Quadrant Detectors (QD), each connected to a Fast Steering Mirror (FSM). A double
loop system provides with interesting advantages, such as stabilisation in the whole optical
axis of the receiver, facilitating the optical design and layout. On the other hand, using QDs
instead of high frame rate CCD/CMOS cameras for high speed correction of atmospheric
effects, benefit from a low cost and compact design, which makes them suitable for
integration in mobile and lightweight platforms; a foreseeable application of mass
implementation. Cameras also require more complex postprocessing, which may increase the
costs of assisting hardware, and the size of the whole system.
The paper is organized as follows: section 2 introduces the experimental set up
implemented to test the tracking system; section 3 briefly describes how the characterization
of the turbulence conditions is performed; section 4 shows the experimental results obtained
in different days, and both the estimated reduction in QBER and increase in the Secret Key
Rate (SKR).

2 Experimental set up
Since our study focuses in analysing the performance of a tracking system for a QKD link,
the QKD emitter was approximated by a single diode laser source connected to a beam
collimator emitting a 10 mm diameter beam.
On the other hand, the receiver is composed of a Schmidt-Cassegrain telescope for
focusing the beam with minimal aberrations. A 50/50 beamsplitter then divides the beam in
two paths: one for tracking purposes with two QDs, each in a feedback loop to a FSM, and
another path composed of a lateral effect PSD and an optical fibre for observing the
correction. Both correcting systems are in closed-loop, which have been proven to perform
better than the open-loop strategy [14].
A schematic representation of the system is shown in Figure 1.

Fig. 1. Scheme of the experimental system. PSD: lateral-effect position sensitive detector; QD:
quadrant detector; BS: beamsplitter; FSM: fast steering mirror; Lc: collimating lens; Ld: detector lens;
T: Schmidt-Cassegrain telescope.
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Each FSM is connected to a QD through a Proportional Integrative Derivative (PID)
control loop implemented electronically by hardware, which processes the received signal
from the detectors and sends instructions to the FSM. The mirrors rotate a certain angle at a
maximum frequency of around 500 Hz to compensate for the tip and tilt deviations of the
beam.
We use two wavelengths with good transmission in the atmosphere for comparison
purposes to test the tracking system: a visible 670 nm and an infrared 850 nm. The former is
practical to facilitate the optical alignment, performed manually, and the latter is more
commonly used in quantum communication for its well transmittance in the atmosphere and
compatibility with commercially available Silicon single photon detectors.
The link is located in a metropolitan environment (inside the city of Madrid, Spain),
where the emitter and the receiver are placed in the ITEFI-CSIC building, facing each other
and separated by 30 m. We use two reflecting mirrors to achieve a 100 m link (Figure 2).

Fig. 2. View of the ITEFI-CSIC building (coordinates: 40°26'32.5"N 3°41'08.2"W) and the free-space
link. Source: Google Earth.

3 Characterization of the turbulent regime
For characterizing the performance of the system, we measure the deviation of the beam
centroid at the focal plane of the receiver, also known as spot focal wander, as well as the
power coupled into the fibres. With those results, we estimate the reduction in the Quantum
Bit Error Rate (QBER) for determining the potential of the system in QKD links.
We estimate the turbulent regime through the refractive index structure parameter 𝐶𝑛2 . We
obtain its value from the beam propagation theory in free-space, according to Kolmogorov’s
theory of turbulence [15].
A scheme of the tip and tilt aberration effects is shown in Figure 3.

Fig. 3. Scheme of the beam wander effects over a laser traveling through the atmosphere and being
collected by a lens.

We quantify those effects by measuring the root-mean-square (rms) of the deviations of
the focal spot position ( √〈𝑟𝑎2〉 ). Later, we substitute this value to calculate the angle of arrival
√〈𝛽𝑎2 〉 , and subsequently 𝐶𝑛2 through the following equations:
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√〈𝛽𝑎2 〉 = 𝑎𝑡𝑎𝑛 (

𝐶𝑛2 =

√〈𝑟𝑎2 〉
𝐹𝑒𝑓𝑓

)

〈𝛽𝑎2 〉
2.91 𝐿 (2𝜔𝐺 )−1/3

(1)
(2)

Where 𝐹𝑒𝑓𝑓 is the effective focal length of the system, L is the link distance and 2𝜔𝐺 is
the diameter of the receiver aperture at the receiver.
Strong turbulence regimes are considered for 𝐶𝑛2 of ~10-13 m-2/3, moderate regimes for
values ~10-17 m-2/3, and weak turbulence regimes for lower values [15].

4. Results
4.1 Tracking error
The system shown in Figure 1 was tested for two different wavelengths separately, 670 and
850 nm, for several days in the 100 m link. The values of the rms focal spot wander were
measured at the PSD, calculating 𝐶𝑛2 , using equations 1 and 2, and the tilt angle of the system,
using equation 3.
𝑡𝑖𝑙𝑡 𝑎𝑛𝑔𝑙𝑒 =

√〈𝑟𝑎2 〉
𝐹𝑒𝑓𝑓

(3)

The calculation of this angle is useful to compare the effects of beam wander with and
without tracking correction (see Figure 4).

Fig. 4. Tracking error measured for several days from December of 2017 to March of 2018, using two
wavelengths separately, in the 100 m link.

The results show that the tip angle with correction (also known as tracking error) is
practically constant with turbulence strength for both wavelengths (see figure 4).

4.2 Experimental and estimated coupling efficiency
We estimate the coupling efficiency (𝜂𝐶 ) under weak to moderate turbulence conditions using
the following equation [16]:
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𝐴

𝐴

𝜂𝐶 = 8𝑎2 ∫0 ∫0 exp [− (𝑎2 + 𝑅 ) · (𝑥12 + 𝑥22 )] · 𝐼0 (2 𝑅 𝑥1 𝑥2 ) · 𝑥1 · 𝑥2 𝑑𝑥1 𝑑𝑥2 (4)
𝐴
𝐴
𝐶

𝐶

Where:
- The parameter 𝑎 is the ratio of the receiver lens radius to the radius of the back-propagated
fibre mode.
- 𝐴𝑐 is the spatial coherence area.
- 𝐴𝑅 is the area of the receiver aperture.
- 𝐼0 (𝑥) is the modified Bessel function.
- 𝑥1 and 𝑥2 are the radial integration variables of the receiver planes, normalized to the
receiver lens radius.
In May of 2018 more data were measured and characterized for obtaining results in lower
turbulence than that experimented in the previous studies. These data are shown in figure 5
together with the theoretical estimation given by numerically solving equation 4.

Fig. 5. Experimental coupling efficiency measured at a fibre of a core diameter of 9.5 µm. The data
were measured along several days in May of 2018 in the 100 m link using a two FSMs based correcting
system. The laser beam wavelength was 850 nm. Correcting system is deactivated for data labelled as
OFF, and activated for those labelled as ON.

The theoretical estimation is only valid for systems without tracking. The experimental
results are slightly lower than the theoretical line, due to probably a small misalignment
between the beam and the fibre. It is clear from the experimental data that the coupling
efficiency increases when the tracking is ON, and the degree of the improvement is larger for
higher turbulent regimes since there is more range for correction (similarly to fig. 4).
4.3 QBER reduction
The tracking system was also tested using fibres of different diameter core, of 9.5, 25 and 50
µm separately. We measured the coupling efficiency with and without the action of the
correcting system, and compared them to quantify the system performance.
Results show how the power distribution is shifted to higher values of the normalized
power when the correcting system is activated, which means that the coupled optical power
in the fibre is increased with the correction, as desired.
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Fig. 6. Probability Density Functions (PDF) measured for 6 minutes in the 100 m link using the tracking
system. The laser beam wavelength was 670 nm. Turbulence conditions of 𝐶𝑛2 = 2 · 10-12 m-2/3.

In addition, the power is shifted to higher values for larger fibres, which is also to be
expected. No improvement was observed for the largest core fibre (50 µm), from which it
can be concluded that the beam fluctuations area without correction were equal or smaller
than the fibre core area.
We measured the coupling efficiency ratio (correction OFF over correction ON) and with
this we estimated the QBER reduction; with QBER caused by background being:
𝐷

(5)

𝑄𝐵𝐸𝑅𝑏 𝛼 ( )
2𝐵

Where D is the background photon rate, and B the bit rate received by Bob.
Taking into account that the ratio in 𝜂𝐶 is the same as the ratio in B, the QBER reduction (%)
can be estimated by:
𝜂
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑄𝐵𝐸𝑅 (%) = (1 − 𝑐_𝑜𝑓𝑓) · 100
(6)
𝜂𝑐_𝑜𝑛

Table 1. Results of coupling efficiency and reduction in QBER due to solar background noise
obtained using the 670 nm when the tracking system is OFF and ON, in the 100 m link.

Fibre core
diameter
(µm)
9.5
25
50

𝜂𝑐_𝑜𝑓𝑓

𝜂𝑐_𝑜𝑛

Reduction in
QBER

0.05
0.35
0.81

0.19
0.64
0.81

75 %
45 %
0%

As can be seen in Table 1, the maximum QBER improvement is achieved using the fibre
of 9.5 µm.
The increase in the SKR depends on the actual value of the QBER and the core fibre
diameter. For the SMF 9.5 µm a SKR increase of 84% and 97% for QBER values of 4.3% to
7.5%, respectively, was estimated, corresponding to the lowest and highest values measured
in real conditions for the system this group developed in [17]. For the 25 µm fibre SKR values
of 59% and 91% were obtained for the same aforementioned values of the QBER.

5 Conclusions
The tracking system developed in this work has been largely tested over several days to
analyse its potential use in QKD links in high turbulence regimes. Considerable improvement
on the coupling efficiency and reduced area of the beam fluctuations was observed for two

6

EPJ Web of Conferences 198, 00007 (2019)
QTech 2018

https://doi.org/10.1051/epjconf/201919800007

typical wavelengths used in tracking and quantum communications. The developed system
is a cost effective solution for implementation in wireless quantum communication networks
for a variety of short distance applications, including point-to-point stationary and/or mobile
platforms.
Moreover, the reduction in QBER is quite promising to enhance the performance of QKD
links using either a SMF fibre or a Multi-Mode Fibre (MMF). The advantage of the SMF is
that the receiver system could be attached to a commercial fibre network or standard
telecommunication component and act as a relay for the quantum signal from free-space
platforms to fibre networks. On the other hand, the MMF provides a higher coupling
efficiency, which could be an advantage in other scenarios, such as direct key distribution to
the receiver stations. In addition, with the achieved reductions in QBERb of 75% for the SMF
and 45% for the MMF, QKD links in daylight become feasible.
In summary, a tracking system has been designed with cheap and off-the-shelf
components, capable of increasing the robustness of QKD applications under strong
turbulence regimes, with potential applications as relays between free-space platforms and
metropolitan fibre networks.
We would like to thank Ministerio de Economía y Competitividad, project TEC2015-70406-R
(MINECO/FEDER, UE) and Fondo Social Europeo through Programa Operativo de Empleo Juvenil
and Iniciativa de Empleo Juvenil (YEI).
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