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Abstract. We report an analysis of beam wander correction by both a quadrant and an ideal detector in a 

close loop configuration. The analysis is performed with the aim of finding the optimum detector for 

beam tracking of free space quantum communication links. The effect of beam wander will be modelled 

as an angle-of-arrival fluctuation at the receiver. A simulation using ray tracing software was performed 

to simulate the correction for different values of the angle of arrival, ranging from those typical from 

atmospheric turbulent regimes, with values of a few mili °, to larger values up to 1°, from larger possible 

misalignments from the system. The simulating correcting system indicates that a quadrant detector is 

only successful for large values of the angle of arrival (> 0.2°), whereas for a smaller range no correction 
is shown due to the limiting factor imposed by aberrations of the focusing lens. We also show that the 

optimum spot diameter depends on the angle of arrival: if this is smaller than 0.5⁰, a spot diameter of at 

least Dspot/Dgap=2.5 should be used, whereas for larger values of the angle of arrival, a spot diameter of at 

least Dspot/Dgap =3.5 is required.  
 

Keywords: Beam wander correction, free space Quantum Key Distribution, turbulence tracking, quantum 

cryptography. 

1. Introduction 

Unlike classical cryptography, based on integer factorisation and computer complexity, 

quantum cryptography [1] uses fundamental principles of quantum physics to ensure the secrecy 

of communication systems. In particular, Quantum Key Distribution (QKD) enables the 
informationally-secure distribution of a common cryptographic key to two remote parties. This 

key can be transmitted by guided or free space means. The first uses optical fibre as the 

transmitting channel with world record transmissions reaching 250 km [2]. Fibre-based systems 
are limited by absorption in the fibre; and birefringence makes compensation techniques 

necessary. On the contrary, these effects in free space are lower, and in a scenario where 

quantum repeaters are still far in the horizon, global quantum communications can only be 
achieved using the atmosphere as the transmitting channel. Free space communications are 

useful both ‘in land’ by linking points with poor connectivity in metropolitan networks and as 

connections from ground to satellite or vice versa. In particular, for ‘in-land’ links, free-space 

QKD links are very useful due to their flexibility regarding installation and portability, since 
they can be relocated according to the network needs [3].  

However, free space links are not exempt from certain atmospheric effects, such as beam 

wander, which limits the efficiency of quantum communications.  Beam tracking techniques 
can reduce dramatically this effect and improve the speed and security of free space QKD links. 

Although these techniques are commonly used in laser communication systems they need to be 

adapted to quantum communication links. Specifically, the type of detector and configuration 
have a strong influence on the performance of the correction system. We will present a 



comparative study of beam wander correction performed by an ideal detector and a quadrant 

photodiode, in a variety of conditions simulating beam wander, in order to evaluate the most 

suitable to our application; being integrated in a free-space QKD system. 

 

2. Principle of operation of position sensitive detectors. 

Beam wander is caused by random deflections of the beam as it propagates through the 
atmosphere, which is in turn consequence of random variations of the refractive index due to 

stochastic changes in the air temperature. These variations provoke a random modification of 

the angle of arrival (the direction of propagation of a light beam) at the receiving station, 

affecting directly to the pointing and receiving stability of the link. Beam wander is heavily 
affected by variations in the air density, time of the day, weather, etc. Actively tracking and 

linking the beam to a fixed, optimum position not only maintains the alignment of the link, but 

also allows a reduction of the field of view (FOV) of the system, which usually is set to wider 
angles to accommodate all the variations of the signal. A smaller FOV results in a direct 

decrease of the error rate, since background noise is reduced, and thus an increase of the secure 

key rate.  
A Fast Steering Mirror (FSM) fed by the signal given by a Position Sensitive Detector (PSD) 

with a Proportional Integral Derivative (PID) controller can be used to correct beam wander. 

The FSM selected for the experiment is a bovina-type mirror. This consists of a bovina 

surrounded by some magnets, fixed to the mirror; an electric current circulates inside the 
bovina, controlling the magnets which move the mirror. They are known for their high 

precision, durability and short time response, and more importantly, their angular resolution and 

bandwidth are high enough for our purposes. It includes an internal position sensor that controls 
the instantaneous rotation of the mirror and also provides the real position of the mirror. Using 

this value of the real position together with the desired position (given by the PSD), the PID 

controller is capable of rotating the FSM to the desired position (actually, the position supported 

by the PSD is the position of the centroid of the spot).  
A PSD calculates the position of a light spot on its surface by comparing the signals of the four 

electrodiodes in which is divided. It basically subtracts the opposite signal in each axis and then 

normalises it with the total detected intensity. Naming A, B, C and D to the position detected in 
each electrodiode (in consonance with ‘figure 1’), the position detected in the x and y axis will 

be:  
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According to the number of active areas in which the detector is divided, there are two sorts of 

PSDs: lateral effect (just one active area) and quadrant photodiodes (QD) (two to four active 
areas). As we can appreciate in ‘figure 1’, QD has a ‘blind zone’, i.e., a gap among the 

electrodiodes where the detector is unable to identify the position if the incoming beam is inside 

the gap. Hence, these detectors are used with unfocused beams. In contrast, since lateral effect 
detectors only have one active area, they do not have this gap and may be used with focused 

beams. 

 
                                                           (a)                        (b)                                                              

Figure 1. Conceptual diagram of the two-type sensitive detectors: (a) quadrant detector and (b) lateral 

effect detector. 

 



The wavelengths that lateral effect detectors and QDs are sensitive to, depend on the quantum 

efficiency of the materials which they are made of. In general, to detect wavelengths from 

visible light to 900 nm, the most efficient material is Si, whereas for the range from 1000 nm to 
1600 nm InGaAs is used instead. The QKD system previously developed in [4] employs a 

wavelength of 850 nm for the quantum channel and a wavelength of 1550 nm for the 

synchronisation of the clocks of transmitter and receiver. Nevertheless, as studied in [6], the 
synchronisation signal can also be employed for beam tracking. The tracking detectors must be 

then optimised for the wavelength of 1550 nm, i.e., they should be made of InGaAs. 

Fortunately, most QDs in the market are made of this material. In contrast, the majority of 

lateral effect detectors are made of Si and therefore in order to compare the performance of QDs 
and lateral effect detectors, a partially custom-made lateral effect detector of InGaAs was 

characterised. However, previous work found its detected signal to be insufficient for proper 

correction, due to problems in the amplification phase [5].  
 

3. Description of close-loop correction strategy. 

Previous work states that compensation of beam wander in the receiver with the so-called closed 
loop strategy is, in most cases, the optimum strategy for a low distance free space link (up to 

2 km), [6] . ‘figure 2’ shows a diagram of the close loop strategy integrated in the studied QKD 

system [4]. In the transmitter, two lasers of the same wavelength encrypt the ‘0’s and ‘1’s 

binary data (which we will call ‘data’ channel) and an extra laser of different wavelength is used 
for synchronising the clocks of both transmitter and receiver (‘sync’ channel). The tracking of 

the beam is performed by the same synchronisation laser, which simplifies the experimental 

system. At the receiver, a dichroic mirror separates the data and tracking/sync signals into two 
paths (tracking and data channels); an avalanche photodiode (APD) detects the synchronisation 

signal; and a QD performs the beam wander correction. Two single photon avalanche diodes 

(SPADs) detect the quantum signal.  

 
Figure 2. Conceptual diagram of the receiver correction: closed loop strategy.  

 

The close-loop correction strategy is performed simultaneously in both channels and for it to be 

implemented equally, the detectors in both channels must be placed in the same equivalent 
plane. For our application this should be the focal plane, since the beam spot takes its smallest 

size. It should be stressed that the purpose of correcting beam wander is to reduce the FOV, and 

thus decrease the background noise coupled into the system. However, this is in contradiction 
with the need of using defocused beams with QDs. One solution for this problem may be 

increasing the spot size only in the tracking channel, where the QD is placed, while maintaining 

the same size in the data channel. Previous work [5] suggests that this could be done, for 

example, by increasing the aberrations in the tracking channel by placing the lens (an 
achromatic doublet) before the detector in the opposite direction to how it is supposed to be 

placed (the direction where aberrations are minimised). Although increasing the aberrations 

seemed to be a valid way to solve the problem, we will show that, although correction is 
successful in the tracking channel, this will not be achieved in the quantum channel due to 

asymmetries in both channels. 

 

 



4. Modelling beam wander  

Beam wander can be modelled as an angle of arrival (AOA), a , in the receiver. The AOA, a , 

in a turbulence medium is described by turbulence theory as [3]: 
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where d is the link distance, h is the height over the optical axis at which the beam impinges on 

the lens, 0  the radius of the beam in the transmitter (we will use a beam with a 3.5 mm 

radius), GW the short term beam radius at the receiver aperture (it takes into account the 

divergence of 0 with the distance) and 
2

nC  the refractive index structure parameter. The AOA, 

a , was modelled as an angular rotation of the source in the transmitter,  , located at a 

distance d from the focusing lens (see ‘figure 3b’).  

 
                                 (a)                                               (b)                                                              
Figure 3. Setup of the close loop correction system: (a) simulated with the software OpticsLab, (b) 

conceptual diagram before performing a correction. For simplicity, the FSM and the BS are not shown in 

(b). 

 

The setup used for the simulation, shown in ‘Figure 3a’, tries to replicate the experimental setup 

tested in [5][6], which includes a source that produces a 7 mm of diameter beam at a wavelength 

of 650 nm, directed towards a FSM and split by a 50/50 beam splitter (BS) into the ‘data’ and 
‘tracking’ channels. Both beams are focused by two 30 mm-focal-length lenses. In the tracking 

channel, the QD detects the position of the beam centroid and sends this signal to the FSM 

through a PID control, which tries to stabilise the beam. In the data channel the PSD only 
‘observes’ the beam, and an aperture is placed to test the amount of optical power that passes 

through, which will account for how much the FOV is reduced. Approximating the AOA , a , 

to   which is given simply by, 

                                          
d
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can only be done when they coincide. ‘Figure 4’ is a plot of a and   as a function of the 

distance, for an extremely high turbulence medium 3/2112 10  mCn  (which is the worst case as 

the difference increases with Cn
2
). It shows that a can be approximated by   for a link shorter 

than 30 m, under a turbulence of 3/2112 10  mCn .  

 

Figure 4. Comparison between  and a  (for a 
3/2112 10  mCn ) as a function of the distance. 



4.1. Dependence of the spot diameter at the focal plane on h 

The angular rotation of the source makes the beam enter the lens at an offset distance from its 

centre, h, which will generate some aberration in the beam. Essentially, the main aberration that 
appears is spherical; rays striking the lens at a greater distance above the axis h are focused 

nearer the lens. Therefore, the diameter of the spot in the focal plane will be larger for rays far 

from the optical axis (large h) than the diameter of the spot in the focal plane for a paraxial 
beam (low h). This means the diameter of the spot depends on h.  

For convenience, the spot diameter in the focal plane will be simply named spot diameter. In 

order to study the dependence of the spot diameter with h, the distance of the link d, and the 

angle of arrival a , a simulation in the software OpticsLab was performed using the setup 

shown in ‘Figure 3a’. The source is moved using two types of movements: lateral and angular 

translations. Firstly, the source is translated laterally for values of h close to the optical axis 

(h = 1 mm) to values close to the edge (h = 7mm). Then, the source is centred in the optical axis 
and angularly rotated for each distance to keep h constant. This is done for the same values of h 

chosen for the lateral translation. In ‘figure 5’, we have plotted the spot diameter as a function 

of the distance of the link, d, for several values of h.  

 
Figure 5. Spot size in the focal plane of the lens as a function of the link distance d, between the source 

and the lens, for different heights h. Continuous lines represent angular rotation and the dash lines 

correspond to the lateral displacement of the source.  
 

As it is depicted in ‘figure 5’, from a distance that we will call 0d , the spot diameter becomes 

constant with the distance, which means that only depends on h and not on d. Therefore, there is 

a univocal relation between the spot size and h, which will be useful for our study. Therefore, if 

the source is far enough from the lens; at a certain distance 0d , the rays can be considered 

almost parallel to the optical axis (which means that 1a ). For the largest value of d0 

(h = 7 mm), a distance of 25 cm gives an error between the spot size for a lateral displacement 

and an angular rotation of the source of less than 1%. Therefore this was the minimal distance 

between the source and the focusing lens used for the simulations.  If the source is closer (than 
25 cm) to the lens and is angularly rotated, the behaviour of the spot diameter does completely 

change and do not tend to a lateral displacement of the source. The reason is that the rays that 

compound the beam cannot be considered as parallel to the optical axis, and some other 

aberrations (apart from the spherical) must be considered [6]. As a consequence the spot 

diameter becomes considerably larger. In summary, 0d is the minimal distance at which the 

source must be placed in order to avoid an increased amount of aberrations, and especially to 

have and univocal relationship between the spot diameter and h.   
 

 

 
 

 

 

 
 



4.2. Results of the simulation for beam wander correction. 

Once we have clarified that we will work in a region where the spot size only depends on h, we 

are going to analyse the closed loop strategy studied in [6]. In this previous work, experimental 
data taken at 30 m showed the movement of the centroid position in the focal area was reduced 

almost an order of magnitude, for a closed-loop correction-in-the-receiver configuration. 

However, for a quantum communication system it is very important the size of the beam spot at 
the focal area, since it will delimit the field of view and thus the improvement or worsening of 

the quantum bit error rate.   

For this purpose, the previous close-loop correction-at-the-receiver was simulated with 

OpticsLab (see ‘figure 3a’) for both an ideal detector and a quadrant detector. We have 
modelled the turbulence as angular rotation of the source in the transmitter. It was previously 

shown that this was a good approximation as long as the distance between the source and the 

focusing lens was kept below a certain distance (see ‘figure 4’). In order to evaluate the 
correction, we will find the minimal diameter, D99%, that an aperture placed at the focal plane 

should have to avoid losing more than 1% of power. We will observe whether this diameter has 

decreased after the correction has been performed. Moreover, the detector in the tracking 
channel will be placed in the focal plane and will be firstly, an ideal detector and afterwards, a 

QD with a 50 μm gap, which was the closest to that used in [6]. The precision of the FSM 

controlled by a QD will be 0.0005˚. The minimum distance between the FSM and the lenses 

will be 25 cm. As it was previously commented in ‘section 2’, the PID controller rotates the 

FSM in such a way that the position of the centroid of the spot, ar , on the detector tends to 0 

(See ‘Figure 3b’). Since the spot is aberrated, the centroid of the spot does not necessarily 

coincide with the geometrical centre of the spot. Hence, cancelling the position of the centroid 

does not generally mean that the spot is completely centred. Moreover, although 0ar  the 

beam will not pass through the centre of the lens. 
Since the scope of this study is evaluating the performance of both an ideal and quadrant 

detectors for a closed loop configuration, the spot diameter is an important factor to consider, 

especially for a QD. Therefore, the correction of the QD will be evaluated for different values of 

spotD / gapD . These values will be achieved by simulating the beam entering at the 

corresponding heights h of the focusing lens, using the univocal relationship between the spot 

size and h, discussed in the previous section. ‘Table 1’ shows the four chosen values of 

spotD / gapD  and their corresponding values of h. Specifically, this is achieved by simulating a 

lateral displacement of the source that produces those values of h at a distance of d0. Note that 

we used 6.1/ gapspot DD instead of 1.5; the reason is that the QD is insensitive to smaller 

values than 80 μm.  

In order to analyse the beam wander correction that the detectors perform for a certain spotD , we 

will fix the height h and plot the diameter of the aperture that collects the 99% of power, which 

we will call %99D , as a function of the angle of arrival a . For each value of a  we calculate d 

(from equation (3)) keeping h constant. The reason of keeping h constant is to have a fixed spot 
diameter and therefore separate the influence of the angle of arrival from the spot size on the 

correction.  Each calculated distance d will be the origin of the angular rotation a  (note that 

there will be a different distance d for each a ). In the following, we will present the correction 

first for an ideal detector and then for a QD. 
 

Table 1. Values of spotD / gapD  chosen for the study, and their equivalent values of spotD  and h.  

 

spotD / gapD  spotD (μm) h (mm) 

0.5 

1.6 

25 

80 

1.1 

3.1 
2.5 

3.5 

125 

175 

4.2 

5.5 



4.2.1. Ideal correction  

Firstly, one must take into account that under no correction %99D  does not depend on h. This is 

due to the way the spot increases its size (as h increases), which is towards the optical axis. This 

means that the position of the furthest point of the spot remains unvaried, so the top of the 

aperture will also remain unchanged. ‘Figure 6’ shows %99D as a function of a , under no 

correction and after correcting with an ideal detector, i.e., a detector that can exactly centre the 

position of the centroid, fulfilling 0ar . This correction has been made for those heights 

shown in ‘table 1’. 

 
Figure 6. Diameter of the apertures necessary to collect the 99% of power in the focal plane of the lens, 

using an ideal detector, as a function of the angle of arrival.  

 

On one hand it is easy to understand that if h increases (that is increasing spotD ), %99D will also 

become larger; this means that one must try to obtain the smallest values of h as possible. In 

order to understand why %99D decreases with bigger values of a , let a random angle 1a be 

smaller than another angle 2a , 21 aa   . By eq. (3) for a fixed value of h, 21 dd  . Knowing 

that for an ideal lens aa Fr tan , it is clear that under these conditions 21 aa rr   and 

consequently the FSM has to rotate more in order to make 02 ar . Thus, naming h’ the height h 

after performing the correction, for 2ar the FSM has rotate more and hence 2'h  will be smaller 

and .'' 21 hh  Since h is linked to the spot size 21 )'()'( spotspot DD   and finally, 

2%991%99 )()( DD  . In summary, the smaller the angle of arrival is, the bigger the diameter of 

the aperture will be. ‘Figure 7’ depicts this process.  

.  
                                                    (a)                                 (b)                                                              

Figure 7. Diagram of the incidence upon a lens of two beams placed at different distances: (a) before 

correction, (b) after correction. To distinguish variables before and after performing the correction, 

primed variables are used in the latter. For simplicity, we have dropped out the FSM and the BS from the 

diagram. 

 

For big values of a , both ar  and the geometrical centre of the spot are above the optical axis 

before correction and after correction, both ar and the centre of the spot are closer to the optical 

axis; %99D  decreases (see ‘Figure 8b’). However, smaller values of a produce that the centroid 

of the spot is above the optical axis while its geometrical centre is underneath (see ‘Figure 8a’). 

After performing the correction ar  is closer to the optical axis, while the centre of the spot is 

further. This explains why %99D  after correction grows for small values of a . Looking at 



‘figure 6’, it is clear that if  2.0a then the method works: %99D  becomes smaller after 

correction. From ‘figure 4’, the angle of arrival a due to atmospheric turbulence alone is 

considerably smaller than 2.0 (regardless of the distance d). However, there might be larger 

contributions to the angle of arrival different from this, such as, misalignments due to a not 

optimised initial alignment, vibrations of the building, etc. In conclusion, the correction using a 

closed-loop strategy is evident for  2.0a  with considerable improvement as a  increases 

and h (or Dspot) decreases. For  2.0a no improvement was observed due to the deformation 

of the spot caused by aberrations. 

 
                                                       (a)                       (b)                                                              

Figure 8. Diagram of the %99D , and ar  before and after correcting for: (a) small values of a  (b) large 

values of a . 

 

4.2.2. Correction with a QD. 

Here we will study the performance of a QD for a closed loop configuration. As it was 
previously mentioned, if the spot is too small it falls into the gap, where the QD is not sensitive. 

The QD begins to detect the spot when at least 0.1% of its power falls outside of the gap, which 

occurs for mDspot 80 . However, the QD will not be able to correct properly for a spot of this 

diameter. This happens because as the FSM barely rotates to perform the correction, the spot 
falls into the gap and is no longer detectable. In ‘figure 9a’, the spot size after correction has 

been plotted as a function of a , for different initial spot diameters. In this figure, one can 

observe that regardless of the initial value of spotD , the diameter of the spot after correction 

always tends to 80 μm, which is the minimum detectable spot diameter.  

 
                                                  (a)                                     (b)                                                              

Figure 9. Correction performed with QD: (a) spot diameter after correcting as a function of the angle of 

arrival a , for different initial spot diameters, (b) diameter of the apertures necessary to collect 99% of 

power in the focal plane of the lens using a QD and no correction at all, as a function of a . 

 

Similarly to ‘figure 7’, ‘figure 9b’ shows %99D as a function of a , under no correction and 

after correcting with a QD for different values of h. In this figure we can observe that if the 

initial spot diameter is large enough, such as 175 μm, the QD behaves more similarly to an ideal 

detector ( %99D decreases with bigger values of a ). However, at a certain a , %99D starts to 

grow again. The reason is that the spot diameter after correction has reached the limit value of 



80 μm and the QD cannot correct it any more (as it is too small to be detected). Therefore, as 

a  increases, ra increases ( aa Fr tan ), and with it, also %99D . As a general conclusion, we 

can extract that for lower values of [0 ,0.5 ]a    , mDspot 125 is the optimum diameter and 

for higher angles of arrival [0.5 ,1 ]a    a larger spot is preferable. 

 
                                                   (a)                          (b)                                                              

Figure 10. Diameter of the apertures necessary to collect the 99% of power in the focal plane using a QD, 

an ideal detector and no correction at all, as a function of a : (a) for h = 4 mm, (b) for h = 5.5 mm. 

 

From ‘figure 10a’ for h = 4 mm, which corresponds to mDspot 125 , the QD only behaves 

similarly to an ideal detector for [0 ,0.5 ]a    . However, in ‘figure 10b’, where h= 5.5 mm; 

both behaviours are similar in the whole range.  Therefore the larger the spot the more ideal the 

behaviour of the correction becomes.  

However, how can we increase the spot diameter in the tracking channel (where the QD is 
placed) while keeping it small in the data channel? Previous work [5] suggested that a solution 

to improve the correction when using a QD is to turn the lens around in the tracking channel, 

and thus increase the spot diameter in this channel through aberrations, while keeping it smaller 

at the data channel, which is desired to reduce the FOV. The correction for this configuration 
was experimentally tested in the tracking channel but not in the data channel. We have 

simulated the same conditions (with the setup shown in ‘Figure 3a’) turning the doublet of the 

tracking channel in the opposite direction and found there is no correction in the data channel.  
The reason is that the planes where the detectors are placed (the focal planes) in both channels 

are no longer equivalent. Due to the spot of the tracking channel being strongly aberrated, its 

displacement from the centre of the focal plane ra (tracking) will be different from that of the data 
channel ra (data). Since the correction is programmed to take ra (tracking) to zero, (as it is the one 

connected to the FSM via the PID), the data channel will not undergo the same correction. On 

top of that, this difference in the position of the centroid for both channels cannot be avoided, 

since it is found to change with the initial spot diameter; since the turbulence produces a random 

variation of a , the different values of a will produce a different spotD . ‘Figure 11’ shows the 

position of the centroid after correction 'ar  for both channels. From the plot, it is clear that 

regardless of the detector used, 'ar in the data channel is different from that of the tracking 

channel, which means that this strategy will not work. 

 
Figure 11. 'ar in the tracking and data channels for a QD, as a function of a . The spot diameter was 

mDspot 185 , different from the previous values, since the lens was placed in a different position. 



4. Conclusion 

On one hand, we have proved that the closed loop correction strategy, using an ideal detector, is 

evident for high angles of arrival (larger than 0.2⁰ approximately). However for lower values of 

the angle of arrival the correction is not present. This difference in performance is due to 

aberrations. For low angles of arrival the aberration limits the collecting aperture %99D ; 

however, for high values of the angle of arrival the deviation of the position of the centroid, ra, 

is much larger than the effect of aberrations themselves. Therefore, correcting (making ra = 0) 
improves the collecting aperture and thus, correction. Regarding the effect of the spot size in the 

correction, if the initial spot diameter in the focal plane of the focusing lens is sufficiently large 

( 5.3/ gapspot DD ), the quadrant detector behaves as an ideal detector. The spot diameter that 

should be used in each application depends on the range of the angle of arrival: for low values, 

[0 ,0.5 ]a    , a spot diameter of Dspot = 125 μm guarantees a favourable correction, whereas 

for higher values, [0.5 ,1 ]a    , a spot diameter of at least Dspot = 175 μm is required.  Finally, 

we demonstrate that turning around the lens in the channel that performs the correction in order 
to increase the spot diameter via aberrations does not work for the data channel, because the 

planes where detectors are set are not equivalent.  
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