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Abstract.  We report the results of the analysis of experiments on 
dynamic phase correction of laser radiation distorted by a turbulent 
airflow in an adaptive optical system (AOS) with a 
Shack – Hartmann wavefront sensor (WFS). A field-programmable 
gate array is used as the main AOS control element, which provides 
a closed loop AOS bandwidth of up to 2000 Hz. The WFS is used 
to estimate the characteristic bandwidth of the generated turbu-
lence nturb. Changes in the spatial and temporal spectra of the laser 
radiation phase, as well as the quality of the beam during its dynamic 
phase correction at various AOS frequencies, are analysed. It is 
shown experimentally and by calculation that to ensure a high effi-
ciency of the wavefront correction, the AOS frequency should be at 
least 20 times higher than nturb.

Keywords: adaptive optics, wavefront sensor, field-programmable 
gate array, atmospheric turbulence.

1. Introduction 

The problem of transporting laser radiation under the condi-
tions of the Earth’s atmosphere is relevant for energy transfer 
and laser communication (see, e.g., [1 – 4]). One of the signifi-
cant limitations on the energy transfer efficiency is the change 
in the local refractive index in turbulent airflows, because of 
which the wavefront of laser radiation propagating through 
the atmosphere acquires dynamic spatial distortions [5]. 
These distortions reduce the quality of focusing. As a result, 
the efficiency of laser energy transmission is reduced up to the 
complete loss of system functionality. 

Correction of the laser radiation wavefront in an adaptive 
optical system (AOS) in real time reduces the effect of turbu-
lence. Effective phase correction in this regime requires a cor-

responding response speed of the AOS. As shown in [6], the 
characteristic spectrum of atmospheric fluctuations reaches 
frequencies of ~100 Hz and higher. According to simple esti-
mates [7], the AOS operating speed should be at least an order 
of magnitude greater than this value, i.e., be at least 1000 Hz. 
When using a conventional personal computer (PC) to con-
trol the AOS, it is difficult to achieve such a high operation 
speed due to delays in the operating system or a number of 
difficulties in organising parallel computations. 

One of the ways to solve the problem of increasing the 
AOS speed is to use a programmable logic device (PLD) in 
the control system instead of a PC. The authors of [8, 9] 
reported on the creation of a fundamentally new AOS using a 
field-programmable gate array (FPGA) – a type of a PLD [10] 
– as the main control element. The frequency bandwidth of 
the AOS operating with the Shack – Hartmann wavefront 
sensor (WFS) [11 – 13] reached as high as 2000 Hz in a closed-
loop cycle.

The present work was aimed at a detailed computational 
and experimental study of the spatial and temporal character-
istics of laser radiation upon its dynamic phase correction in 
the AOS, depending on its response speed, as well to revealing 
the conditions for efficient correction. The research tool was 
an FPGA-based AOS [8]. 

2. Adaptive optical system 

A schematic of the AOS is shown in Fig.1. A plane-parallel 
laser beam 50 mm in diameter with the intensity distribution 
shown in Fig. 2 is formed using collimating lens 2 from the 
radiation of a 1 mW diode laser ( 1 ) coupled to an optical 
fibre. The radiation wavelength of 0.65 mm was chosen to 
facilitate visual alignment of the AOS; radiation with a differ-
ent wavelength corresponding to the spectral sensitivity of the 
WFS camera can be also used. Dynamic distortions of the 
wavefront were produced using a 1.5 kW fan heater with an 
outlet diameter of 130 mm, the air flow of which was directed 
to the laser beam perpendicular to its axis after passing 
through collimating lens 2 with a focal length of 300 mm. 
Then the distorted laser beam hits the bimorph-type adaptive 
mirror (AM) 3 [14 – 16] and is reflected from it in the direction 
of a possible consumer ( 4 ). The distance from the collimating 
lens to the mirror was 1300 mm. A small part of the laser 
beam is diverted to a WFS ( 5 ) using a beam splitter ( 6 ) (the 
optical path length from the mirror to the WFS is 2660 mm). 
The video information from the WFS camera enters a FPGA 
( 7 ), which processes this information, calculating the voltage 
vector based on the preloaded coordinates of the focal points 
of the reference wavefront and the mirror response functions. 
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These voltages are transmitted to an AM control unit (CU) 
( 8 ), which converts the digital code of voltages into an ana-
logue signal and amplifies it to the value determined by the 
AM parameters. Then the generated voltages are applied to 
the mirror electrodes to correct wavefront distortion. A per-
sonal computer ( 9 ) in this scheme is not included in the oper-
ational control circuit of the AOS. It serves to set the required 
AOS operation regime, load the reference coordinates of the 
focal points, load the response functions of the AM, and also 
obtain information from the FPGA about the correction pro-
cess for subsequent postprocessor analysis. 

To register the wavefront in the AOS, a Shack – Hartmann 
WFS is used [17, 18]. The AOS implements the phase conju-
gation algorithm, in which the wavefront of the output radia-
tion should tend to a given reference wavefront, in particular, 
to a flat one. The closed loop control was implemented 
according to the proportional algorithm. With effective 
dynamic phase correction of the laser beam, the AOS forms a 
flat wavefront at the exit due to the retention of the hartman-
nogram spots in time in the reference positions. 

The main tasks that the FPGA solves in this configuration 
are to obtain video information from the WFS, to process the 
WFS information (calculating the coordinates of focal points 

and calculating the voltage vector for the AM), to send a dig-
ital representation of the voltage vector to the control unit, 
and to exchange information with the PC. Compared to PCs, 
FPGAs provide faster computations due to their hardware 
implementation and parallelisation of computation processes. 
In addition, the FPGA has a low-level access to the camera 
and control equipment, which allows work with data streams 
to be optimised, thereby reducing the wavefront correction 
cycle time. 

The parameters of the Shack – Hartmann WFS, imple-
mented on the basis of a JetCam-19 high-speed camera and a 
Kaya Komodo Frame Grabber (Kaya Instruments) [19], are 
presented below.

The frame grabber card incorporates an Arria V GZ 
FPGA. All the electrical connections required to interface the 
camera and the FPGA have already been completed, and the 
corresponding software was developed and loaded into the 
FPGA to implement the closed-loop AOS algorithm. To con-
nect the FPGA with external devices, additional I/O interfaces 
with the control unit and PC are implemented using SFP (small 
form-factor pluggable) expansion modules, the corresponding 
connectors for which are included in the frame grabber. The 
internal structure of the FPGA is shown in Fig. 3. 

In addition to using fast computational algorithms, the 
implementation of the FPGA-based AOS control makes it 
possible to optimise the sequence of computations. The 
FPGA uses the WFS camera interface at the hardware level, 
which makes it possible to work with individual pixels in the 
process of their arrival at the frame grabber card, i.e. in real 
time. Having received several lines of the image containing 
the first row of focal points of the WFS hartmannogram, it is 
possible to calculate the coordinates of these points and fill in 
the corresponding elements of the matrix intended for calcu-
lating the voltage vector. Taking into account the fact that the 
bottom lines of the image as a rule do not contain useful 
information, immediately after obtaining the entire image, 
the vector of control voltages is calculated. The total time of 
one cycle is reduced to 0.5 ms, which corresponds to a fre-
quency of 2000 Hz. The diagram of the time cycle of a closed 
AOS is shown in Fig. 4. 

In the experiment, a bimorph DM2-50-31 AM was used 
to correct wavefront distortions, for which the configuration 
of the electrodes is shown in Fig. 5, and its parameters are 
presented below:
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Figure 1.  Schematic of the adaptive optical system: ( 1 ) laser; ( 2, 11 ) 
lens; ( 3 ) adaptive mirror; ( 4 ) consumer; ( 5 ) WFS; ( 6, 10 ) beam split-
ter; ( 7 ) FPGA; ( 8 ) control unit; ( 9 ) PC; ( 12 ) CMOS camera.

Figure 2.  Distribution of laser radiation intensity at the collimator out-
put.

Kaya JetCam-19 camera

Spectral range/nm   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  350 – 1100

Dynamic range  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                      ±50 l

Measurement accuracy/PV  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   l/15

Kaya Komodo Frame Grabber 

Frame rate/fps:

    resolution 1920 ´ 1080 pixels   .  .  .  .  .  .  .  .  .  .  .  .  .  .              2400 

    resolution 480 ´ 480 pixels   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  4000

Interface  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  fibre, 40 Gb s–1

Focal length  

    of the lens array/mm   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   12

Number of operating  

    subapertures  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                      20 ´ 20

Maximum input beam size/mm  .  .  .  .  .  .  .  .  .  .  .  .            4.8 ´ 4.8

Resolution/bit  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  8

Weight/g   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                          1260
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The first electrode, conventionally shown in the lower left 
corner of Fig. 5, is a full-aperture disk and is used to control 
the overall defocusing. 

For an independent verification of the correction quality, 
the experimental setup contains a far-field indicator formed 
by lens 11 (see Fig. 1) with a focal length of 1 m and a Gig-E 
DMK23GM021 camera 12 [20] with a pixel size of 3.75 mm, 
located in the focal plane of the lens. The diffraction-limited 
diameter of the focal spot at a wavelength of 0.65 mm is 
31.7 mm or 8.46 pixels. 

3. Parameters of a laser beam  
with turbulent phase distortions 

In the experiments [8], optical inhomogeneities along the 
laser beam propagation path were produced by a turbulent 
flow of heated air from a fan heater directed across the laser 
beam. It can be assumed that the duration of the existence of 
thermal inhomogeneities in the air is much longer than the 
time during which these inhomogeneities move under the 
influence of the wind within the beam aperture. This 
approximation is known in the literature as the Taylor 
hypothesis [21]. Within the framework of this hypothesis, 
the spatial scale of phase distortions is related to their time 
scale in such a way that the larger the distortions, the slower 
they are, and vice versa [5]. 

The angular divergence of the laser beam before correc-
tion is determined by the depth and scale of spatial phase dis-
tortions acquired in a turbulent medium. Figure 6 shows the 
instantaneous and 10-s averaged experimental distributions 
of the intensity of the laser beam on the matrix of the far-field 
camera, as well as the fraction of the radiation power in the 
angle q. The beam divergence at a 50 % power level was 3.5qd, 
where qd is the diffraction divergence by the same criterion. 
The spatial scale of turbulent phase distortions is character-
ised by the Fried parameter r0 [22], which can be determined 
using the Shack – Hartmann WFS from the phase gradients 
[23]. The value of the Fried parameter, determined using the 
WFS with an averaging time of 10 s, was approximately 1 cm, 
which qualitatively agrees with the estimate from the diver-
gence (see Fig. 6). In this case, with a characteristic size of the 
mirror electrode of ~0.8 cm and the size of the WFS subaper-
ture s = 0.25 cm (taking the scaling into account), the required 
spatial resolution of the AOS is provided [24]. 

Let us now consider the time scale of phase inhomogene-
ities in the experiment and the required time resolution of the 
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Figure 3.  Internal structure of FPGA.
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Figure 5.  Configuration of electrodes of the bimorph adaptive mirror.

Clear aperture/mm  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                      50

Number of control channels  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                 31

Electrode ring width/mm  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  8

Deflection of the first electrode/mm  .  .  .  .  .  .  .  .  .  .  .  .  .             12

Deflection of the remaining electrodes/mm  .  .  .  .  .  .  .  .  .  .          2

First resonance frequency/kHz  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  8.3

Control voltage range/V  .  .  .  .  .  .  .  .  .  .  .  .  .              –200 ¸ +300
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AOS. Knowing the dynamics of all centroids of the WFS 
hartmannogram relative to the reference points, it is possible 
to reconstruct the wavefront dynamics. In the present work, 
when reconstructing the laser beam wavefront, we used the 
Fried sampling scheme and the method described in Ref. [25]. 
In this scheme, the gradient values are measured at the centre 
of the square cell where the phase values are to be determined. 
When the number of WFS subapertures is N ́  N, the phase of 
the laser beam is determined on a grid with dimensions (N + 
1) ´ (N + 1). Figure 7 shows a typical experimental hartman-
nogram at s = 0.25 cm (N = 20), and Fig. 8 shows the phase 
distributions with an interval of 6.67 ms (the operation rate of 
the WFS in these experiments on measuring the dynamics of 
the wavefront is 1 kHz). It can be seen from Fig. 8 that the 
change in the phase pattern in time is predominantly of a 
shear nature, determined by the wind ‘drift’ of the phase. This 
is the nature of the change in the wavefront that is observed 
when the Taylor hypothesis is fulfilled (see, e.g., [26]). From 
the analysis of the displacement of the minima and maxima of 
the phase picture in time, the wind velocity u in the experi-
ment was determined, which amounted to 0.8 m s–1 (0.74 and 
0.3 m s–1 along the x and y axes, respectively). The dynamics 
of the local phase was obtained from the series of experimen-
tal wavefronts reconstructed at s = 0.25 cm (Fig. 8). Figure 9a 
shows the time power spectrum of the local phase fluctua-
tions, averaged over the aperture [27]. For Kolmogorov tur-
bulence, the phase spectrum is characterised by a power-law 
dependence on frequency with an exponent of –8/3 [28] 
(straight line in Fig. 9a). It can be seen that the generated tur-
bulence in the frequency range of 10 – 200 Hz has a character 
close to Kolmogorov’s one. Figure 9b shows the normalised 
integral of the phase power spectrum, i.e., the ‘energy’ of tur-
bulence. Spectral ‘energy’ reaches 95 % at a frequency of 
about 30 Hz. 

A certain conclusion about the bandwidth of signifi-
cant turbulent distortions can be drawn from a simple 
analysis of the dynamics of the hartmannogram centroids 
[8, 26]. Figure 10 shows the experimentally obtained dynam-
ics of centroid fluctuations in the WFS subaperture at s = 0.25 
cm along the horizontal x axis (due to the different wind 
speeds along the x and y axes, the frequency of centroid fluc-
tuations along the y-axis is somewhat lower). Due to the sta-
tistical homogeneity of the wavefront over the beam aperture, 
the dynamics of centroid fluctuations in all subapertures, 
except for the boundary ones, is approximately the same. 

A series of experimental wavefronts reconstructed at s = 
0.25 cm makes it possible to obtain a series of hartmanno-
grams with an increased subaperture size s and to compare 
the dynamics of centroid fluctuations on WFS subapertures 
of different sizes. 

Figure 11a shows the power spectrum of centroid fluctua-
tions (taking into account the total fluctuations along the x 
and y axes), and Fig. 11b presents the normalised integral of 
the power spectrum, i.e., the spectral ‘energy’, at s = 0.25, 0.7 
and 1 cm for the wavefront in the absence of correction. As 
can be seen from Fig. 11a, the amplitude of centroid fluctua-
tions decreases with increasing size of the WFS subaperture. 
With an increase in the subaperture, the frequency at which 
the integral of the power spectrum becomes saturated also 
decreases – the minimum scale of the recorded phase inhomo-
geneities of the turbulent medium, which contribute to the 
centroid fluctuations, increases. 

If we characterise the turbulence bandwidth nturb by the 
level of 95 % of the spectral energy of centroid fluctuations at 
the WFS subaperture [26], then, as can be seen from Fig. 11b, 
nturb = 60, 30, and 25 Hz for s = 0.25, 0.7, and 1 cm, respec-
tively. The turbulence bandwidth determined in this way car-
ries no information about the size and amplitude of phase 
distortions over the entire beam aperture. The minimum spa-
tial scale of phase inhomogeneities that contribute to the 
divergence of the laser beam is determined by the Fried 
parameter. Therefore, in order to track all scales of phase 
inhomogeneities that require correction, the size of the WFS 
subaperture s must be close to the Fried parameter [26]. In 
our case, r0 = 1 cm. For s = 1 cm, the turbulence bandwidth to 
be corrected is nturb » 25 Hz. 

0 5 10 15 q/qd

0.2
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DP/P
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b

Figure 6.  (a) Instantaneous and average distributions of the laser beam 
intensity in the far-field zone and (b) fraction of the power P of the laser 
radiation in the angle q.

Figure 7.  Typical WFS hartmannogram at s = 0.25 cm.
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Thus, the formed turbulence leads to the following spatial 
and temporal characteristics of the laser radiation phase: r0 = 
1 cm and nturb = 25 Hz. According to the results of calcula-
tions [26], the required operating frequency of the AOS (nAOS) 
for efficient compensation of turbulence with the Strehl num-
ber reaching 0.7 – 0.8 should exceed nturb by a factor of 20, i.e., 
it should be about 500 Hz. It is interesting to compare the 
estimated frequency nAOS with the classical parameters of 
Kolmogorov turbulence, based on which the requirements for 
the speed of atmospheric AOS are determined – the 
Greenwood frequency nG = 0.427u/r0 [29] and the inverse 
coherence time 1/t0 = nG /0.134 [30]. At a wind speed of 

0.8  m  s–1, we have nG = 34 Hz, 1/t0 = 254 Hz, i.e., the 
Greenwood frequency is close to nturb and, according to [26], 
1/t0 is half the required frequency of the AOS operation. 

4. Results of laser beam wavefront correction 
and their analysis 

We investigated the efficiency of phase correction of a laser 
beam with turbulent phase disturbances at various AOS 
operating frequencies up to nAOS = 2000 Hz. The change in 
nAOS towards a decrease was implemented by introducing a 
time delay after the transfer of control voltages to the con-
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Figure 8.  Experimental laser radiation phase distributions with a step of 6.67 ms at s = 0.25 cm.
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trol unit (see Fig. 4), and the exposure time remained 
unchanged. 

Figure 12 shows the temporal spectra of centroid fluctua-
tions and the dependence of the time-averaged magnitude of 
the coefficient ANZ  of the laser beam wavefront expansion in 

Zernike polynomials on the polynomial number NZ before 
and during the correction. The wavefront was reconstructed 
from the experimental dynamics of phase gradients at s = 
0.25  cm. The AOS correction frequency in this experiment 
was 1500 Hz. The numbering of polynomials corresponds to 
the Noll indexing [31]. Lower harmonics correspond to lower 
NZ values. 

Phase correction leads to a decrease in the amplitude of 
spatial and temporal harmonics; the lower harmonics with a 
smaller frequency are corrected most intensively. This behav-
iour of the spatial and temporal spectra of phase distortions 
during correction in AOS with a finite speed is characteristic 
of Kolmogorov turbulence (see, e.g., [26]). 

Figure 13 shows the instantaneous distributions of the 
laser radiation intensity in the far-field zone at different fre-
quencies of the AOS correction, each distribution being nor-
malised to its maximum intensity value. It can be seen that the 
quality of the focal spot improves with an increase in the cor-
rection frequency nАОS.   The angular distributions of the laser 
radiation power at different correction frequencies are shown 
in Fig. 14. 

The analysis of Figs 13 and 14 shows that with an increase 
in the phase correction frequency, the divergence decreases 
with the redistribution of the laser radiation energy in the far-
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Figure 10.  Experimental dynamics of the ratio of the centroid deviation 
x0 in the WFS subaperture along the x axis to the WFS camera pixel size 
Lp at s = 0.25 cm.
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field zone. Part of the energy from the ‘wing’ is transferred to 
the paraxial region, forming a narrowly directed core. When 
corrected at a frequency of 2000 Hz, the AOS provides a nar-
rowly directed core in the far-field zone, which contains about 
80 % of the total laser radiation energy. The rest of the energy 
is contained in the wing, the presence of which is due to 
uncompensated small-scale (less than the spatial resolution of 
the AM) turbulent distortions. 

A comparison of the results of experiments and numerical 
simulation of the AOS operation is illustrated in Fig. 15, 
which shows the dependence of the ratio of the actual laser 
radiation divergence to the diffraction divergence (q/qd) on 
the ratio of the correction frequency nAOS to the turbulent dis-
tortion bandwidth nturb = 25 Hz. The computational model is 
described in Ref. [26]. The wavefront dynamics was recon-

structed from the experimentally measured phase gradients. 
The phase correction was calculated in the approximation of 
an adaptive mirror with ideal spatial resolution. The solid 
horizontal line corresponds to the level of laser radiation 
divergence in the presence of turbulent phase distortions, and 
the dashed line corresponds to the minimum divergence (dif-
fraction limit). 

It is seen that the results of calculations simulating the 
operation of the AOS are in qualitative agreement with the 
experimental data. A certain quantitative discrepancy at high 
nAOS is caused by the fact that in the calculations the AM pro-
vided ‘ideal’ spatial resolution, while in experiments it was 

a b c

d e f

Figure 13.  Instantaneous distributions of laser intensity in the far-field at AOS correction frequencies of (a) 10, (b) 25, (c) 100, (d) 200, (e), 500, and 
(f) 2000 Hz.
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Figure 14.  Fractions of laser radiation power P in the angle q at ( 1 ) 
diffraction divergence and at nAOS = ( 2 ) 2000, ( 3 ) 200, and ( 4 ) 25 Hz.
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Figure 15.  Dependences of the ratio of the laser radiation divergence to 
the diffraction divergence on the nAOS/nturb ratio at nturb = 25 Hz in the 
experiment (black circles) and calculation (white circles).
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finite. At low frequencies nAOS, the experimental divergence is 
lower than the calculated one, since in experiments, back-
ground subtraction in the far zone is accompanied by some 
loss of large-angle signal components. 

Since the exposure time under these conditions is negligi-
ble, at low response rates, the operation of the AOS nega-
tively affects the quality of the beam: The AOS introduces 
additional distortions into the laser beam, and the divergence 
of the laser radiation even increases relative to the initial level. 
A decrease in the radiation divergence with respect to the ini-
tial one is observed at nAOS /nturb ³ 4. As noted above, accord-
ing to [26], in order to effectively compensate for turbulence 
when the Strehl ratio reaches 0.8, the required frequency nAOS  
must exceed nturb by a factor of 20, which is achieved at 
nAOS  = 500 Hz, and the calculations confirm this statement 
(see Fig. 15). The experiment, however, showed that at 
nAOS /nturb = 20, the beam quality has not yet reached its limit. 
A further increase in the AOS frequency (from 500 to 2000 Hz) 
leads to a decrease in q/qd from 1.7 to 1.3 (cf. Figs 13e and 
13f). 

5. Conclusions 

We have studied experimentally and numerically the spatial 
and temporal phase characteristics and quality of the radia-
tion beam, distorted by a turbulent air flow under laboratory 
conditions, with its phase correction at different operating 
frequencies of the AOS. In the experiments, we have used an 
AOS with a bandwidth of up to 2000 Hz with a 
Shack – Hartmann WFS and a field-programmable gate array 
as the main control element. 

The analysis of the time spectrum of the laser beam phase 
makes it possible to conclude that the turbulence character is 
close to Kolmogorov’s one. With the Fried parameter r0 = 
1 cm, a good spatial resolution of the AOS is ensured. The 
turbulence bandwidth nturb determined at a level of 95 % of 
the spectral energy of centroid fluctuations at the WFS sub-
aperture corresponding to r0 = 1 cm was 25 Hz. Earlier, it 
was confirmed by calculation [26] that to provide a highly 
efficient correction of the wavefront, the operating fre-
quency of the AOS should be 20 times higher than nturb. In 
our case, this is achieved at nAOS = 500 Hz (note that the 
Greenwood frequency is nG = 34 Hz, the inverse coherence 
time is 1/t0 = 254 Hz). Nevertheless, a further increase in the 
response rate of the AOS to 2000 Hz leads to an additional 
decrease in the divergence from 1.7 to 1.3 of the diffraction 
limits.
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