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Data communication through the Earth’s atmo�
sphere with an optical signal is currently an object of
multiple studies [1]. Long�distance wireless transport
of energy or information along both vertical and hori�
zontal light beam paths is an example. Optical systems
have some advantages, such as a possibility of widen�
ing a frequency band available for signal transfer and
interception security.

However, one should remember that radiation
propagating in the atmosphere to long distances is
strongly affected by atmospheric turbulence, which
distorts the wavefront; along with light diffraction, this
results in loss of signal quality and a decrease in the
signal power density [2]. Hence, improvement of the
reliability of operation of optical systems under differ�
ent weather conditions is required. The use of adaptive
optics techniques and elements, in particular, radia�
tion wavefront correctors, is one of the most promising
ways of solution of the above problem. A wavefront
corrector is capable of compensating signal distortions
caused by turbulent fluctuations in the Earth’s atmo�
sphere via real�time variations in its profile [3].

It is of particular interest to consider the process of
dynamic correction of aberrations. A closed adaptive
optics system (AOS) is discrete in time, since wave�
front data arrive from a video camera in the form of
individual frames with a certain clock speed. Hence, if
a correction algorithm does not use an extrapolation
method, then the arriving signal is also discrete in
time, and the frequency of variation in this signal does
not exceed the wavefront sensor camera framerate.

Any real signal is a continuous function; therefore,
system operation with the use of a time�discrete sam�
ple inevitably results in an error caused by the fact that
the executive element (wavefront corrector) remains
invariable in a span between control signals, while the
input signal changes. In a real system, the correction

error is even a little higher, because a control signal is
fed to the adaptive mirror not at the instant of wave�
front measurement, but with a delay due to input data
processing [4].

It is convenient to consider the process of discrete
correction using a sinusoidal input signal as an exam�
ple. This process in shown in Fig. 1 for the case of the
proportional algorithm. It is assumed that an ideal
adaptive system first measures an input signal and then
produces a correcting signal equal to the input signal
but reversed in sign. When producing the control sig�
nal, only the time delay equal to the sample period
(video camera framerate) is considered. Other time
delays or correction errors are ignored. The correction
is evidently lacking when using 10 samples per sinu�
soid period (see Fig. 1a); however, a decrease in the
input signal amplitude by about two times is possible at
30 samples per period (Fig. 1b). The results are more
or less acceptable when about 100 correction samples
fall into a sinusoid period (see Fig. 1c). In this case, the
residual correction error is 0.1 of the input signal
amplitude.

Figure 2 shows a typical AOS that can affect the
wavefront.

An input laser beam falls to a key AOS element
(deformable mirror, DM) and then reflects toward the
receiver (target). A translucent beam splitter branches
a part of the DM�reflected laser beam to a wavefront
sensor (WFS). Data from the WFS are input into a
computer; using a certain algorithm, the computer
calculates the control voltages that should be applied
to the DM to correct the incident radiation wavefront.
A DM control unit amplifies the voltages calculated to
a value required for normal operation of the DM.

The choice of system elements is determined by the
problems that should be solved with the system. Thus, if
radiation propagates along an inclined path 2–3 km long
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at an angle of 45°, the characteristic frequencies of
atmospheric turbulence phase fluctuations on the aper�
ture D of 400 mm are about 70 Hz [5]. Moreover, atmo�
spheric turbulence usually generates small�scale wave�
front distortions, which have a characteristic size of
about 40 mm at a wavelength λ ∼ 500 nm in this case.
Thus, the ratio of the aperture diameter to the coher�
ence length is equal to 10; hence, it is reasonable to
choose a DM with pushers (stacked�actuators) among
all flexible mirrors or effective compensation of such
distortions. Such a mirror has the following advantages:

1) quick response to the control voltage applied;

2) local response functions, which allows correct�
ing small�scale wavefront fluctuations;

3) sufficiently wide dynamic range of variations in
the mirror surface curvature.

Other types of controllable mirrors are not com�
pletely appropriate for solution of the problem of
atmospheric turbulence correction. For example,
bimorph mirrors operate very rapidly, but have modal
response functions, which does not allow their use for
compensation of small�scale fluctuations [6–8]. Mir�
rors based on microelectromechanical systems are
currently very expensive, unreliable in service, and
insufficiently rapid [9].

Figure 3 shows the general view of a mirror and
interferograms of response functions of individual pie�
zomotor drives.

Specifications of the corrector designed are given
below.

It is reasonable to use a Shack–Hartmann sensor as
a WFS for solution of the problem stated [10–12].
Among its advantages are the following:

1) capability of rapid wavefront analysis;

2) low sensitivity to variations in the radiation inten�
sity and to vibrations;

3) easy�to�use;

4) relatively low cost.

According to the principle of operation of the sen�
sor, the wavefront is divided into individual segments,
within which the local tilt is considered constant.
Depending on the phase front tilt, focal spots formed
by a microlens dot pattern are displaced. These dis�
placements are proportional to local tilts of the wave�
front, and, hence, the radiation wavefront structure
can be retrieved from measurements of tilt values. 

Active aperture 50 mm

Piezomotor drive size 2 × 3 × 12 mm

Working voltage range –100 to +300 V

Space between piezomotor drives 4.5–5.0 mm

Arrangement configuration 
of piezomotor drives 

square, 11 × 11

Number of piezomotor drives 97

Maximal deflection ±3.5 µm

Frequency of the first resonance 
of piezomotor drives 

15 kHz

Optical coating Ag

Weight 920 g
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Fig. 1. Correction results at (a) 10, (b) 30, and (c) 100 mea�
surements per period.
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In particular, the radiation wavefront can be
retrieved using the modal method for phase derivative
expansion in Zernicke polynomials [13]:

 (1)

where NP is the number of expansion polynomials;
ap are the expansion coefficients at Zernicke polyno�
mials; Zp(xk, yk) are the values of a Zernicke polyno�
mial of the pth order at points (xk, yk). Since the local
tilts are proportional to displacements of the focal
spots ΔS, one may write

 (2)

(f is the microlens focus). The set of equations derived
can be represented in matrix form as S = adZ, where
S is the vector of displacements with respect to the
focus f; a are the coefficients in the Zernicke polyno�
mials; dZ is the rectangular matrix of derivatives of

and

1

1

( , )( , )

( , )( , )
,

NP
p k kk k

p

p

NP
p k kk k

p

p

Z x yx y
a

x x

Z x yx y
a

y y

=

=

∂∂ϕ
=

∂ ∂

∂∂ϕ
=

∂ ∂

∑

∑

1 1,k k
x yS S

x f y f

Δϕ Δϕ
= =

Δ Δ

2D Zernicke polynomials of NP × 2NK in size (NK is
the number of spots on a hartmannogram). 

When choosing a camera for the WFS, the main
requirements are for the camera speed. We used a Pho�
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Fig. 2. Experimental setup.

Fig. 3. General view of the adjustable mirror and response
functions of individual drives. 
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ton Focus CMOS camera MV�D752�160�CL�8. Hav�
ing a high speed, of up to 2 kHz at an image size of
256 × 256 pixels, it can be used in an adaptive system.
An image from the camera is transmitted to a com�
puter through the Camera Link digital interface,
which requires a corresponding extension board in the
computer, e.g., a photoinput of the Camera Link
microEnable III standard.

Another element, determining the choice of a
Shack–Hartmann sensor, is a microlens dot pattern.
Microlens size and the focal length should agree with
both the camera sensor size and the step of control
drives, their number, and aberrations which are to be
measured. Considering all the requirements, a micro�
lens dot pattern with a rectangular arrangement of the
lenses of 160 × 160 μm in size and a focal length of
6 mm was chosen.

Main specifications of the Shack–Hartmann sen�
sor are given below.

There are several approaches to control the voltage
at DM electrodes. The phase conjugation approach is
the best for implementation of the rapid correction.
The essence of the approach consists in the following:
the DM surface takes such a form under which the
wavefront of a surface�reflected laser beam corre�
sponds to the required wavefront. A plane wavefront at
the adaptive system exit is required the most often. 

A Shack–Hartmann WFS is a difference device;
therefore, an input beam is analyzed relative to a cer�
tain initial arrangement of the focal spots of the lens
dot pattern. A set of coordinates of the focal spot cen�
ters that answer the initial position is called the refer�
ence. During the wavefront correction by the phase
conjugation method, DM voltages are calculated so
as the coordinates of the focal points after the beam
has been corrected maximally approach the reference
coordinates after application of the correcting volt�
ages [14]. These voltages can be calculated with, e.g.,
the mean�square method. Let us represent the magni�

Working wavelength range 350–1100 nm

Spatial resolution 160 µm

Measurement accuracy wavelength/100

Frequency of data acquisition 
and processing 

up to 1000 Hz

Computer interface Camera Link

Focal length of lens dot pattern 6 mm

Number of working subapertures 16 × 16

Input beam size 2.5 × 2.5 mm

Sensor sizes 62 × 54 × 68 mm

Weight 300 g

tudes of displacements of the focal points of the lens
pattern as the matrix 

(3)

where N is the number of mirror electrodes; u are the
mirror electrode voltages; b are the elements of the
DM response function. The mirror electrode response
function is a set of coordinates of focal spot displace�
ments in response for a voltage of unit amplitude
applied to the electrode:

 (4)

(5)

Here Δx and Δy are the displacements of the focal
spots along the corresponding axes; u0 is the voltage at
which the response function changes.

To find a set of mirror electrode voltages by the
mean�square method, it is necessary to minimize the
functional

(6)

The solution is to be found in the form

(7)

where

(8)

The procedure of wavefront correction in a real
AOS is carried our in the following order.

1. Equipment test.
2. Input of the reference array of focal spot coordi�

nates.
3. Measurement of the response function.
4. Wavefront correction:
a) analysis of the wavefront;
b) calculation of control voltages;
c) application of the control voltages to mirror elec�

trodes.
The wavefront correction (item 4) may be per�

formed repeatedly and in real time. To estimate the
system speed, time intervals of all the components of
item 4 are to be analyzed.

Operation of a WFS is characterized by three time
segments: camera exposure time, data transmission
from the camera to a computer, and time for focal spot
coordinate calculation. In the WFS used, the time
required for exposure and data transmission was about
0.5 ms, and the calculation of focal spot coordinates
took about 3 ms. Voltage calculations required 1 ms,
and the time of main mirror transitions exceeded
0.5 ms. Thus, one correction cycle lasted about 5 ms,
which is indicative of a correction frequency of 200 Hz
being attained. However, an adaptive system does not
allow the wavefront to be completely corrected for one
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step (cycle), due to inaccurate measurements of the
wavefront, noise, incorrect measurements of the
response functions of control elements, etc. Two–
three iterations were required for optimal correction in
our case; therefore, the closed adaptive system actually
operated with a frequency of 65–70 Hz.

The efficiency of turbulent phase fluctuations was
studied in the experimental setup (see Fig. 2).

A beam emitted by a photodiode laser is trans�
formed into a parallel one with the use of a convex lens
and then comes to the mirror�generator of artificial
turbulence. A bimorph flexible mirror with 32 elec�
trodes was used as a turbulence generator [15]; it was
controlled through a special algorithm, which repro�
duces phase screens with a Kolmogorov spectrum in
real time [16, 17].

Then the aberrated beam is incident on the cor�
recting DM with pushers, was reflected from it, fell on
the WFS, and then through the beam splitter to an
independent system for controlling the far�field laser
beam intensity (see Fig. 3). A long�focus lens and a
JAI CCD array had the following parameters: the sen�
sor size was 1/2″, the resolution, 1392 × 1040, the
operating frequency, 30 Hz, the pixel size, 4.65 μm,
and a GigE interface.

The measurement results of intensity distribution
before and after the correction are shown in Fig. 4.

The turbulence generator introduced large�scale
wavefront aberrations starting from the initial time to
1.8 s (D/r0 = 6, r0 is the Fried’s radius; the Greenwood
frequency fg = 60); this caused intensity fluctuations at
the lens focus which corresponded to the parameter
M2 = 25 ± 5. The M2 value decreased significantly
down to 1.3–1.5 after switching on the adaptive sys�
tem. Thus, the AOS designed operating with a fre�
quency of up to 200 Hz is capable of correcting the
incident radiation wavefront with a frequency of 65–
70 Hz. The correction results were confirmed by inde�

pendent measurements of the far�field intensity distri�
bution.

It is clear that the experiment cannot fully show the
capabilities of the wavefront correction system
designed. However, the results hold out a hope for the
efficient use of similar systems in real conditions for
aberration compensation of light signals passing
through atmospheric layers. 
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