Turbulence characterization and image processing data setsfrom a
NATO RTO SET 165trial in Dayton (OH)

M.-T. Velluef, Mikhail VorontsoV, Piet Schwering Gabriele MarcH Stephane Nicol&s
Jim Rikef
%0nera — The French Aerospace Lab, F-92322 ChatiHmance;
P University of Dayton, School of Engineering, Itiggnt Optics Laboratory
300 College Park College Park Center, LOCI, Day®id, 45469-2951

‘TNO, PO Box 96864, NL-2509 JG The Hague, The Né&hes;

dEraunhofer I0SB, Forschungsinstitut fiir Optronis®mtechnik und Bildauswertung,
Gutleuthausstr. 1, D-76257 Ettlingen;
®Norwegian Defence Research Establishment (FFRifutiseien 20, N-2007 Kjeller, Norway;
"U. S. Air Force Research Laboratory, Space VehiBlirectorate, 3550 Aberdeen Ave SE,
Kirtland AFB, NM 87117

ABSTRACT

The performance of optical systems is degradedtinpspheric turbulence. Over propagation distanbas éxceed
several kilometres, it is difficult to evaluate itapact because of terrain variability — a factwattshould be taken into
account. However, to optimize performance, the ulgmce characteristics and its effect on opticavevaropagation
along the propagation path should be known. Therstanding of turbulence impact is one of the nohijjectives of the
NATO group SET 165: "Adaptive Optics (AO) for laseeam delivery, passive and active imaging andutarice
mitigation". In this paper we describe experimgmsformed by the NATO SET 165 research group, ngneeket of
atmospheric experiments over a 7 km distance, sutiss some preliminary results of data proces3ihg.experiments
were conducted at the University of Dayton Intah Optics Laboratory (UD/IOL) in October 2011.biénefited
significantly from the available optical setups dhd infrastructure on the UD/IOL site.
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1. INTRODUCTION

Over propagation distances of several kilometedsedrove the ground, atmospheric turbulence can aaesere impact
on performance of electro-optics (EO) systems. atality of optical turbulence makes analysis anddgction of its

impact difficult. In the weak turbulence regime famalism based on the Kolmogorov turbulence dmal Rytov

approximation can be applied to describe most efagtical phenomena related to the turbulence teffieqropagation
of optical waves in the atmosphere [1]. But forgagation near the ground over horizontal and glampagation paths
characterized by strong scintillations, the classatmospheric turbulence models may not be sefiicio describe and
correctly predict optical turbulence effects [2Jo Bvercome these difficulties, heuristic and staté models were
developed but their application is also limitedvasdl as the numerical (Monte Carlo based) compsit@ulations that
utilize a phase screen (split operator) approatf]35].

The aim of our experiments was to acquire reprasiget data in the strong turbulence regime andyaeahhem to be
able to characterize and describe the effectsrbiitence on imaging and laser-based system. Addilip we wish to
propose models for EO systems performance evafuatio

The experiments were conducted at the UD/IOL atinesp propagation test-bed between 7 and 12 Oct2b&t. The
obtained experimental data include:

— Spatial and temporal intensity fluctuations in fheil plane at different wavelengths in order t@reltterize the
turbulence impact on pupil and focal plane intgndistributions, focal plane images are simultarsdpuvecorded to
analyze laser beam propagation;
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- Images of several targets, extended and pointfiked and mobile, in the visible range and forfetiént aperture
sizes to evaluate atmospheric turbulence on imaigeation and potentials for post data —processigrovement;

— Shack-Hartmann (SH) wavefront sensor data to estitiee performance of the sensor in such conditionAO
systems.

Here we first describe the experimental setup hed present and discuss recorded data, and fioatliyne preliminary
data post processing results.

2. EXPERIMENTAL SET-UP

The propagation geometry setting is shown in Figur&he targets and the beacons are installed ®nmawbf of the
Veterans Administration Medical Center (VAMC) biiilg at 40 m high. The receivers are located 7 kraya@n the 5
floor of the College Park center (about 15 m higithe UD/IOL experimental room.
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Figure 1. On top, an aerial view of the experimesit@. Bottom, a graphical representation of thHar7long atmospheric
propagation path experimental setting (left) andpshot of green laser beacon image taken from dbheiver site at
UD/IOL.

To record pupil and focal plane short-exposure risity distributions, the COMBAT (Coherent Multi-Bea
Atmospheric Transceiver) setup was used [6]. Therldbeacon assembly is composed of three single-rfibdr
collimators (each with a clear aperture of 26 mmj ¢he corresponding fiber-coupled laser diodesatelengths of
A1=0.532 pm4, = 1.064 um and; = 1.55 um. The fiber collimators are mounted togethith an aiming telescope in
a gimbaled system (see left side of Figure 2 belaith a smallest angular step size of 1.75 urad ihaised for
alignment. The beacon platform was located on dicagable inside a shed that was anchored toreteslabs on the
roof of the VAMC building.

Targets for passive imaging are a pair of airporthlights used as white point-like sources, a kbdmward shown in
Figure 2, a mannequin, and persons standing orngaui the roof of the VAMC.

Figure 2. Left: the three laser beacons mountedthen gimbaled system; Right: the test pattern usedirhaging
applications.
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The COMBAT receiver system at UD/IOL is illustratedFigure 3. After propagation to the receivee siptical waves
from the beacons are collected by a 0.35 m Sch@édisegrain telescope and demagnified by an opéta} system.
The resulting collimated beam of diameter 10 cisuisdivided into separate subapertures, each havirsgble diameter
of 25 mm, and sent to the receiver modules as shiowigure 3. Each subaperture corresponds to progjmately 8.5
cm large sub-pupil of the telescope aperture. Tlugilar dimension of the corresponding receiver paltares are 12.1
prad. Three separate subapertures are used tal negpil-plane and focal-plane short-exposure iaade distributions
of the received beams, as shown in Figure 3. Natramdpass filters are used to dedicate each receigdule to a
specific wavelength from a single beacon. The pplgihe and focal intensity distributions are reeardising three
Sensors Unlimited (SU640SDWHYvis) 14-bit camerade Tameras operate in a windowed mode with 256 pixel
window with pixel size of 2825 um? providing an actual sensor area of®4 mnf and a 100% fill factor. A four-to-
one beam reducer is installed in the optical tfimach subaperture to match the beam (pupil) wi#e the camera
active window size.
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Figure 3. Left: Optical schematic of the COMBAT raegi system. The adaptive optics module was notided in the
experiments. Right: the beam divider module.

The images of the targets were obtained with asrele 8” telescope coupled with an AVT Stingray $8B 14-bit
camera. The focal length of the telescope equalsdhd the pixel size of the camera is 44685 umz2. Its 1032778
pixels correspond to a 48.6 mmz? area. The frame rate varies from 31fpsri@aper second) at full resolution to about
100-120 fps for smaller frames. The Celestron C8 a@uipped with a variable set of off-axis diapmaganging from
20 mm to 66 mm.

A Shack-Hartmann (SH) wavefront sensor (SHSCam ff@ptocraft) with a set of lenslet arrays of difieresizes
(14x14, 144 pm pitch; 1411, 200 pm pitch; 83, 248 um pitch; %7, 344 pum pitch) was used for wavefront
measurements. The SH sensor clear aperture isrd.8md the photo- array resolution is 2366 pixels. The SH sensor
can operate with frame rate higher than 1000 fpss $ensor was located in the COMBAT sub-systennatijpey at 1.06
pm wavelength. The sensor aperture correspondegpooximately 30 mm sub-aperture of the receiedgstope.
During the trial, an average,€along the propagation was measured with a scintidter, as shown in figure 4.
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Figure 4. The example of time evolution of the aefive index structure parametef @) recorded during the trial.
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3. MEASUREMENTSAND DISCUSSION
1.1 Pupil and focal plane images
Pupil plane data analysis

Both focal and pupil plane intensity distributionere simultaneously recorded for three beacon \eangths with frame
rate varying from 200 to 400 frames/second. Exampfehe pupil plane intensity distributions arewh in Fig. 5. The

images show that the spatial scale of intensityt#lgitions depends on the wavelength, i.e., thgéy the wavelength
the larger the intensity speckle size. We can akserve that the dynamics of the intensity scattdn increase with the
level of turbulence and decrease with the wavetenghese observations are consistent with the ¢ieat findings

from standard turbulence theory.

%,

(a) weak turbulence (b) strng turbulence

Figure 5. Examples of short-exposure intensity tdlz@tion patterns recorded during experiments.nfrieft to right the
wavelength beacon is 0.532 um, 1.064 um and 1.55Turbulence level increases from the left to ightrof the figures.

The temporal fluctuations of the intensity bothtet centre of the pupil and summed on the wholél pgre analyzed.
They depend on the wavelength and turbulence dtrefige data in Fig. 6 show temporal dynamics efgbintillation

index (SI), defined ag] = <| §> 11, >|23 — 1, where<>; is the average over the pupil (summation ovethal
P
points P of the pupil) ang the intensity at the point P.
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Figure 6 : Temporal dynamics of scintillation indéx= 0.5 (black), 1.06 (red), 1.55 (green). Turbutestrength increases
from left to right.
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Figure 7 : Temporal spectrum of intensity fluctoas at the centre of the pupil. Wavelength incre&sem left to right (0.5,
1.06 and 1.55 um). Black curves are obtained wighréicorded data and red curves by an analyticabapp.
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Examples of the intensity fluctuations temporalcte at the center of the pupil are shown in Fighrier the three
wavelengths. The spectrum obtained with the dataspared with a theoretical spectrum derived ftbenformalism
proposed by Robert et al [7]. This formalism isidiéh the Rytov regime, which is not always our bgagion case. Most

of the time, the scintillation index exceeded 1. eammonly used limit given for the validity of Ryts
approximation2]. However, even for strong scintillations, itepes that the Rytov approximation describes well the
recorded data. We assumed an average wind speegl thile line of sight of 2 riswhich is a little less than those
expected from focal plane analysis (~ 3.5%ns

Focal plane data

Examples of instantaneous intensity distributicersorded at the COMBAT system focal planes are shoviigure 8.
The focal spot at the longer wavelength is larget aot regular even when the level of turbulencleveger because of
residual aberrations like coma or astigmatism. Whelnulence increases, spots are larger and spiitseveral speckles.

(a) weak turbulence (b) strong turbulence

Figure 8. Examples of the short-exposure focalspetorded during experiments. From left to rigiet wavelength beacon
is 0.532 pm, 1.064 pm and 1.55 pum and the turbalEwel increases between left and right.

In the focal plane, short and long exposure imaddbke point-like sources are analyzed. The ceoftgravity of each
short exposure image is computed and the fluctnatad the angle of arrival are derived. The coroesiing temporal
power spectrum is presented in Figure 9. The spectiecay varies as?” for low frequencies and™* for high
frequencies, which matches well with the Kolmogotarbulence model predictions and Taylor's frozarbtlence
hypothesis [8].
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Figure 9. Temporal spectrum of the angle of arritalt in the case of low turbulence level {& 10*° m?3), Right for a
high turbulence level (€ > 6 10'® m?3). The black curve represents the horizontal ax)safd the red curve the vertical
axis (Y); A = 1.05um, frame rate 400 fps.

An estimation of the average transverse wind sg¥®gg can be obtained from the data presenteéigare 9 The

transverse wind speed equalsD/0.3, wherev, is the intermediate cut-off frequency and D theipsize [8]. For the
two cases presented in Figure 9, estimated winddspare 2.5 mis(left curve) and 5 mi5s (right curve). When the
turbulence effect is weaker (left curves), a fregquepeak appears around 20 Hz for the Y axis. ly to@ due to
vibrations of the reception bench, or the buildifbis effect becomes negligible with the increaktibulence strength

(right curves).
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In the presence of turbulence, the full width af heaximum (FWHM) of the long exposure focal plaingage equals
Afirg where f is the focal length of the optical syst@nd g the Fried diameterqdepends on the profile of the structure
parameter, noted & along the propagation path. Some analytical n®odedre proposed to take into account the
variation of G? along the line of sight. For astronomical applimas, the Hufnagel-Valley model can be consideFex.
slant paths propagations near the ground (altitugel0 m and < few hundred meters), the structurarpater G is
expected to vary ds? or h*** for stable/unstable atmospheric conditions, retbgy [9]. In general, the atmosphere is
considered to be stable during nighttirié’{ decay) and unstable during daytinié decay). Because the laser beacon
is quite divergent, the expression fgshould correspond to a spherical wave approximatid is given by

L -3/5

A 2 7 5/3 _
=] 0424 2 RN [[ 2] W P(ehz| o
0

where exponenp equal to 2/3 or 4/3, h is the height above thaigdoalong the propagation path dmds a reference
height where the value of,&is known. The measurement gfusing the long exposure image PSF leads to aniaiah

of C.2 (hy) using eqn (1).

The standard deviation of the angle of arrival ahejsealso onyrand the outer-scale of the turbulencg[10]. An
evaluation of these two parameters can be donethétlassumption of a specific turbulence model. @dramonly used
is the Von-Karman model which integrates inner antér scales.

As we mentioned above, in the weak turbulence regiime estimation ofylis biased by a vibration effect. So we just
analyzed data recording in stronger turbulencescdeethese cases, the estimation gffom r, measurement fits quite
well with the G? measurements recorded by a scintillometer (seeeTBbIDue to residual aberrations for the higher
wavelength as mentioned before, the long exposagal folane image is larger and not symmetricals Explains the
overestimation ofgrfor thisA. The dependency of the standard deviation of tiggeaof arrival with the wavelength is
low, which is consistent with the theory.

So for tactical applications (slant path near tteugd), the hypotheses concerning thé ofile and its spectrum seem
to be realistic.

Table 1. Estimation ofy standard deviation of the angle of arri{@j - O,y ) and G2 estimated for the three wavelengths (blue:0.5,
green:1.06 and red:1.5 pm).

Lambda (um)| Frame| r, measured Obx - Oby C.’ estimated (") C.2 (m™®)
rate (cm) (urd) (scintillometer)
Casel | 0.5-1.06-1.5|205fps | 1-2-25 18-15-18 | 10 -10""-1.7 10" 8 10"
Case?2 | 0.5-1.06-1.5|307fps [ 1.1-2.4-25 | 16-14—-17 | 810°-8107-1.6 10" | 6 10"
Case3 | 0.5-1.06-1.5 | 405fps | 1-2-25 18-15-18 | 10 -10""-1.7 10" 8 10"

1.2 Target images

In Figure 10, simultaneously recorded images of#iselution chart and a point source are showrmHMfigure 10(A) to
Figure 10(B), the aperture size of the telescomel (0 the Dg ratio) is reduced by a factor of 3. We can see the
influence of the pupil size, or more precisely,tioé ratio D/s on the image quality and the point spread functis.
mentioned, § can be determined from these spot images.

Figure 10. Examples of short-exposure images recbdiliring experiments with different aperture sizbs image of the
pattern and a point like source. Left: full apeetis used; Right: the aperture is 1/3 of the fpéréure.

1.3 Application of image correction techniques

One of the objectives of the study is to analyzedtivantages of image correction techniques irutence mitigation.
Two different image sequences from the recordedsaatare processed for this purpose. The methddsisribed in
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details in [11] and consists of frame selectiomgiseation and de-blurringThe main steps of this method are listed
hereafter. A reference image is calculated by agdie N first images of the sequence, dbnsecutive images are
choose in the sequence and thebbist frames of these, Mnages are selected. Local motions are evaluatetiase I
images. A cost function is finally minimized tdtiesate the real observed target. For that, a lineadel is developed to
describe the image formation. It takes into accdurtiulence effect and optical system filteringt{og and detector).
Oyt andA, are parameters of this cost function.

The first sequence is captured at 12 October 2015.85h and contains a building with the word “NA&Tattached to
it. The distance over which the image is takerapproximately 7 km. The refractive index structperameter was
measured at that time & = 6.9x10'° m?®. The camera used is the AVT Stingray F-080B withaimum frame size

of 1032 x 778 pixels and a pixel depth of 14-bitnmchrome. For the optics a Celestron C8 is usesl $&etion 2 for
details). The “NATQO” sequence is captured with sotetion of 1032 x 264 pixels, a frame rate of 69 Bl shutter time
of 25 ms and a camera gain of 16.2 dB.

(b)

Figure 10 (a) One of the blurred frames of the “NOXTsequence taken on 12 October 2011 at 15.35hanmithtailed inset
at the right. (b) Corresponding processed framerteymethod described in [5].

The following parameter settings were used to Ee®@900 framesN, = 20 framesN; = 20 framesN; = 10 frames,
resampling factor 1, blurring,,; = 3, 4 = 10° and 10 iterations for the minimization procedume of the processed
frames is shown together with an input frame iruFégl0 (a), although the result can be appreciagstl by watching a
video. Looking at the images in Figure 10 (b)sitiear that more detail is visible in the procddsame, such as on the
checkerboard and the NATO sign on the building.

Another sequence from the Dayton dataset showingné@nna tower gives even more impressive perfoceahhis
sequence was captured on 12 October 2011 at 1@it/la resolution of 552 x 776 pixels, a frame rate81.6 Hz, a
shutter time of 8.3 ms and a camera gain of 22.7Tdi® refractive index structure parameter was oredsat that time

asC?=8.2x10° m??
The following parameter settings were used to @00 framesNy = 20 framesN, = 20 framesNs = 10 frames,
resampling factor 1, blurring,; = 3,4, = 0.1 and 10 iterations for the minimization prdge. Input frame 100 is shown

together with the corresponding processed framee lds very clear that processing helps to viggamore details.
Results are shown in Figure 11.
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Figure 11 (a) One of the blurred frames of the ‘&ma” sequence taken on 12 October 2011 at 16(hpRorresponding
processed frame by one method

1.4 Wavefront sensor data

Figure 12. Examples of data recorded in the fotaigof the SH sensor during experiments with tets sf lenslet arrays,
A =1.05 pm. The time between the frames is 1 ms.

Figure 12 shows the sampling of the wavefront bg sets of lenslet arrays with decreasing spateduencies (or
decreasing the number of subapertures and incgetsdir size). In Figure 12 (A), we see that stiatibn results in low
intensity levels for focal spots. A lenslet arrajthMfewer subapertures is less sensitive to sttith, as intensity
fluctuations are averaged over larger subaperte@saas illustrated by Figure 12 (B).

For strong scintillation, a SH sensor with high tedaresolution doesn’'t perform well. The accuramy wavefront
sensing can be improved by using a lenslet withargel diameter for individual lenses. But this fssin lower spatial
resolution in wavefront sensing. More analysis nhesddone to find a trade off between scintillatomimization and
correct phase measurements.

4. CONCLUSION

During the atmospheric turbulence characterizatitad, a large amount of data was recorded. Pralmyi results
obtained from the processing of the trial data shayood agreement with predictions from turbulethesry, including
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the Rytov approximation. Further work consists ofmpleting the processing of the data to confirm tilmbulence

models we have proposed here or to present thaations.

We have shown results of compensation of the effetturbulence in static image sequences. Thdtseshow that the
correction method is capable of stabilizing andbligring such image sequences. Also, it is shovat tlsolution

enhancement is possible in images captured dur@akwo mild turbulence conditions. The presentethotkenables an
operator to see more details at a large distandét @mlarges the recognition range.
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