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We propose an algorithm to extend the dynamic range of tip-tilt (TT) for a Shack—Hartmann wave-front sensor.
With this method, the dynamic range of TT is determined by the size of the whole CCD pixel array rather than the
size of the sub-aperture. Thus the separate TT sensor in adaptive optics (AO) systems for optical telescope can be
saved, which will simplify the systems and enhance the light energy efficiency. The proposed algorithm is
computationally effective and appropriate for the real-time TT computation of AO systems. The simulated
and experimental results show that the algorithm is robust to realistic scintillation and photon noise and can
work well under poor observing conditions. For the given condition with 75 of 5 cm at 550 nm and average
flux of 100 photons per sub-aperture, the ultimate measurement accuracy of TT is about 5% pixels

(peak-to-valley value).
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1. INTRODUCTION

Shack—Hartmann based Adaptive Optics (AO) system has been
widely used in large ground-based telescopes to compensate
atmospheric turbulence and telescope aberrations [1-3]. The
detection of tip-tilt (TT) aberrations is important for AO
systems because compensating them alone can significantly
improve the quality of an image [4]. In the case of laser beacon
AOQ systems, a separate T'T sensor is essential, because a beacon
launched from the ground cannot function as an absolute
position reference and a different object is needed for the
TT sensing [2]. When the science object itself or a nearby star
functions as the reference, the TT information can be extracted
from the Shack—Hartmann wave-front sensor (SHWES), so a
separate TT sensor is not necessary. However, when the
amount of TT aberrations is too large due to the vibration
and tracking error of the telescope [5,6], and the amplitude
of residual TT aberrations appear on the SHWES is over
the dynamic range of SHWES before closing the TT loop, a
separate 1T sensor with lower accuracy but larger dynamic
range is required. The rough TT tracking signals obtained from
the separate T'T sensor are used to drive the T'T corrector con-
jugated to the SHWES to decrease the residual TT aberrations
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until all SHWES spots return to the FOV of their lenslets.
Then the average of centroid biases of all valid spots will be
used for fine TT tracking [7].

However, if the dynamic range of TT for the SHWES is
large enough, the separate TT sensor can be saved, which will
simplify the AO system and enhance light energy efficiency.
Many methods are proposed to extend the dynamic range of
the SHWES, such as using astigmatic lenslets [8] or a spatial
light modulator array [9], iterative extrapolation methods
[10,11] and modified unwrapping algorithms [12]. But the dy-
namic range of TT with these methods is still smaller than one
sub-aperture. Furthermore, they are usually complicated and
time-consuming and cannot be used in the real-time AO cor-
rection. In this paper, we propose a simple and robust algorithm
based on the grid meshing [13] and template matching to
enlarge the dynamic range of TT. The algorithm can identify
the spots by grid meshing and retrieve the corresponding lenslet
of each spot by template matching. With our method, the dy-
namic range of TT will be determined by the size of the whole
CCD pixel array rather than the size of the sub-aperture.

The remainder of the paper is as follows: The detailed algo-
rithm is given in Section 2. In Section 3 the simulated SHWES
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spots corrupted by realistic scintillation (not weak) [14,15] and
photon noise [16] are used to verify the efficiency of our algo-
rithm. This is followed by experimental results in Section 4,
and conclusions are drawn in Section 5.

2. DETAIL OF THE ALGORITHM

The algorithm proposed in this paper consists of two steps:
identifying the spots and retrieving the corresponding lenslet
of each spot.

Assume that all spots stay in the FOV of their lenslets when
the amount of TT is very small, as shown in Fig. 1(a). The grid
pattern identifies all spots and the centroid position of each spot
can be calculated using the CCD signals in its corresponding
grid. When large-amplitude TT aberrations appear on the
SHWES, all spots will be biased consistently as in Fig. 1(b).
The spots on the CCD cannot be identified using the original
grid pattern anymore. This can be solved by shifting the origi-
nal grid pattern as in Fig. 2(a). The principle of horizontal shift
is locating each column of spots near the center of two adjacent
vertical grid lines as far as possible. The horizontal center of
each column of spots can be calculated by the mean gray level
of each vertical line of SHWES spots. And the horizontal dis-
placement can be obtained from these horizontal centers. Using
the same method, the vertical displacement of the grid pattern
can be computed as well. After locating the grid pattern, each
grid corresponds to a subzone, and we can easily get the cent-
roid position of spot in each subzone.

The next step is finding the lenslet that corresponds to each
measured centroid position, which can be solved with the tem-
plate matching method:

Clomm) =y S, )M (p-m q-n). (1)

P9

S(p, q) is the total intensity of the spot in the (p, ¢) subzone,
and the total intensity map is illustrated in Fig. 2(b).
M (p - m, q - n) represent the geometry matrixes after transla-
tions and Fig. 3 gives some examples of them. C is the total
intensity of all valid spots. Once the maximum index (m, 7)
of C is found, the matching is achieved: the spot in (p, g) sub-
zone is corresponding to the (p - , g - n) lenslet. For the grid
pattern shown in Fig. 2(a), the maximum index of C should be
(1, 1), and its corresponding geometry matrix is shown as
Fig. 3(f). Given that each lenslet is associated with a reference

®)

Fig.1. (a) The SHWES spots stay in the FOV of their lenslets when
the amount of TT aberrations is very small. (b) All spots leave the FOV
of their lenslets due to the large-amplitude TT.

Vol. 54, No. 30 / October 20 2015 / Applied Optics 9031

8
(b)
Fig. 2. (a) The curve above (or on the right of) the spots pattern
means the mean gray level of each vertical (or horizontal) line of the
SHWES spots. The spots are identified by the grid pattern after trans-
lations. (b) Total intensity map: each gray value means the total
intensity of the spot in its corresponding subzone.

position in the pupil plane, it is easy to obtain the centroid bias
of each spot and decide whether it is valid. Thus the TT signals
can be estimated by calculating the average of centroid biases of
all valid spots whether the spots stay in the FOV of their lenslets
or not.

If the CCD pixel array is large enough, the spots will not be
lost due to the large-amplitude TT and the relation between the
measured centroid positions and their lenslets can be retrieved
correctly with the template matching method. However, con-
sidering the readout speed and the utilization rate of devices,
the CCD pixel array should be as small as possible. Thus when
the large-amplitude TT aberrations appear on the SHWES
some spots will lost, which will affect the retrieving of the
relation between the centroid positions and their lenslets.
For example, if the mark of geometry matrix in Fig. 3(p) is
white, the mark in the same position of that in Fig. 3(k) is also
white. That is to say, if both the tip (x-direction) and tilt
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Fig. 3. Examples of geometry matrixes after translations. The white
mark means that the spot in this subzone is valid. The title of each sub-
graph indicates the amount of movement for the geometry matrix.

(y-direction) are three sub-apertures, the corresponding geom-
etry matrix found by our method may be one of the sub-graphs
as depicted in Figs. 3(k) and 3(p), while only the one depicted
in Fig. 3(p) is the right answer. Fortunately, either of them is
regarded as the corresponding geometry matrix, the measure-
ments can be used to drive the TT corrector to decrease the
residual TT aberrations. For the SHWES with hexagonal
configuration, the method is also applicable. We give the spots
pattern formed by a SHWES with hexagonal configuration and

its corresponding geometry matrix in Fig. 4,

3. SIMULATION

In order to verify the efficiency and practicability of our algo-
rithm, we simulated the SHWES spots corrupted by realistic
scintillation and photon noise. First, we generated random
atmospheric turbulence phase screens with Kolmogorov statis-
tics using Fourier method [17]. The large complex light ampli-
tude screens at the telescope pupil were generated by the
propagation through a single turbulent layer with 7, value of
5 ¢m at 550 nm located above the ground 4 km. The propaga-

tion of wave-fronts was achieved by the spectral technique [15]:

Vi(f) = F{U: (0}, @2
Vo(f) = Vi(f) exp(-imlz| f 1), 3)
Us(r) = FHVL2(N)} 4)
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(@ (b)

Fig. 4. (a) Spots pattern formed by a SHWES with hexagonal con-
figuration. (b) Geometry matrix of the SHWFS. The red numbers
show the correspondences between the lenslets and the geometry
matrix. When the spots pattern moves by one sub-aperture along
the x-direction (the spot in subzone marked by the “1” moves to
the subzone marked by the “8”), its corresponding geometry matrix
should move by one grid to right. If the spots pattern moves by one
sub-aperture along the y-direction (the spot in subzone marked by the
“1” moves to the subzone marked by the “2”), its corresponding geom-
etry matrix should move by one grid down.

where U (r) and U,(r) are the complex amplitude of the light
before and after propagation over a distance z, respectively, #
denotes the Fourier transform and F-! the inverse Fourier trans-
form. Figure 5(a) gives an example of simulated scintillation
screens. The pupil magnification of the telescope pupil to the
SHWES is 174:1. The detail parameters of the SHWES given
in Table 1 are used throughout this paper. The complex light
amplitude after pupil zooming was then sampled by the lenslet
array of the SHWFS, which produced an array of spots on the
CCD, as shown in Fig. 5(b). After that, light intensity in each

(@) (b)

Fig. 5. (a) Example of relative irradiance screen of 1 m? size.
(b) Simulated SHWES spots pattern corrupted by realistic scintillation
and photon noise.

Table 1. Detail Parameters of SHWFSs

Parameter Value
Diameter of the pupil 4.32 mm
Size of the lenslet 288 pm
Focal length of the lenslet 19.35 mm
Pixel number of each sub-aperture 6%6
Pixel size 48 pm
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detector pixel was corrupted by the photon noise (following
Poisson statistics) and the average photon number per spot
per frame is 100. To simulate the data sequence of SHWES,
the screens were shifted in both coordinates by vz the wind
speed v and time sampling interval # were 20 m/s and 1 ms,
respectively. Note that we can adjust the TT aberrations by add-
ing additional TT in the simulations.

Figure 6 shows some examples of simulated SHWES spots
with different TT aberrations and grid patterns after transla-
tions with our method. It can be seen that the grid patterns
after translations can identify the spots correctly. The centroid
of each spot can be obtained by using the CCD signals in its
corresponding grid. Note that we computed the centroid of
each spot using the center-of-gravity algorithm [16] in this
paper. The simulated results are illustrated in Fig. 7. For the
TT aberrations with certain amplitudes, 1000 frames of
SHWES spots were measured. We can see that there exists
excellent agreement between the measured values with our
method and the theoretical values when the displacement of
spots pattern is less than 12 pixels (2 sub-apertures). When
the displacement of the spots pattern is greater than 12 pixels,
the serious loss of spots leads to the unsuccessful matching
between the spots and their lenslets, and the measurement
accuracy of our algorithm decreases sharply. Although the mea-
sured values are far less than the theoretical values, they are
always greater than 5 pixels. That is to say, the SHWES spots
can return the FOV of their lenslets as in Fig. 5(b) after dozens
of closed-loop TT corrections even though both the initial tip
and tilt are 50 pixels as in Fig. 6(b).

When a large number of spots move outside of the CCD,
there is a more suitable method to decrease the residual TT
aberrations faster. We assume that the spots pattern is a disk
with uniform luminance as shown in Fig. 8(a). “+” is the aver-
age centroid position of the spots on the CCD and “A” is the
theoretical centroid position of the spots pattern. The relation-
ship between the average centroid bias of the spots on the CCD
and the theoretical centroid bias of the spots pattern is shown in
Fig. 8(b). So the TT signals can be obtained based on this re-
lationship once the average center of spots on the CCD is esti-
mated. Figure 9 gives the iterations of closing the TT loop for
the two methods. Both the initial tip and tilt are 50 pixels and
the TT mirror has the ideal response. It can be seen from the
curve diagrams that with the method based on grid meshing
and template matching the TT loop can be closed after 5-6

(2) (b)

Fig. 6. Simulated SHWFES spots patterns with different TT aberra-
tions. Both the tip and tilt are: (a) 30 pixels and (b) 50 pixels.
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Fig. 7. Comparison of the measured TT from our method with the
theoretical TT for the SHWEFS with square configuration: (a) tip val-
ues and (b) tilt values. The theoretical tip and tilt are equal. The solid
lines indicate that the measured values are equal to the theoretical val-
ues. The measurement error is about 5% pixels (peak-to-valley value)
when all spots stay in the FOV of their lenslets.

iterations. While for the method shown in Fig. 8, the residual
TT will decrease sharply although the TT loop can’t be closed
due to realistic scintillation and photon noise. So, the TT loop
will be closed faster by using the combination of the two meth-
ods. By the way, the switch between the two methods becomes
easier due to their large dynamic range of TT.

Besides, we used simulated spots to verify the efficiency of
our method for the SHWES with hexagonal configuration. The
simulation results are illustrated in Fig. 10. From the measuring
results from Figs. 7 and 10, we can see that only the geometry
matrixes with small displacements (less than 4 grids) are useful.
In other words, just using these geometry matrixes, the TT
tracking can be accomplished with our method. For these
geometry matrixes, the number of valid spots on the CCD is
much larger than that of invalid spots. So we can set M (p - m,
g -n) in Eq. (1) to 0 if the spot in (p - m, g - n) subzone is
valid, otherwise 1, and then find the minimum of C to accom-
plish the template matching. This will reduce the calculations.
Using a computer with the Inter Core (TM) i5-3550 3.3 GHz
and a C++ implementation of the optimized algorithm, the full
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Fig. 8. (a) A large number of spots move outside of the CCD due to
large-amplitude TT aberrations. “O” is the reference position. “/\” is
the theoretical centroid position of the spots pattern. “+” is the
average centroid position of the spots on the CCD. (b) The
relationship between the measured and theoretical TT values is:
Y = 0.68 4+ 0.66X - 0.0025 x 2, where X represents the theoretical
centroid bias of the spots pattern and Y stands for the average centroid

bias of the spots on the CCD.

process takes approximatively 50 ps including 30 ps for com-
puting the centroid position of all spots. So the method is
applicable for the real-time TT computation of AO systems
especially for the observations of high-speed objects, in which
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Fig. 9. Iterations of closing the TT loop for five different turbulence
series. Both the initial tip and tilt are 50 pixels and the T'T mirror has the
ideal response. The curves diagrams represent the results for the method
based on grid meshing and template matching, while the results of the
method shown in Fig. 8 are depicted by the scatters diagrams.
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Fig. 10. Measured TT for the SHWEFS with hexagonal configura-
tion: (a) tip values and (b) tilt values.

case the method has to be used all the time to monitor whether
the SHWES spots move outside the FOV of their lenslets and
provide TT signals to TT corrector to drive the spots to their
subzones as soon as possible.

4. EXPERIMENT

We also used the experimental SHWES spots to verify the ef-
ficiency of our algorithm. The system layout shown in Fig. 11
was used in the experiment. Both the T'T mirror and the lenslet
array of SHWES are conjugated to the pupil plane. The ran-
dom turbulence phase screens with Kolmogorov statistics were
generated by the turbulence simulator. The turbulence simu-
lator was not located at the pupil plane “P”, which produced
realistic scintillation. The TT mirror is used to simulate the
vibration and tracking error of the telescope and the amount
of T'T aberrations that appear on the SHWES can be adjusted
by it. The average photon number per spot per frame is about
200 rather than 100 because of the multiple amplification
stages for electron multiplication CCDs [16]. Figure 12 shows
some examples of the experimental SHWES spots. Note that in
the experiment we cannot know the theoretical TT like the
numerical simulation. So we first measured the TT aberrations
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Fig. 11. Sketch of experimental system layout. TTM, tip-tilt mir-
ror; P, pupil plane conjugated with the TTM and the lenslet array of
the SHWES.

(2) (b)

Fig. 12. Experimental SHWES spots corrupted by realistic scintil-
lation and photon noise.

when all spots stayed in the FOV of their lenslets and the aver-
age photon number per spot per frame was very large (high
signal-to-noise ratio). Then we added known TT aberrations
by the TT mirror and got the SHWES spots with the known
theoretical TT. In the experiment, we generated SHWES spots
patterns by propagation through five different turbulence phase
screens. The experimental results shown in Fig. 13 are consis-
tent with the simulated results depicted in Figs. 7 and 10.
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Fig. 13. Measured TT for experimental SHWES spots.

Vol. 54, No. 30 / October 20 2015 / Applied Optics 9035

5. CONCLUSION

We have proposed a simple and effective algorithm based on
grid meshing and template matching to significantly extend the
dynamic range of T'T for a SHWES. The simulated and exper-
imental results show that the algorithm is robust to realistic
scintillation and photon noise and can work well under observ-
ing conditions with 74 of 5 ¢cm at 550 nm and average flux of
100 photons per sub-aperture. When the displacement of
SHWES spots pattern is less than 12 pixels (2 sub-apertures),
accurate TT can be got by our algorithm though some spots
move outside of the CCD. As the amount of TT becomes
greater, the measurement accuracy of our algorithm will de-
crease due to the serious loss of spots and the unsuccessful
matching between the spots and their lenslets. Nevertheless,
the measurements (at least 5 pixels) can be used to reduce
the residual TT aberrations until the spots return to the
FOV of their lenslets. The ultimate measurement error of
TT is about 5% pixels (peak-to-valley value). With our
method, the dynamic range of TT is determined by the size
of the whole CCD pixel array rather than the size of the
sub-aperture. Thus the separate TT sensor can be saved, which
will simplify the AO systems and enhance the light energy ef-
ficiency. Moreover, our method is applicable for SHWESs with
both square and hexagonal configurations. The timing test has
also shown that our algorithm is computationally effective and
appropriate for the real-time TT computation of AO systems.
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