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Closed-loop control téchniques for an adaptive-optical system with an

interferometric wavefront sensor .CLEARED
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Laura M. Klein and Troy A. Rhoadarmer AF R REC-7H
Optics Division, AFRL/DES, Directed Energy Directorate, /! SEFPS

U.S. Air Force Research Laboratory, Kirtland AFB, NM 87117-5776 USA

ABSTRACT

The self-referencing interferometer (SRI) wavefront sensor (WFS) is being developed for applications requiring laser
propagation in strong scintiilation. Because it directly measures the optical field of the wavefront, the SRI WFS is less
effected by scintillation than conventional WFSs. This feature also means the phase determined from the WFS
measurements is limited to the range —n to m, due to the use of the arctangent function. If a segmented wavefront
corrector is used, this constraint is not a problem. However, if a continuous facesheet deformable mirror is used, the
resulting phase should be unwrapped in order to minimize fitting error. There are a couple of places in the adaptive-
optical (AO) closed-loop control process where an unwrapping algorithm can be inserted. Simulations of these
configurations have shown that how and where the unwrapping is carried out affects overall AO performance and loop
stability. This paper presents an overview of the unwrapping options and the associated issues. A laboratory
demonstration of two control loop configurations was carried out to test the validity of the simulation results. These
experiments and their outcorne are discussed.

Keywords: adaptive optics, wavefront sensors, interferometers, scintillation, wavefront reconstruction

1. Introduction

Because the SRI directly measures the optical field, it is capable of detecting branch points in the unwrapped phase and
correcting them. In strong scintillation environments, it is essential to improved closed loop performance that branch
points are compensated for. Simulations of control algorithms have shown that SRI performance depends on how and
where the phase unwrapping and branch point detection occurs. Specifically, unwrapping can occur either before or
after the temporal filtering of the reconstructed phase. The values of the filter coefficients have also been shown to
affect system performance. This paper documents an experiment conducted to alter the parameters described above and
evaluate their effects on system performance. The experiment was conducted in the Atmospheric Simulation and
Adaptive optics Laboratory Testbed (ASALT), located at the Starfire Optical Range (SOR), Air Force Research
Laboratory, Kirtland Air Force Base, New Mexico.

An overview of the SRI WFS simulation results is given in section 2. Section 3 discusses the unwrapping and filtering
procedures for two closed loop control algorithms to be implemented with an SRI WFS. Simulation of the SRI with the
two control loops is presented and discussed in section 4. To validate the simulation and analysis, a laboratory
investigation of both control methods was conducted, and will be presented in section 5. The results of this effort are
detailed in section 6, with closing comments in section 7.

2. Overview of the SRTI WFS

The SRI is a phase shifting, point diffraction interferometer’. A schematic of the SRI is shown in figure 1. It operates
by splitting the incoming beam, Uy, into two beams-the signal, U, and reference, [/ »» beams. The reference beam

is then coupled into a single mode fiber to produce a known reference wavefront, and temporally phase shifted*. The
resulting reference beam is recombined with the signal beam to produce interference fringes on the WFS camera. From
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the resulting interference patterns, the optical field of the beam can be reconstructed. Currently, the SRI employs a fiber
phase shifter to temporally phase shift the reference. .
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Figure 1. Schematic of the SRI WFS.
3. Filtering and Unwrapping
3.1 Least Squares Unwrapping
When using a continuous facesheet DM, the phase retrieved from the WFS is unwrapped via the arctangent funcﬁon to

exist within the bounds of -n and . The slopes of the incoming phase are extracted by multiplying the phase by the
geometry matrix, 7 , shown in equation 1.

F=Gp o

To determine the least squares phase, the pseudo-inverse of the geometry matrix is applied to the slopes from equation
1. This is mathematically shown in equation 2.

§1s=(G'G)'G" | @)
Replacing § in equation 2 with its definition from equation I the error is now seen to be
§=(G"G)'G'Gy (3)

Theoretically, the inverse of the geometry matrix multiplied by the geometry matrix should simplify to the identity
matrix. However, (& is not invertible, and so least squares reconstruction matrix, £, is introduced:

E=(G'G)'GT @)

The least squares error in the phase is now obtained from the incoming phase as follows:



@5 = Es5 (&)
3.2 Branch Point Contribution
The process of including branch points to the reconstructed phase is diagrammed in figure 2. The original wrapped

phase is subtracted form the reconstructed phase, to extract the branch point phase. The branch point phase is then
subtracted from the reconstructed phase, to produce to the total phase.
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Figure 2. Schematic view of the least squares reconstruction and branch point contribution to the unwrapped phase.

3.3 Temporal Filtering

Before the unwrapped phase is sent as a command to correctly update the DM, it is filtered. The equation for linear
temporal filtering is shown in equation 6.

The incoming phase, represented as £ and the previous DM commands, ¢(f —1) , are added together to produce c(f),

the commands sent to update the DM. The coefficients for each term in equation 6 are scaling factors that can change
the level of influence each term has on producing the updated commands. The coefficient ‘a’ controls the percentage of
the previous commands to be used in updating the current commands. The coefficient ‘b’ controls the influence of the
incoming phase to update the current commands.

c(t) = ac(t —1) + bs(t —1) ®

3.4 Exponential filtering

With exponential control, the incoming phase is filtered prior to being unwrapped and reconstructed. Since it is the
argument of the exponential that determines the phase, the modulo 2z unwrapping is inherently included in the filtering
process, therefore, with exponential control, the order in which the phase is filtered matters. After the phase is filtered,
the resulting commands are unwrapped and reconstructed in the same manner as the linear unwrapping process
described above.
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4, Simulation of Control Architectures

Because the data from the SRI WFS is fundamentally different than that of a Shack-Hartmann sensor, the control
algorithms used to handle the data are also different®. Before testing prototype control architectures in a laboratory
environment, simulation of their affect on an SRI AQ system was conducted to evahiate each method. The results of
this simulation are presented in figure 3 and shown in red. The resolution of both systems is 1 WFS subaperture to 1
DM actuator (1:1). With the linear control, the loop closes but is unstable, and continually drives the performance down.
‘The exponential control is stable, but highly variant in frame to frame strehl values.
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Figure 3. Simulation of an SRI with varying control techniques. The 1:1 resolution for both the linear and exponential control is
unstable, however at 2:1 resolution, linear controi is stable.

The degradation in performance seen in the linear control case is the result of the low WES resolution. The SRI can
sense the presence of a branch cut, send the appropriate correction to the DM, however, due to the low resolution,
cannot see the correction it has just applied, and re-sends the correction for the branch cut, thereby causing an unstable
feedback loop. As a result, the DM binds in these areas with supposed branch points.

The variability in the performance with exponential control is an inherent feature of the ordering of unwrapping and
filtering within the control process. The phase is filtered before it is unwrapped, causing the information sent to the
unwrapper to change from frame to frame. Consequently, the branch cuts "jump" locations from frame to frame,
stressing different actuators on the DM at each frame update.

Neither method of control from this simulation offers an acceptable solution to closed-loop control. To alleviate the
instability seen from the low resolution, both methods were simulated with the WES subaperture to DM actuator ratio
increased to 2:1. Results of the higher resolution are presented in figure 3 in biue.




With 2:1 linear control, the loop is stable and produces high strehls, indicating the poor performance of linear control at
1:1 resolution was due to not adequately sampling the wavefront. With 2:1 exponential control, the stable mean strehl
but high frame to frame variability is identical to the 1:1 exponential control, but the overall performance is degraded.

5. Control Algorithm Experiment

Simulation, as discussed in the previous section, indicates the order of unwrapping and filtering in closed-loop control
matters. To effectively verify this in a laboratory environment, an optimal value for the filter coefficients was
identified, and with these optimal settings, varied the form of control algorithm.

The experiment examined an AO system utilizing an SRI. To fully characterize the effects of both the filter coefficients
and method of control, three turbulence settings were tested. Their values are shown in tablel.

Table 1. Turbulence values for the control algorithm experiment. d/r, is the number of Ip's per subaperture,

d/ 1y Rytov
Mild 0.5 0.3
Moderate 0.7 0.5
Strong 0.8 1.0
6. Results

6.1 Filter Coefficients
The 'a' coefficient influences the previous DM commands, and is often referred to as the "leak" factor, as its value
determines how the old commands are leaked off the DM. The 'b' coefficient influences the phase error, and is often
referred to as the gain.

Table 2. Filter coefficient values and system streht in weak turbulence for the control algorithm experiment. From this data, an

approximate "optimal" value for 'a'= 0.995 and 'b'=0.16.
‘a’ ‘b’ Strehl
0.995 0.08 0.45
- 0.16 0.52
0.97 0.08 0.42
0.16 0.55
0.24 0.56
0.95 0.08 0.39
0.24 0.55

The values of the filter coefficients and the associated closed-loop strehl in weak turbulence are shown in table 2.
Ideally, the range covered in testing the 'b* coefficient should span from 0.2 to 0.6, but errors in DM calibrations




adjusted the effective range that was eventually tested. Regardless, the trends indicated in table 2 point toward an
acceptable value for'b' at 0.16. Similarly, 0.995 was an acceptable value for 'a'.

The trends seen for the coefficients in strong turbulence match those described above and the specific values are seen in
table 3.

Table 3. Filter coefficient values and system strehl in strong turbulence for the control algorithm experiment. This data confirms the
selected "optimal® values 'a'’= 0.995 and 'b'= 0.16.

‘a’ ‘b’ Strehl
0.995 0.08 0.33
0.16 0.39
0.95 0.08 0.29
0.24 0.43

6.2 Control Method

Figure 4 shows the characteristics of both control algorithms for both the 1:1 and 2:1 resolutions of the WFS in weak
turbulence.

The blue line shows the performance of the 1:1 linear control. The time history shows the loops initially closes, but
begins to taper down. While not as prominent as the 1:1 linear simulation performance, the underlying effect is there,
and would be seen if the data run could extended several hundred frames more.

Performance of 2:1 linear control is shown in black. As simulation predicts, linear control at this resolution is stable
during closed loop and produces high strehls. -

1:1 exponential control is shown in red. It is stable in closed loop, produces high strehls, and performs comparably to
2:1 linear. While somewhat variant in frame to frame strehl, it does not exhibit the exaggerated characteristics predicted
by simulation,

2:1 exponential control is displayed in green. Like simulation, strehl values vary greatly from frame to frame, but has an
overall mean strehl that is high. Its performance is lower than that of the 1:1 exponential, also as predicted by
simulation. :
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Figure 4. SRI system performance of exponential and linear control in weak turbulence, with filter coefficient 'a' = 0.995 and
'b'=0.16. 1:] linear is shown in blue, 2:1 linear in black, 1:1 exponential in red, and 2:1 exponential in green.

Figure 5 shows the characteristics of both control algorithms for both the 1:1 and 2:1 resolutions of the WFS in strong
turbulence,

Again, 1:1 linear control is delineated in blue. Iis performance traits are strongly in agreement with simulation
predictions. The dramatic performance degradation clearly mimics the pattern seen in simulation.

2:1 linear control is shown in black and exhibits the same stable performance seen in simulation.
1:1 exponential control is presented by the red line, and performs comparably to the 2:1 linear control. With the
stronger turbulence, this method of control seems to have slightly more variance than that of the linear control, but far

less than the simulation predictions,

2:1 exponential control is in green, and like simulation and the weaker turbulence case, has reduced performance in
comparison to the 1:1 exponential, with highly varying strehl values from frame to frame.
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Figure 5. SRI system performance of exponential and linear control in strong turbulence, with filter coefficient 'a’ = 0.995 and
'b'=0.16. 1:1 linear is shown in blue, 2:1 linear in black, 1:1 exponential in red, and 2:1 exponential in green.

7. Summary

This paper describes simulation and a laboratory experiment conducted to investigate the characteristics of two different
control methods and filter coefficients.

Simulation shows that at lower resolutions (1 subaperture to 1 DM actuator), linear control is unstable, but high
resolution (2 subapertures to 1 DM actuator) sufficiently overcomes the stability issue. Exponential control is stable but
highly variant for both resolutions, with a degradation in performance at the higher resolution.

From the trends seen in system performance while varying the filter coefficients, the value of 0.995 was identified as an

appropriate value for the 'a' coefficient, and 0.16 for the 'b' coefficient. Using these "good" values for the filter
coefficients, exponential and linear control algorithms were tested on an SRI AO system, with varying turbulence and
varying resolution values. The results were compared against simulation.

1:1 linear control was unstable in closed loop, due to poor resolution. 2:1 linear control was stable and produced high
strehls. 1:1 exponential control was somewhat variant in frame to frame strehl, but had a high mean closed-loop strehl.
2:1 exponential control was highly variant in frame to frame strehl, and had lower performance in comparison to the 1:1
exponential control.

Laboratory results match well with simulation, which validates modeling and theory. The cause behind the degraded
performance seen with the 2:1 exponential control has yet to be explained, and will be further investigated in the future.
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