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ABSTRACT
An adaptive laser beam focusing system comprising a 4x4 segment (5x5 actuator) MEMS deformable mirror developed at
Boston University is presented. Mirror actuators were controlled by a circuit using VLS| chips implementing a stochastic
parallel gradient descent algorithm. The system allowed for an enhancement of the iteration rate up to 5900 s, limited only
by the used computer equipment. Results of experiments for characterization of the MEMS mirror response and the
adaptation speed of the system are reported. A further improvement of adaptation speed was achieved by modification of the
control algorithm implementing a self-optimization of one parameter.
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1. INTRODUCTION

Current opto-electronic adaptive optics systems are usually based on wavefront measurements and phase compensation.
Although this method is successfully implemented in astronomical applications', its application appears difficult in situations
where wavefront distortions cannot be measured directly (e. g. in anisoplanatic imaging conditions) or where strong intensity
modulation (scintillation) induces severe problems to wavefront measurements. Therefore model-free optimization has been
considered as an aternative control strategy, which might be able to overcome these difficulties. This approach requires the
definition of asingle scalar system performance metric J, which may be considered as a function of the control parameters U .
An approximation of the gradient of J with respect to U can be obtained by application of perturbations to the control
parameters and subsegquent measurement of the metric perturbation. Following the gradient in severa iterations until an
extremum allows for optimization without any further knowledge of the system. However, straightforward gradient estimation
by application of perturbations to all parameters sequentially is time consuming especially in the case of a large number of
control channels. Another approach, recently adopted and modified for application in adaptive optics systems and known as
stochastic parallel gradient descent technique improves the time required for gradient estimation on the cost of a somewhat
worse approximation®®, Perturbations are applied in parallel to all control channels and the metric perturbation is measured
only once per iteration step. The faster convergence of the gradient approximation is obtained due to the selection of
perturbations as statistically independent random variables. A mgjor advantage of the stochastic parallel gradient descent
algorithm is the possibility of its implementation in very large scale integrated parallel electronic circuits, as recently
demonstrated in frames of a cooperation between the Army Research Laboratory and the Johns Hopkins University”. With the
availability of afast parallel controlling circuit (referred to as AdOpt VLSI controller) allowing for working rates in the order
of 10° s*, attempts to improve the iteration rate of the whole adaptive optical system face the problem of the response time of
the wavefront correcting elements. Piezoelectric driven deformable mirrors and liquid crystal phase modulators limit the
working rate so far to the order of 100 s* or even less. The recent development of deformable mirrors based on MEMS
technology induced a major improvement of the situation and a iteration rate of 1500 s was recently reported®.

In this paper we present results from a simple adaptive focusing system comprising the AdOpt VLS| controller as well as a
fast MEMS deformable mirror developed at Boston University, which allowed for a further significant improvement of the
iteration rate. Measurements for characterization of the mirror and the system performance are presented. An improvement of
the control algorithmis discussed.
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2. STOCHASTIC PARALLEL GRADIENT DESCENT CONTROLLER
To use the parallel gradient descent algorithm in an adaptive optical system to control e. g. a deformable mirror, a system
performance metric J(U) depending on the set of voltages U = (uy,...,uj,...,uy) applied to the mirror actuators must be

defined. Each iteration step n of the agorithm begins with the selection of a set of perturbation voltages
du = (duy,..., j,..., Ay ), following an Bernoulli distribution, i. e. the absolute values of al du; are identical but the

signs are chosen randomly with equal probability for positive and negative sign. The perturbations are applied to al elements
in parallel and the corresponding perturbed metric value JJ(r”) is measured. Consecutively, perturbations are applied in the

opposite directions and JM s measured, i. e.

IO = 3(u™ £3uy,...,ul” £ au; ..., uld) + auy) 1)
The used metric perturbation is obtained as the difference of the two perturbed values:

83 = 3{Mm - 3 )
Finally the control voltages are updated according to the rule

ul™ D =ul +y 50 sign(au;) | 3)

where yisagain factor scaling the size of the control voltage correction.

The AdOpt VLSI controller* implements major parts of the stochastic parallel gradient descent algorithm. Each AdOpt chip
provides simultaneously 19 control voltages u; and allows for a scaleable control system architecture. The chip comprises

circuits for application and generation of pseudo-random perturbation voltages du; , for control signal update according to
the control algorithm (3) and for preservation of the control parameter values u; between subsequent iterations. Clocking

signals, measurements of the metric signal and control of some system parameters are provided by a PC with digital and
analog 1/0 boards. It also provides the sign of the metric change and an update pulse with a variable length proportional to

|y6J(”)| to the AdOpt chips, which performs updates using the full update term y&](”) sign(du;) for each channel. In

general, the PC may be replaced by a micro-controller but has advantage during search for appropriate system parameters and
for data collection in an experimental stage.

3. ADAPTIVE LASER BEAM FOCUSING SYSTEM

The adaptive focusing system used is depicted in Fig. 1. The laser beam was reflected from the MEM S mirror and focused by
thelens L1 and the convergent beam was divided using beamsplitter BS2. A small pinhole (50 um diameter) was placed in the
first focal plane. The light power emergent from the pinhole was measured by a fast photodetector and was used as the system
performance metric J, which is proportiona to the Strehl ratio of the laser beam. An iris diaphragm D was placed in the
second focal plane, which isimaged by the camera CCD1 using beamsplitter BS3 and lens L2. Images from the mirror surface
were taken by camera CCD2 using the imaging lens L3. Superposition with light from the reference mirror allowed to take
interference pattern from the mirror surface. When cutting off higher diffraction orders with the iris diaphragm D the mirror
was imaged with low resolution but allowed for a considerable phase contrast.

The MEMS deformable mirror used for this study was fabricated through conventional surface micromachining using
polycrystalline silicon thin films. The 2 um thick mirror membrane consists of 4x4 mirror segments with a side length of
250 um each. The mirror elements are attached to a underlying 5x5 array of identical actuators via small posts (3 pmlong). A
single actuators consists of a 2 um thick membrane with a span of 200 um anchored to the substrate along two opposite edges
(cf. Fig. 2). Application of an appropriate voltage deflects the actuator membrane, which is the top electrode of a parallel
plate capacitor, due to electrostatic forces. With the deflection of the actuator the attachment post as well as the mirror
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membrane is moved. The hybrid type of mirror, which alows for piston as well as tip-tilt motion was realized by supporting
the mirror segments at their corners, i. e. each post is attached to 4 segments.
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Figure 1. Schematic of the adaptive laser beam focusing system

The control voltages from the AdOpt chips in the range from -5V to +5V were not sufficient do drive the MEMS mirror
actuators directly. Thus a set of high voltage amplifiers was used (26 amplifiers on one board), developed by Boston
University for such capacitive loads as MEMS mirrors. They accept a10 V range (with variable offset) asinput and amplify it
to the 0-300 V range required to control the actuators of the MEM S mirror.
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Figure 2. Schematic of the segmented MEMS mirror with tip-tilt motion.

4 MEMSDEFORMABLE MIRROR CHARACTERIZATION
In order to determine the dependence of the metric on the voltage of single mirror actuators the AdOpt VLS| system was
replaced by a PC equipped with two 19 channel analog output boards, which alowed to control each channel individually.
Sensitivity curves were measured varying the voltage of a single actuator from 0 V to 300 V while keeping all other actuators
a 0V. The results for four selected actuators are presented in Fig. 3. A common feature of all sensitivity curve is the
existence of only one global maximum (at low voltages). Actuators 3 and 4, which move the tips of four mirror elements
simultaneously have a higher impact on the metric J than actuators 2 and 1, moving two and one tip, respectively. Consecutive
maximums or minimums are determined by a difference of one wavelength A in the optical pathway, i. e. by A/2 in actuator
deflection. Maximums or minimums are not equidistant on a linear voltage scale, but reflect the approximately quadratic

dependence of the deflection d; of an actuator i on the voltage u;, i. e. di = K; uiz . Analyzing the voltages of maximums and
minimums allows therefore to determine the deflection constant K; of each actuator. As evident from Fig. 3 the deflection

constants are not identical for all actuators. The observed phase shift (at A = 690 nm) varies from about 51t to 671, thus the
corresponding shift in optical path length is between 1.7 and 2.1 um.
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Figure 3. Dependence of the system performance metric J on selected actuator voltages u; . The location of the actuators
within the MEMSmirror array isindicated in the inset.

To measure the response characteristic of the MEMS mirror we used the laser beam focusing system as shown in Fig. 1, but
connected about half of the actuator inputs (i. e. the inputs of the corresponding amplifiers) to a function generator.
Application of an sinusoidal voltage induces an oscillating component of the metric J. To work in a linear regime, the
amplitude of the input sine signal and a d.c. offset were chosen in such away, that the induced metric change AJ(v) was aso
nearly sinusoidal. Then the amplitude of AJ(v) was measured in dependence on the frequency v of the input sine signal. The
result of this measurement is shown in Fig. 4. It demonstrates the high frequency capability of the MEM S mirror from Boston
University. In the range up to about 10 kHz the amplitude AJ(v) varied only dightly. At higher frequencies a significant drop-
down of the signal was observed. In this range the signal amplitude AJ(v) in the experiments is not only influenced by the
mirror but also by the high voltage amplifier and the sensor. The amplifiers have a asymmetric behavior with a rise time of
about 1.5 ps and a rise time of about 20 ps. An independent measurement of the amplifier characteristic was used to correct
the measured data (corrected data are shown in Fig. 4). The sensor (photomultiplier with amplifier module) was not
characterized in this frequency range but has a bandwidth of about 20 kHz according to manufacturer's specifications. Thus
the mirror may have indeed a much higher operation frequency limit than the measurements as presented here imply.
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Figure 4. Response characteristic in dependence on the frequency of the input signal of the 5x5 actuator tip-tilt motion
MEMS mirror from Boston University
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5. PERFORMANCE OF THE CLOSED LOOP SYSTEM
The performance of the closed loop system implementing the Boston University MEM S mirror was studied with the set-up as
depicted in Fig. 1. Two AdOpt chips were used in the electronic circuit to control the 25 mirror actuators. We did neither
include a device to introduce wavefront distortion in the system nor was the incoming laser beam propagating through
atmospheric turbulence. Instead the adaptation performance was evaluated by means of correction of self-induced aberrations.

Because the AdOpt system doesn't allow to control the voltages of the channels directly, aberrations were introduced using
conditions, which forced the system to minimize the metric and therefore to apply quasi-random voltages to the mirror. In the
experiments we performed consecutive minimization-maximization cycles with 4096 iterations each. During the first half of
the cycle (iterations n = 0 to n = 2047) the update coefficient y was chosen positive in order to minimize the metric, i. e. to
introduce wavefront distortions into the system. At n = 2048 the sign of y was changed and the maximization half-cycle was

started, compensating the self-induced aberrations. After a cycle was finished the measured values of the metric J M and the

metric perturbation &J () for each of the iteration steps n were saved. Typically 500 to 1000 cycles were performed for one
particular experiment. After finishing the measurements the data of all consecutive trials were used to obtain average curves

for the metric < J( > and metric perturbation <33 > aswell asto evaluate statistical data.

Fig. 5 presents images of the focal plane as well as interferograms of the MEMS mirror surface after minimization and
maximization. The maximum status was almost identical with the condition, when 0V was applied at al actuators. Only a
very small deflection of the actuators at the edge was observed. The interference pattern of the maximum status shows also the
aberration of the single mirror elements, the reason for a pronounced diffraction into higher orders. It is worth noting, that
more recent mirror prototypes of Boston University have significantly improved surface quality. The mirror used for this
study doesn't represent the technological achievement in this direction.

Figure5. Focal plane images (left) and interference pattern (right) after minimization (a) and maximization (b),
respectively.

The results of a typical experiment as described above are presented in Fig. 6. The curve of the averaged metric J in
dependence on the iteration step number n (Fig. 6a) demonstrates the fast convergence of the system. About 50 iterations
were required to recover 80 % of the maximal value after minimization. The average minimization process was significantly
dower. This may be understood considering the multistability of the system, which will be discussed below.
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Figure6. a) Average of the metric <J> during maximization-minimization cycles in dependence on iteration step
number n; b) root mean square of the metric perturbation 8J,g =< 832 52 ¢) normalized standard deviation of the

metric 05 =<(J-<J »2 52/ <J >,

The adaptation speed of an laser focusing system may be characterized taking into account the number of iterations, which is
required to achieve a certain percentage of the maximal value after minimization. However, this is not appropriate in general,
because recovery from high self-induced aberrations (with very low or even zero J value) is a very unlikely task in adaptive
optics systems and is difficult not only for the gradient descent algorithm. A better measure of performance is the maximum
slope of the maximization curve J'\ay = (dJ /dn) o - However, for the true adaptation speed both the slope J'\,5x and the

iteration rate n=dn/dt have to be considered. With the system used for the experiments a maximal iteration rate of
n=5900s " was possible, limited by the speed of the PC (Pentium Il processor at 450 MHZ) and the I/O boards. Introducing
appropriate delays in the control program allowed to reduce this rate to any lower value. A comparison of J'\5 Values

achieved at different iteration rates from 500 to 5900 s showed no decrease for higher n values. Thisisin accordance with
the response measurements shown in Fig. 4, indicating only a small, negligible decrease of performance of the MEMS mirror
in this frequency range.

The root mean square values of the measured metric perturbation are presented in Fig. 6b. Metric perturbations are higher
during the transitions between extrema but are non-negligible even in maximum or minimum, where they should be zero in
ideal case. This shows that the system is not in a steady state at extremum values but has a certain dynamics driven by noise
present in the system and a minimum update voltage inherent to the AdOpt system. One should also consider, that noise (from
the incoming laser beam power and the photosensor and its amplifier) contributes directly to the measured 8J value. It is
typically proportiona to the metric value J and the contribution is thus much higher to the maximum than to the minimum
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state. In the presented case the noise contribution in the maximum to the apparent &J,,s value is about 0.05, that is almost
25 % and about the difference between 8J, g in maximum and minimum.

In Fig. 6¢ the normalized standard deviation G(J") =<(IM - < 3™ 52 V21 <30 5 of the metric J is shown. As one may

have expected, fluctuation are high during the transitions and in the minimum state, and lower in the maximum state. The
absolute values however are quite high, about 0.2 in the maximum. This high value is induced by the multistability of the
system. The system doesn't reach the global maximum in each maximization half-cycle, but may stop in alocal maximum with
lower J value. Such alocal maximum corresponds e. g. to the second maximum of the sensitivity curves shown in Fig. 3. In
order to analyze this behavior we evaluated the distribution of J values during the last 1000 iteration steps of the
maximization as well as the minimization half-cycle. The number N of J values found within intervals of size 0.01 in
dependence on J is presented in Fig. 7 (left side). Several well separated peaks were observed in the histogram of
maximization as well as minimization. The right side of Fig. 7 shows images of the MEM S mirror surface for several different
maximums. They were taken allowing only low order Fourier components to pass a spatial filter in the focal plane. The
deflections are visible through diffraction contrast. The top left picture depicts the global maximum with all actuators at the
same level. The other pictures show different numbers of deflected actuators corresponding to different local maximums.
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Figure 7. Left: Distribution of J values during the last 1000 iteration steps of the minimization and maximization half-
cycle. Data are taken from 500 runs. Right: Pictures of the MEMS mirror surface after maximization, showing the
global maximum state (top left picture) and different local maximums.

We observed a distinct difference in the multistability behavior in minimization and maximization. If the system finds a local
maximum during maximization, it usually remains in that state. During minimization however, "hopping" between different
local minimums until reaching the final value is much more likely. Evaluation curves, selected to demonstrate this behavior,
are shown in Fig. 8. The reason for this different behavior is evident from the sensitivity curves (Fig. 3). The difference
between maximum and minimum J values at low voltages (corresponding to the global maximum) is a large barrier, whereas
the relative small difference at higher voltages (corresponding to the minimum) makes a transition from one state to another
more likely.

This behavior explains also, why minimization in the average metric curve (Fig. 4a) appears slower than maximization. The
absolute value of the maximal dope of an individual minimization evaluation curve is of the same order as of the
maximization. In the average curve, however, the momentary staying at intermediate local minimum J values is summed up
and the average slope becomes lower. In the maximization half-cycle, the system usually proceeds to one final maximum
(whether local or global) and the average slope is thus more comparable to that of the curves for individual runs.
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Figure 8. Sdlected evaluation curves for minimization (left) and maximization (right), demonstrating different
probabilities for "hopping" between extrema.

6. ADAPTIVE UPDATE GAIN CONTROL ALGORITHM
The iteration algorithm (equation 3) alows for the free choice of the update gain parameter y. Evidently, a too small y will
allow only for slow adaptation. On the other hand, a too high y makes overshooting more likely and thus also slows down
adaptation speed. In order to find an optimal y value we studied therefore systematically the performance of the system in
dependence on the chosen y value. In Fig. 9 (left side) the adaptation speed represented by the maximal slope J'p, Of the

maximization curve is presented. The graph doesn't show a maximum or saturation at the chosen y values and would, without
further knowledge, indicate that the optimal value should be higher. However, a higher y destabilizes the system and leadsto a
large variance when an extremum has been reached. This is demonstrated in the right side of Fig. 9, where the J value
distribution during the last 1000 iteration steps for maximization for three different y values is shown. With increasing y the
peak for the global maximum became broader and was shifted to lower values. Consequently, the average value <J > and
thus the Strehl ratio was decreased. It's worth noting, that (though difficult to see from Fig. 9 because of a very low number of
counts N in that range) the highest measured value for each curve is almost the same.
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Figure 9. Left: Dependence of the maximal slope J'\a (normalized to the maximum J value) on y. Right: Histograms
for J values during the last 1000 iteration steps in a maximization half-cycle for three different update gain parameters y.

The problem of the trade-off between convergence speed and average maximum value can't be overcome using the algorithm
as presented in equation 3 with a fixed y value. One possible solution is to use an agorithm, which implements a self-
optimization of v, i. e. which chooses alarge y value, in the case that the system needs significant large changes of the control
voltagesin order to optimize, and asmall y value when an extremum was found in order to have a small variance.
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Our approach to implement such a self-optimizing algorithm based on the idea that the y value which is used in a particular
iteration step should be close to a pre-chosen value Yy in the case of quasi-steady-state condition at an extremum. If
considerable corrections are required, the y value should increase significantly. This was realized using the iteration algorithm

VO = (1-a) vy +ayo L+ HO, @

where a is an update coefficient for y and H (M s a function, which represents the actual situation, i. e. it should take high
values if large changes of the actuator voltages are required and low values in the other case. The linear scaling factor f is

required to adjust the value for y corrections to an appropriate magnitude depending on the chosen function H () The main

problem is to find an appropriate expression for H M one approach, discussed earlier by Carhart et al.°, considers the sign
of the two metric perturbations 8J, and &J_: If the system is in an extremum state, one expects equal signs for both

perturbations. For instance, in the maximum both values should be negative, because a lower J value will be measured for
perturbation in either direction. On the other hand, if the system is not in an extremum, one expects, in general, different signs
for 8J, and dJ_ . Thus one may formulate a criterion as

H{" =jsign(33{") ~sign(&™)), X

However, in our experiments we found that this criterion was not sufficient in presence of reasonable noise. A second
approach used the fact, that the absolute values of metric perturbations at extrema are smaller than in the case where the
system needs to perform large corrections (cf. Fig. 5b). Thus one might use

HEY =53 (6)

A third approach takes care about whether updates do really change significantly the metric value, i. e. the current J ™ value

is compared with that of an earlier iteration step J ("=3) ' The difference should be small in an extremum but larger for real
adaptation:

HEY = —sign(yo) [3V -] @)

Here a is the difference in the iteration number for the comparison of the J values. It is reasonable to choose it approximately
as large as the inverse of the update coefficient a (i.e. a=1/a) in order to have similar time scales for averaging and
comparison. The sign of y, is considered to allow for both maximization and minimization of the metric. By convention,
negative y are used for optimization, thus the minus sign is required.

Neither of the three discussed approaches H; ,H,,H5 provided a sufficient improvement of the algorithm. However, the
product of three different terms

O =1 WY 1 ®

was found to be successful. In general, the current y value should depend not only on the properties of the very recent iteration
step, but should consider an average of several recent iterations. In some sense, thisis already considered in equation 4, where

the current y value is obtained as the weighted average of yg[1+H (”)] (more recent iterations contribute stronger) and a

controls quasi the number of considered iterations (the smaller a, the more iterations). However, the values of H (n) may vary
strongly from one iteration to the next and thus allowing for considerable variances in y and consequently aso in the metric J.

An improvement of the situation was possible introducing an additional averaging for H (n) . e
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Fig. 10a shows the averaged metric evaluation curve of an experiment using the self-optimizing algorithm according to
equations 4-7 and 9 with y, = 180 and o = 0.2 in comparison to the curve obtained with a fixed value y = 180. In Fig. 10b the
averaged adaptive y value is presented. The curve demonstrate, that the chosen algorithm indeed controls y in an appropriate
way. In the minimum or maximum quasi-steady-state y is approximately equal to the chosen value yq = 180, whereas in the
transition to the maximum values higher than 1000 are obtained. Maximization as well as minimization with adaptive gain are
faster than with a fixed y. Asvisible from the insert of Fig. 10a, the maximal slope J',,x for maximization was improved by
about 50 %.
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Figure 10. a) Comparison of minimization-maximization evaluation curves using algorithms with adaptive and with
constant update gain parameter y. b) Averaged adaptive y values during the maximi zation-minimization cycles.

7. CONCLUSION

An adaptive laser beam focusing system based on a MEMS deformable mirror and VLS| controller implementing a stochastic
parallel gradient-descent algorithm with an iteration rate of almost 6000 s* was presented. Because the rate was limited by the
computer equipment used to complete the closed-loop system but not by the MEMS mirror or the VLSI controller, a further
enhancement of the iteration rate with improved equipment must be expected. It was also shown, that a modification of the
update rule, implementing a self-optimization of the update gain parameter, enhanced the adaptation speed by about 50 %.
This offers the perspective that a major drawback of model-free optimization strategies, namely a so far not sufficient
bandwidth for corrections of fast atmospheric turbulence induced wavefront distortions due to the requirement of a higher
number of iteration steps, may be overcome using already existing or currently developed high bandwidth MEMS mirrors and
VLSI controllers.
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