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Abstract 

Binary etched microlenses enable fabrication of Shack-Hartmann wavefront sensors optimized for a particular 

application. We present a modeling and test approach to microlens optimization. 
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1.0 Introduction 
Since etched microlenses are produced by digital 
technology, it is inherently easy to fabricate optics 
customized for a particular application. However, 
optimization of wavefront sensors requires an ability 
to predict their complex behavior. In previous 
work,13 we demonstrated binary microlens arrays for 
wavefront sensing in a visible wavelength 
tomographic imaging system. An eight-view 
tomographic system based on microlens array sensors 
is now operational and is described in a separate paper 
at this conference? The current paper addresses error 
budgeting and optimal design for wavefront sensors; 
it describes modeling and test procedures and 
illustrates one design approach. 

2.0 Etched Microlens Wavefront Sensors 
The principle of Shack-Hartmann wavefront sensing 
is well Figure 1 depicts a single- 
etched microlens with a detector array at its focal 
plane. The edge-to-edge wavefront optical path 
difference over the lens aperture is translated into a 
displacement of the focal spot at the detector array. A 
computer records the intensity profile at the detector 
m y ,  calculates spot motion, and reconstructs the 
corresponding tilt at the microlens. 

The microlenses are fabricated from a series of optical 
masks produced by commercial mask layout software. 
The mask pattern is transferred to the microlens 
substrate by coating the substrate with photo-resist, 
exposing through the mask with ultraviolet light, 
developing the substrate, and etching into the 
substrate using reactive-ion etching. The process is 
repeated with a sequence of masks, each etched to 
twice the depth of the preceding mask. For our 
application, we used four masks to produce 16 etched 
levels. Fewer etched levels cause power to be 
dissipated from the center of the focal spot to its tails; 
more levels require more etching and narrower etches. 
The manufacturing process restricts the narrowest 
possible etch width as well as the total sag across the 
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Figure 1. Binary microlensesfrom focal spots on a 
fast readout CCD array. Spot motion at the focal 
plane records wavefront tilt across the microlens. 

microlens. For our application, the microlenses are 
on the order of 200-500 microns with an f-number of 
90. The resulting surfaces are approximately 
spherical with a total sag of one to two waves. 

Figure 2 depicts a section of a microlens array in a 
Shack-Hamnann configuration. The motion of each 
microlens’s focal plane spot is calculated and the 
corresponding tilt is integrated to reconstruct the 
impinging wavefront. The wavefront measuring 
ability of a sensor is often described in terms of range 
and sensitivity where range is the maximum 
detectable tilt at each microlens and sensitivity is the 
minimum detectable tilt. For example, air flow 
simulations indicate that our application requires a 
sensitivity of about 3 p a d  at a range of +/- 100 pad. 
However, one- and two-dimensional microlens arrays 
demonstrate more complex behavior than a single 
microlens. Attempts to achieve high sensitivity and 
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Figure 2. An array of etched microlenses samples 
wavefiont tilts. Interference between focused spots 
increases with decreasing microlens spacing. 

use coherent illumination may severely restrict the 
tilt measurement range due to interference between 
spots. The spot intensity profiles in Figure 2 for a 
microlens array show a markedly diffgrent form than 
the single spot in Figure 1 for a single microlens; 
this difference is due to destructive interference 
between spot side lobes. 
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3.0 Error Budget, Computer Models, and 

Although the principle of the wavefront sensor 
system is simple, evaluating performance for a 
particular binary microlens design may be 
complicated. Figure 3 indicates this complexity by 
outlining the error budget for our wavefront sensor. 

Laboratory Tests 

Random, short time-scale errors appear as noise in the 
spot location measurements from one time sample to 
the next. These errors include detector noise, 
electronic interference, and accuracy limits in the spot 
location algorithm. These errors can be mitigated by 
careful design but not removed. In contrast to short 
time-scale errors, long time-scale errors appear to 
accumulate with time. These errors are primarily due 
to changes in the reference wavefiont that result in a 
“fixed pattern” in the wavefront tilt measurements. 
These errors can be mitigated by careful design, 
frequent calibration, and good experimental technique. 

Deterministic errors result in consistent false 
measurements of tilt that vary from microlens to 
microlens over a whole array. These errors are due to 
physical system problems such as misalignment, 
positioning errors, or lens-to-lens differences. 
Deterministic errors can be removed by calibration 
against wavefronts of known tilt. In contrast, signal- 
dependent errors are induced by the wavefront being 
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Figure 3. This error budget indicates both short and long time-scale noise sources in wavefront sensing. 
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measured and are very difficult to correct. Large 
distortions may cause complex behaviors due to 
shifting of the reference wavefront or significant 
interference among focal plane spots. 

Over the past year, we have quantified the error 
sources for our application. A full analysis of these 
results is beyond the scope of this paper. However, 
our method for evaluating the error budget is based on 
computer modeling anchored by laboratory tests. 

The modeling sysiem diagrammed inFigure 4 is 
implemented in software using Khoros and IDL 
image processing and visualization tools. The model 
performs a Monte-Carlo simulation of the wavefront 
sensing process. It creates a finely sampled reference 
wavefront, propagates it through the distortion, 
through the microlens array, and to the detector. The 
detected intensity is digitized, processed to locate focal 
plane spots, and converted back to wavefront tilts. 
The resulting tilts are compared to true tilts, or the 
integrated wavefront is compared to the known 
wavefront at the microlens array. 

Figure 5 shows the laboratory test configuration. A 
collimated source is reflected off of a mirror at 45 
degrees onto the microlens array. To calculate 
random short time-scale errors, all components of the 
system are kept fixed while focal plane measurements 
are repeated at 2.5 kHz over a period of 4 ms. The 
root-mean-square motion of all the focal plane spots 
over this short time period provides a measure of 
short time-scale error. In the same way, the system 
is kept fixed while data is collected over 30 minutes 
at intervals of 30 seconds. The root-mean-square 
difference between average focal plane spot locations 
at any time and the average positions at the beginning 
of the run is taken as the measure of accumulated 
long time-scale error. Deterministic errors are 
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Figure 4. Computer simulations predict microlens 
array perjfonnance under realistic conditions of 
illumination and noise for expected flow conditions. 

Figure 5. In this test configuration, the light source, 
microlens to detector distance, wavefront tilt, and 
wavefront position may all be controlled. 

evaluated by introducing tilt at the mirror and 
measuring lens-to-lens response. If the exact amount 
of induced tilt is known, both relative and absolute 
errors may be corrected by appropriate scaling of the 
measured tilts. In contrast, signal-dependent errors are 
not directly measured. However, errors due to 
reference wavefront quality can be assessed by 
translating the reference wavefront across the sensor 
using the mirror. Changes in measured tilt, as the 
wavefront is translated, measure roughness and 
structure of the wavefront. 

4.0 A Design Approach 
The parameter space for microlens-my-based 
wavefront sensor design is very large. However, 
many of the parameters are fixed by the application. 
After limiting the degrees of freedom, the computer 
model described in the preceding section may be used 
to evaluate performance within the remaining design 
space. In addition, an error budget allows decoupling 
of weakly interrelated error sources. Random long- 
term error, random short-term error, deterministic 
error, and signal-dependent error may all be essentially 
independent over the range of possible designs being 
considered. 

Figure 6 illustrates the method of optimal design for 
short-term error based on assumptions of two degrees 
of freedom: the number of microlenses per fixed 
length array and the focal length of these microlenses. 



To begin, we fix the number of microlenses and run 
performance simulations as a function of focal length. 
Our design parameter is root-mean-square tilt error due 
to random short time-scale errors. The resulting 
curve in Figure 6a shows optimal performance for 
focal lengths from 40-100 mm . Performance is 
worse at shorter focal lengths because of decreased 
sensitivity and focal plane spot size. At longer focal 
lengths, performance is limited by interference among 
the focal plane spots. In Figure 6b, we determine the 
optimum performance for each microlens density; 
each point in this plot is the minimum of a curve 
similar to 6a for a given number of microlenses per 
millimeter. Figure 6b indicates that the tilt error 
increases with the number of microlenses due, 
primarily, to decreasing spot size. Figdre 6c changes 
error metrics to add information about the wavefront 
to be reconstructed. Here the measure of error is the 
root-mean-square error bemteen the reconstructed 
wavefront and the true wavefront measured as optical 
path difference. For a small number of microlenses, 
the wavefront error is large due to wavefront 
undersampling. For a large number of microlenses, 
the error is dominated by noise in the measured tilts. 
From this analysis, the optimum design point is near 
2.8 lenses/mm, and the focal length at this design 
point happens to be 48 mm. 

In our application, our actual operating point is at 
2.23 microlensedmm and a focal length of 37.5 mm. 
Our measured short time-scale root-mean-square tilt 
error at this configuration is 1.0 pad,  which matches 
the simulation prediction. Actual performance in our 
system is limited by long time-scale errors which 
have been measured at 3.0 p a d  over 30 minutes. It 
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is our hope to present more details of the error budget 
and measured errors in a subsequent report. 

5.0  Conclusions 
Microlens-based designs are versatile and adaptable 
due to the ability to specify and fabricate microlenses 
optimized to a particular application. For Shack- 
Hartmann wavefront sensing, the complex system 
behavior can be simulated by computer and verified 
by simple laboratory tests. In addition, an error- 
budget-based design approach allows discrimination of 
an optimal design for a particular wavefront sens.ing 
application. 

This paper addressed only design issues for the 
wavefront sensor. A separate pape? at this conference 
addresses design and operation of a full tomographic 
system based on microlens arrays. 
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Figure 6. Design optimization is based on predicted performance evaluated over the free parameter space -- in this 
case f-number and microlens density. 


