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Field Experimental Results Using Phase Diversity on a Binary Star
Richard A. Carreras, Sergio Restaino

PL/LIMI Imaging Technologies Branch
U.S. Air Force, Phillips Laboratory
3550 Aberdeen Av. SE
" Kirtland AFB, New Mexico, 87117-5776

1.0 INTRODUCTION

Many scientists and engineers have been interested in understanding and then improving the
process of image formation. Obtaining any improvement is especially challenging when something in
the image formation process corrupts the image. This requires a good understanding of the image
formation processes, including which processes degrade the image. Once an accurate understanding
of such processes is acquired, the scientists and engineers have an opportunity to use image
reconstruction and image deconvolution to obtain better images. Phase Diversity affords the
researcher the ability to fully characterize the aberrations which caused the degradation. Therefore, it
is obvious that the better the degrading process is characterized, the more success one will have in

undoing the process to recover a more accurate image.

Image degradations occur in a variety of imaging systems including photography, industrial
radiography, mircoscophy, medical imaging, remote sensing, aerial reconnaissance, ground-based
imaging and space-based imagingl. Fortunately, a few types of degradation phenomena appear
repeatedly, therefore, good system and degradation models have been developed. Descriptions of the

models are needed to mathematically characterize the image formation process.

The technique known as Phase Diversity can be viewed as a wavefront sensor which detects
the phase aberrations from image data. This technique requires the collection of two or more images.
The first image is the typical image collected referred to as the focal plane image, which has been

degraded by the unknown aberrations. The additional images of the same object are formed by




inducing a known aberration onto the same focal plane image. For this article there is only one
additional image besides the focal plane image which is needed, and is referred to the diverse image.
This image will use focus as the known aberration, although the induced aberration is not limited to
focus. Tt could be any other known aberration such as spherical or coma. The key is that this induced
aberration must be exactly known. Therefore, focus was a likely candidate since it is easily induced
and measured. Thus, the first image is the best in focused image which can be collected. The second

image is the same as the first with the addition of a known focus aberration.

There are several advantages to the technique of Phase Diversity, the first advantage is its
simplicity in implementation. The technique only requires a beam splitter and a prism to implement.
Both the in focus and the out of focus images can be collected on the same camera. Thus, this simple
configuration requires less maintenance and overhead. A second advantage is the fact that Phase
Diversity as a wavefront sensor can detect a piston error between two adjacent telescopes, thus, is
useful in phased array telescopes and interferometer designs. Other wavefront sensors such as the
Shack-Hartman or shearing interferometer wavefront sensors are not able to detect piston. Phase
Diversity also relies on an external, common reference, that of the object, which makes the techniques
more robust, and less susceptible to systematic errors induced by optical hardware. Phase Diversity
also performs well with extended objects. With little changes to the optical system Phase Diversity
has the advantage of having a variable sensitivity control. Finally, Phase Diversity uses each photon
to form the image and to do aberration detection. This could be an advantage over standard wavefront
sensing techniques which split the valuable photons from the image to a separate wavefront sensor to

perform the aberration detection?.

2 B ETUP

The framework for the development of the mathematical model requires the assumptions that
the system be continuous, linear, and shift invariant. The imaging sysiem used here is shown in
Figure(1). All variables shown in Figure(l) are in the spatial domain, where o(x.y) is the original

object and can be seen to go in two directions. The top direction is to the in-focus optical system and



i(x,y), in-focused image

original object

ig(xy)

iz (x,y), diverse image

Figure(1) Simple linear model used for Phase Diversity.

the bottom direction is to the out of focus, diverse optical system. Now, i(x,y) is the received image
from the in-focus optical system, similarly, i {(x,y) is the diverse image from the out of focus optical
system. Next, h(x,y) is the point spread function (PSF) for the in-focus optical system and hy(x,y) is
the point spread function of the out of focus optical system. For this particular model, the box in
Figure(1) labeled A(x,y) is a model that represents both the optical imaging system, and the propagation

medium, under the aforementioned assumptions.

The input output relationship for the in focus optical system is described by the following equation>?,

i(x,y) =0(xy)*h(xy). €y
The equation in the Fourier domain is the following,

I(u,v) = O(u,v)H (u,v) . 2)




Where I(u,v) is the Image spectra; O(u,v) is the object spectra; and H(u,v) is the Optical Transfer

Function (OTF). The OTF, is defined as the following autocorrelation.

H(u,v) = P(u,v) ®P (u,v) 3)

Where P(u,v) is referred to as the generalized pupil function and is defined as the following equation,
P(u,v) = A(u,v)ei®) )

The A(u,v) is defined as the pupil function of the optical system and O(u,v) can be expanded in a series

as follows.

N
0 (u,v) = Y o +0,cos6 +0;sin6 + (X4R2 + a5R2c0529 + 0c6stin (28) + ...+ o func (R, 6)

n=1

5)

The ¢,(u,v) is the basis function used in optics to describe the various aberrations and it is
composed of the discretized Zernike polynomials. The Zemike coefficients are the o, in front of
each polynomial function, where 0. is piston coefficient, o) and o, are x-tilt and y-tilt coefficients,

ay is focus coefficients, etc. The following definitions are used for R and 6,

R = Ju2+ M? aa 9= atan(g)' 6)

The following are the corresponding companion equations for the defocused, diverse system:

ij(x,y) = o(x,y)*h;(x,y) | Q)
I,(u,v) = O(u,v)H;(u,v) (8)
H,(u,v) = P (u,v) ®P,(u,v) )

Where the generalized pupil function for the diverse system is the following equation.

P,(u,v) = A(u,v)e it v) + A (4, v) }
d (10)
Notice that the generalized pupil function for the diverse optical system has the known defocus term

added to the exponential and is designated as Ag(u,v).
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Now starting with two basic equations in the frequency domain for the in-focus and diverse optical

systems,

I(u,v) = O(u,v)H(u,v) (11)
) I,(u,v) = O(u,v)H,;(u,v) (12)
Both I(u,v) and I{u,v) are computed by the measured image data. H(u,v), H(u,v) and O(u,v)

are unknowns. Setting up an error metric between the measured and diverse images to get the

following equation,

E=3FWwv) 0w H@ + T3P, wn -0 Hwn gy

Now take the derivative of the above error metric (E) with respect to the object, O(u,v) and
set equal to zero, then solve for O(u,v). After some algebraic manipulations O(u,v) is found as a

function of H(u,v), H; (u,v), I(u,v) and I ; (u,v),

H (u,v) 1 (u,v) +Hy(u,v) I, (u,
0 (u,v) = (u,v)I(u v)2+ RUAY (;(u V) (14)
|H (u,v)] +|Hd(u,v)|

Substituting this equation into the above error metric with appropriate algebraic

manipulations yields the following equation.

|1 (o, ) By (1, 9) = () B (00|

E=3Y

u v |1 (u, ) P + |8 (1, ) | (15)

Remarkably, this expression is independent of the original object estimate O(u,v) and was first
derived by Gonsalves>®. Throughout the rest of this article this equation is referred to as the

Gonsalves error metric.




Given the above error metric, a possible strategy is to minimize the Gonzalves error metric,
by the estimation of the coefficients of the Zernike polynomials in Equation (5), from which the
estimate of both OTF’s (i.e. H (u,v) and fld (u,v)) can be calculated. The minimization can be
accomplished by using nonlinear optimization techniques, such as conjugate gradient or simplex
algorithms. The conjugate gradient was chosen as the nonlinear optimization algorithm since it is
well understood, is fast, and its memory requirements are workable. In addition there are many
conjugate gradient routines which are available in various scientific software packages. The

conjugate gradient used for this research is from the IMSL libraries and uses finite difference methods

to calculate the gradient.
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Figure(2) Schematic diagram of the BDT showing rear blanchard.




3.0 EXPERIMENTAL SETPUT

It was desired to acquire data of an astrological source in order to test the Phase Diversity
algorithm under actual field conditions. The site which was chosen had a small 32 inch, (81
centimeter) Mersenne-Cassegrain Telescope which was available for the experiment. The telescope
is called the Beam Director Telescope (BDT) and is located at the Air Force Maui Optical Site
(AMOS) atop of mount Haleakela, in Maui, Hawaii. The telescope had a rear blanchard on which
the Phase Diversity hardware could be attached. In addition the telescope has the capability to track
near-earth objects when necessary. The telescope diagram is shown in Figure (2), with the blanchard

shown at the back of the telescope.

The rear blanchard is shown in greater detail in Figure (3). The relay optics are generically
shown as the lens L2. The next lens on the beam train is L3 which is the focusing lens which focuses
the beam onto the camera. The camera chosen for the experiment was a SpectraSource Instruments,
model MCD1000, with a grade zero, 768X512 Kodak KAF-0400 silicon CCD sensor. This camera is
an astronomical quality camera with no bad pixels, high sensitivity and low read out noise. In addition,
this camera was chosen because of its software interface to a PC-type computer being very flexible
This software was easily modified to perform the type of tasks necessary for viewing fast, near-earth
objects when necessary. This flexibility was exercised in the size of data frame collected for the Phase
Diversity experiment; the camera was set to have an active window of 64X128 pixels, all other pixels

were turned off.

Early in the experiment planning it was decided to try to get both the in focus and out of focus
images on the same camera, as opposed to using two cameras, thus, conserving space in the telescope
rear blanchard. This is reflected in the optical design where the two images are created with the
combination turning flat mirror and beam splitter in Figure (3). This beam splitter/mirror
combination create the in focus and the out of focus images. This is done because the beam splitter

reflects 40 percent of the incoming light into the CCD camera. This first reflection is the in focus




image. The other 60 percent is transmitted through onto the mirror. The mirror reflects the entire 60
percent of the transmitted light. This reflected light has to go through the beam splitter again, and
only 60 percent of this reflected light gets through. This leaves 36 percent of the original light going
toward the camera to form the out of focus image. This image is out of focus due to the extra length
which this path traversed through the beam splitter, off the mirror and through the beam splitter again.
The exact distance could be controlled using different spacers between the beam splitter and the
mirror. The width of the spacers were calculated to give a defocus of one wave, taking the f-number
of the focusing lens into consideration. In summation, the in focus image has 40 percent of the

original light coming in and the out of focus image has 36 percent of the original light.

Rear Blanchard

flat
out of focus A mirror

SpectraSource
CCD Camera

spacer
in focus
beam
light from splitter

relay optics focusing

lens
_——

—_—— > 7 turning
L2 flat mirror

Figure(3) Detailed schematic diagram of the rear blanchard.




The in focus and out of focus images were desired to be side by side. Thus, the dimension of
the camera window selected was 64 pixels high and 128 pixel wide. Figure (4) shows a typical
camera frame of data taken of the binary star | Scorpio. In addition the optical design was calculated

to give a pixel to pixel separation of 0.1 arcseconds.

4.0 EXPERIMENTAL RESULTS

As can be seen from the data in Figure (4), the in focus image is on the right side and the out
of focus is on the left side. The two images were offset slightly in the vertical direction, such that if
there were and ghosting or aliasing due to the brightest pixel on one side it would not influence the

adjacent image. Therefore, the out of focus image on the left is slightly higher on the camera area

128 .

pixels

Figure(4) Single camera frame of in focus and out of focus images.




Frame #1 Frame #2 @ @ ® @ @ @ Frame #300

Figurc(5) 300 frames of data with 50 msec exposure times.

than the in focus image. In order to freeze the atmosphere the frames were taken at 50 msec exposure

rates. For this data sct there were 300 frames of data taken of u Scorpio.

As can be scen from Figure (4), the quality of data is marginal since the Signal to Noise is
low. This is a function of the amount of light during the exposure time allotted. Doing Phase
Diversity on these individual frames would have been difficult. Therefore, in an effort to improve the
Signal to Noise of the in focus image and the out of focus image, the 300 frames were averaged. A
64X 64 pixel cutout of the in focus image and a 64X64 pixcl cutout of the out of focus image were
taken from each of the 300 frames, as shown in Figure(5). All the 64X64 in focused images were
average and centroided in the frequency domain, as were the out of focused images. The averaged

images were inverse Fourier transformed in order to show the results. The results are shown in

Figure (6).

The Fourier spectra of the averaged images were then used in the Phase Diversity algorithm
discussed in section 2.0. Recall the method was to minimize the Gonzalves error metric, Equation
(15), by the estimation of the coefficients of the Zernike polynomials in Equation (5), from which the

estimatc of both OTF’s (i.c. fl(u, v) and I?d(u, v)) is calculated. The minimization was

10
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Figure(6) Average out of focus and averaged infocus images.

accomplished using the conjugate gradient method as the nonlinear optimization algorithm. The
conjugate gradient used on this data is from the IMSL libraries which uses finite difference methods

to calculate the gradient.

The estimate of the in focus OTF (H (u, v)), was constructed after the Zernike coefficients
were calculated. The modulus of the calculated OTF (i.e. the Modulation Transfer Function (MTF))
is shown in Figure (7). This is the OTF for the entire optical system including the atmospheric
aberrations. From this estimated OTF the in focus image was used in a parametric Wiener filter to
perform the image recovery. Recall the parametric Wiener filter is of the form shown in Equation

(16).

0 (u, V) = <g(ua V)>*(l(u, V))

- 2 1
L R

Where the Signal to Noise SNR (u, v) can be calculated from the ensemble of data of the in

(16)

tocus image spectra.
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Figure(7) Estimated Modulation Transfer Function (MTF).

The results from the deconvolution of the Wiener filter are shown in Figure (8). The averaged
in focus image is again shown for comparison. The vast improvement from the averaged image on
the left to the deconvolved object on the right is quite dramatic. The two stars of the binary star
system of W Scorpio can be easily seen. In order to verify more precise characteristics of this binary
star, |l Scorpio was found in an astronomical catalog. It was listed as having an angular separation of
1.1 arcseconds and a difference of relative magnitude of 2.5 between the brighter star and the dimmer
star. Recall the camera and associated optics was set to have an angular separation of 0.1 arcseconds
per pixel. In order to verify these characteristics, the deconvoled object was magnified, as seen as the
last image on Figure (8). It is seen that approximately 11 pixels separate the centers of the stars,
which corroborates the stellar catalog. In addition the brightest star was found to be approximately 2

and a half times brighter that the dimmer star.
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Deconvolved object

Averaged in focused image

Magnification of Deconvolved object

Figure(8) Original image, deconvolved object, and maginfication of deconvolved object.

5.0 CONCLUSIONS

The method of Phase Diversity can be used as a Wave Front Sensor to extract the optical
aberrations present in the optical system. The error metric developed by Gonsalves, coupled with the
method of conjugate gradient, is very robust and results in favorable solutions. The method was tried
in experimental data and found to yield acceptable results. More analysis is needed to determine

appropriate stopping criterion and convergence parameters, using the conjugate gradient method.

The technique of conjugate gradient is iterative in methodology and thus not fast enough to be
used in a closed loop adaptive optics application. Work should proceed in finding faster and more

efficient ways to increase the speed of this method. Some possible solutions are to parallelize the

13




procedure in order to solve for each aberration in a single computer. Other methods are to implement

Phase Diversity using neural networks or fuzzy logic. This could yield substantial increase in speed.
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