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ABSTRACT

Sparse-aperture imaging systems are desirable for aerospace applications because they can capture the same resolution as
a filled aperture while reducing the systems size and weight. A novel sparse-aperture model named dud
three-sub-aperture is proposed. By comparing with the famous Golay 6, dua three-sub-aperture is regarded as a better
configuration for aerospace remote sensing. But the images of sparse-aperture systems become blurry because of the
modulation transfer function (MTF) loss. It is necessary to optimize the image quality by image restoration process. In
order to achieve ideal images, image filter technique has been studied. First, the imaging smulations of dua
three-sub-aperture system and the Golay 6 with different fill factor are generated. The images formed by these systems
are recovered by means of proper filters. Then different kinds of noises and different noise levels are added, various
filters with different parameters are applied to recover these images. And the optimal deblurred images are gained.
Through the quantitative evaluations of its image quality it is shown that the mentioned filter technique can be used to
effectively improve the quality of the images degraded by the MTF s loss, i.e. the details in images can be enhanced and
its edges be sharpened.
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1. INTRODUCTION

In space-borne systems for surveillance applications, it is very important to achieve relatively high resolution. Higher
resolution can be obtained with a larger collecting area. But the system’s weight with a larger collecting area becomes
heavy. Such systems are not suited to aerospace remote sensing because of devel oping larger and larger boosters capable
of handling the mass and volume of the larger filled-aperture systems. A single large monolithic telescope for an imaging
satellite becomes prohibitive to launch into orbit due to the size and weight of the primary mirror, and its cost is
expensive. A sparse-aperture imaging system can capture the same resolution as a filled-aperture while reducing the
systems' size and weight. But the images of sparse-aperture systems become blurry because of the modulation transfer
function (MTF) loss and the decreasing of the signal-to-noise ratio (SNR), therefore, image processing is needed to gain
a high resolution image.

In this paper, we have proposed a novel sparse-aperture model named dual three-sub-aperture, shown in Fig.1. There are
nine sub-apertures which diameters are d, each three sub-apertures make up of a sub-pupil which diameter is Dy, three
sub-pupils make up of amain pupil which diameter isD.

The image smulations for dual three-sub-aperture and the Golay (shown in Fig.2) with different fill factors are
generated, and different kinds of noises and noise levels are added. The main tasks are to recover these images' quality of
sparse-aperture by filters. The quantitative eval uations of image quality and the edges of images are given. By comparing
with the famous Golay 6 sparse-aperture system, dua three-sub-aperture is regarded as a better configuration for
aerospace remote sensing.
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Fig.1. Configuration of dual three-sub-aperture Fig.2. Configuration of the Golay6

2. MTFOFDUAL THREE-SUB-APERTURE AND THE GOLAY 6

2.1 Three modelsand M TF of dual three- sub-aperture

There are three kinds of configurations of dual three-sub-aperture, as Model |, Modd Il and Modél 111, shown in Fig.3-5.
In Model |, three sub-pupils are tangent each other. In Model 11, three sub-apertures are tangent each other. In Mode 111,
neither three sub-pupils nor three sub-apertures are tangent.

e 9 Es

Fig.3. Mode | Fig.4. Model II Fig.5. Model 111

The analytical formula of MTF is as follows:

MTF = MTF, +%MTFd *> > ¢ du-p.cosa,,v-p.sna,,) (1)
|

k
k=12...81=12---6

P and a, aredetermined by the locative position between nine sub-apertures.
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The MTF of sub-aperture of dual three-sub-aperture is given by
1 O<p<
2 (o5 2 - L1 (L e
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Three dimensional MTF of Mode | which fill factor is 20% are shown in Fig.6, Three models for dua
three-sub-aperture, with images of their MTF which fill factor is 20% are shown in Fig.7.

Fig.6. Three dimensional MTF(F=20%) Fig.7. Three models for dual three-sub-aperture, with images of their MTF

2.2 MTF comparison between dual three sub-aperture and the Golay 6
Fig. 8 shows circled aperture, the Golay 6,and the dual three sub-aperture with a 20% fill factor, together with images of

corresponding aperture MTFs.

Fig.8. Three apertures, with images of their corresponding MTFs

Fig. 9 and Fig.10 show the MTF curves of dual three-sub-aperture and the Golay 6 with different fill factors at the
direction of maximal MTF and minimal MTF.  From the curves we can see that the MTF increases as the fill factor
increases. The MTF of sparse aperture decreases at most spatial frequencies, but the spatial-frequency cutoff does not
change, the highest spatial frequency that can be imaged does not change. The MTFs of dual three-sub-aperture
corresponding to the normalized frequency of approximate 0.25 to 0.35 at the maximal direction are better than those of
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the Golay 6.
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Fig.9. The MTF curves of dual three-sub-aperture and the Golay 6 at the direction of maximal MTF
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Fig.10. The MTF curves of dual three-sub-aperture and the Golay 6 at the direction of minimal MTF

3.

IMAGE SIMULATIONS

In order to understand the image quality of sparse-aperture systems, different fill factor sparse-aperture systems of dual
three-sub-aperture and the Golay 6 are modeled, and images are simulated. A resolution board (shown in Fig.10-a) is

used as an object, imaged by a paraxial optical system (D/f=1/20).

Fig. 10 —b shows a diffraction limited image.
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Fig.10—b  Diffraction limited image
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Fig.11 Image simulations for the dua three-

sub-aperture with increasing fill factor
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Fig.12 Image simulations for the Golay 6 sparse aperture with increasing fill factor

The image smulations are shown for dual three-sub-aperture and the Golay 6 sparse aperture in Fig.11.and Fig.12. It is
apparent from the image simulations that the image quality varies dramatically for the different sparse apertures as the
fill factor increases. The image becomes clearer as increasing fill factor. It should be noted that if the fill factor is low
enough to produce zeros within the optical bandpass of the MTF, then the image quality becomes rather bad.

4. IMAGE RECOVERINGWITH FILTERS

4.1. Wiener filter

The images for sparse-aperture become blurry because of the loss of the MTF, hence an image restoration process is

necessary to recover the sharpness. Wiener filter is applied to recover the images, but we find that the recovered images

arenot ideal, then the modified Wiener filter has been shown to restore the images for sparse-aperture systems.
A image form*is.

w(x,y) = f(x y)*h(x,y)+n(xy) @
where W(X, Y) denotes the image of sparse-aperture system, f (X, Y) is the origin object, h(X, y) is the PSF of
sparse-aperture, N(X, Y) is the additive noise, the symbol * denotes convolution.
From convolution theory, Eq.(3) can be expressed in the frequency domain as:
W(u,v) =F(u,v)Hu,v)+N(u,v) @

The objective is to find an estimate f (X, Y) of the sparse-aperture so that the mean square error between f(x, y)
and f(X,y) isminimized. This mean square error is given by :

e’ =" f:‘f(x, y) - f(xy) |2dxdy (5)

It is assumed that the signal and noise are uncorrelaed, that the noise has zero mean, and that the gray levels in the

estimate are linearly related to the levels in the degraded image. Based on these conditions, the estimative spectrum with
the general Wiener filtersisgiven by:

F(u,v) = H (uv)

(u,v) ©)

where H "(U,V) denotes the complex conjugateof H (u,Vv),| H (u,v) |2 =H"u,v)H (u,v),
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K istheratio of the noise power spectrum and the origin signal power spectrum. In practice, K isnot
- P (U,v) known. A constant K is applied in our work. The value for K is chosen to restore each degraded image
P (u,v)

But we find that the recovered images are unacceptable. The modified Wiener filter has been studied
to improve the image quality.
4.2. Modified Wiener filter

The term in square bracket of Eq.(6) is defined as Wiener filter, we contrive to find a function to replace Wiener filter

This filter is defined as modified Wiener filter®. We have chosen a Gaussian function to multiply by the term in square
bracket. The Gaussian function is given as:

-(x +y2/
— 2072 (7
tpsf (X! y) =€ 7
where O isapositivereal constant for adjusting the width of Gaussian span. Incorporating Eq.(7 ) into (6) yields:

H (U, V)T (u,V)

F(u,v) = ;
‘H(u,v) I"+K

uv) ®

where T4 (U,V)is the Fourier transform of t ¢ (X,Y). The term in square bracket of Eq.(8) is defined as the
modified Wiener filter.

4.3. Image recovering

Images for dua three sub-aperture and the Golay 6 sparse aperture with different kinds of noises and different SNR
levels are simulated. The images are also restored by modified Wiener filters.

4.3.1. Images and image recovering with different kinds of noises for dual three sub-aperture and the Golay 6
Image quality varies as the kinds of noises and SNR levels are changed. Different noises are added in the images of the
sparse aperture. Three noise-added figures for dua three sub-aperture and the Golay 6 with 20%-fill-factor are shown in

Fig.13. and Fig.14. Thenoise level is 10%, and the noise kinds are random noise, gaussian noise and salt& pepper noise
respectively.
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Fig.13. Noise-added images for dual threewb aperture ' '
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Fig.14. Noise-added images for the Golay 6 sparse system

We can see from Fig.13. and Fig.14. that the image quality becomes more indistinct than before. It is necessary to restore
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these images. Each image is processed with modified Wiener filter to enhance the detail in the images. The optimal filter
for each image was determined by processing each image with a series of filterswith varying K and 0 , then, the optimal
values of K and 0 in Eq.(8) are chosen to gain ideal images. The restored images of modified Wiener filter are shown in

Fig.15
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Fig.15-a. The restored images with different noises for dual three-sub-aperture
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Fig.15-b. Therestored images with different noises for the Golay 6

4.3.2. Images and image recovering with different noise levels for dual three sub-aperture and Golay 6

When the noise level is rather large, the image quality becomes extremely bad. We show the noise-added images which
noise kind is salt& pepper and noise level is 20%. Fig.16-a and Fig.16-b show the images that are noise-added and are
filtered for dual three sub-aperture and the Golay 6. Although the noise levels change, the added-noise images blur, the

deblurring effects in these images are ideal. It is apparent that the restored image for dual three sub-aperture looks better
than ones for the Golay 6.
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Fig.16-b. The images of added-noise and restored for the Golay 6 aperture system with the 20%-fill- factor

5. THE EVALUATION OF IMAGES QUALITY AND SHARPNESS OF IMAGES

5.1. Sandard deviation of the spar se aperture

For comparison of images quality between images of the sparse aperture systems and 100%-fill-factor systems, we did a
calculation of standard deviation (std)®.
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where E; isthe intensity of gray scale levels of the sparse aperture, E, is the intensity of gray scale levels of the

100%-fill-factor system. M X Nisthe pixel size of metric. Results of calculation are shown in Table 1

Table 1 Standard deviation (std) of the sparse aperture systems

Image fill factor 10% fill factor 20% fill factor 30%
added-noise 03534 0.3289 0.3251
Dual three- sub-aperture -
filtered 0.3042 0.3105 0.2877
added-noise 0.3601 0.3316 0.3316
Golay 6 -
filtered 0.3147 0.3146 0.2942

From Table 1, we can see that the standard deviation (std) of the sparse aperture systems decreases as the fill factor
increases. It shows that the image quality becomes better with increasing the fill factor. After filtered, the image quality
is improved. The image simulations generated and the evaluation of image quality show that dual three sub-apertureis
dightly better than the Golay 6.

5.2 Edges sharpness of dual three-sub-aperture

Image edges are unclear by sparse aperture imaging. We find that the image edges become sharp after filtering, shown in
Fig.17.

HRTIIL]

Fig.17-a. Image edges before added-noise  Fig.17-b. Image edges after added-noise  Fig.17-c. Image edges after filtered

6. CONCLUSION

A novel model named dua three-sub-aperture is proposed. Its MTF and three configurations are generated. The
comparisons between dua three-sub-aperture and the Golay 6 sparse aperture are given. Wiener filter and modified
Wiener filter are discussed. The image simulations generated with dual three-sub-aperture and the Golay 6 sparse
aperture show that image quality decreases as the fill factor decreases. Image quality with the same fill factor varies
because of different kinds of noises and different noise levels. Wiener filter can be used to restore the degraded images,
but the filter parameter should be chosen so that the optima filtered images are gained. By images processing with
Wiener filter, the image edges are sharpened. The standard deviations of the sparse aperture images are caculated to
show the improvement of image quality in each situation.
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