Compensation of wavefront aberration introduced by DMDs’ operation principle
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Abstract
The wavefront aberration introduced by both rhomb and square pixel Digital Micromirror Devices (DMDs) to the reconstructed images from the holograms displayed on them is visualized with a color phase map obtained from a Shack-Hartmann wavefront sensor. The aberration causes blurring and distortions in the reconstructed images. The map informs that the aberration is induced by the virtual shrinkage of pixels introduced by their rotation because 1) the aberration is appearing along the DMDs' pixel rotation directions and 2) the DMD with a bigger size pixel introduces more aberration than that with a smaller size pixel. It is also shown that the aberration can be minimized with use of a white beam. The white beam is a reflected beam from the no image loaded On-state DMDs’ surfaces when a collimated illumination beam is normally incident to them. Nevertheless, when the phase maps are compensated by the white beam, the reconstructed images become more distinguished and identified for both DMDs.
Introduction
A point hologram recorded with a collimated reference beam that is normally incident to the surface of the hologram can be used as a standard pattern for other point objects. The surface profile of an object intended to be made into a hologram can be discretized to an array of dots, in which each of the dots can be considered as a point. Hence, when the standard pattern is assigned to a dot “a” consisting of the dot array, the patterns for other dots will be made by simply shifting the standard pattern to the dot locations relative to the dot “a”. Then the hologram for the object will be made by combining all the patterns. The combined pattern is the object's CGH (Computer Generated Hologram) [1].
To reconstruct the CGH, it is displayed on a spatial light modulator (SLM) in electro-holographic displays [2], and the collimated reconstruction beam of the same wavelength, but directed opposite to the reference beam, reconstructs the real image of the object at the object location. The phase-conjugated beam from the hologram will also consist of the number of the localized standard patterns. When a DMD is used as the SLM, the reconstruction beam is also directed to the reference beam illumination direction. Nevertheless, DMD can still reconstruct the real image because each pixel of DMD is a surface coated mirror, and the hologram fringe pattern has a physical shape due to the switching action of each pixel.
The beams from the DMD surface consist of three different patterned beams: the first one is the beam directly reflected from the pixels forming the physical shape; the second the beam diffracted from the physical shape and the third the diffracted beam generated by the regular pixel arrangement of the physical shape. The reflected beam will be inscribed by the fringe pattern. The diffracted beam from the physical shape will form the phase conjugated beam for reconstructing object image. And the diffracted beam by the regular pixel arrangement will induce an array of rectangles duplicating the display surface of the DMD. The reflected beam will overlap on the 0th order diffracted beam, because it directs to the same normal to the surface of the physical shape. Since the beam reflected from the shape is collimated by the reconstruction beam, it is matched to the surface of the 0th order diffracted beam irrespective of the propagation distance for the ideal case. The reconstructed image is the diffracted beam from the shape, hence, it is accompanied by each of the rectangles in the array.
As described above, DMD is a unique SLM, which displays images by a high-speed On-Off action of the pixels consisting of its active surface [3]. Each pixel is directing the illuminating beam on its surface to either 2ⅹm° for On-state or −2ⅹm° for Off-state direction when “m” is the rotation angle of each pixel. This On-Off action makes the DMD a binary display device [4]. The typical value of m is ±12°. When the image displayed on DMD is a hologram, which is calculated with a collimated reference beam normally incident to the active surface of the DMD, the reconstructed image will appear at 24° and −24° directions along the horizontal axis. DMD has two different pixel arrangements: one is having a rhomb shape pixel and the other – a square shape. The rotating axis of each pixel is one of its diagonals for both arrangements [5]. Since a hologram fringe pattern has an infinite size, the DMD which has a finite size can display only a part of the hologram pattern. If the hologram is for a point object, the phase-conjugated rays will have the same hologram pattern on the DMD surface. But it would be uniformly contracted to the object position to reconstruct the image of the object point.
This phase-conjugated pattern can be identified by putting a diffuser/a detector at any position of the path to its focus [6]. However, the converging angle of the contracting conjugated beam is expected to be bigger than that defined by the dimensions of the DMD display surface, because the conjugated beam has a bigger dimension than the display surface due to the recovered part of the hologram pattern in the reconstruction process. This can be the reason why the phase-conjugated beam cannot be contracted up to the object position, but the contraction ends before reaching to the object position and then expands. In addition, the shape of the conjugated beam at the ending position should have the contracted shape with that of the hologram pattern, but the presence of astigmatism prevents from having the shape.
Since the rotation axis of each pixel is in the same plane as those of other pixels and the pixels with the same digit will be arranged to the same direction due to the rotation. This direction change can be accepted to the illumination beam which is normally incident to the rotation axis plane as the pixel deformations because the rotated diagonal is virtually shortened to �(1−cos12˚), where � is the diagonal length of each pixel. Due to this shortening, the hologram fringe pattern in the rotation direction of DMDs will be more discretized and virtually deformed.
This shrinkage makes the focus distance of the plane of the rotation direction to be slightly shorter than that of the rotation axis plane. This can be a reason for causing astigmatism. This astigmatism forces the reconstructed image to be the circle of least confusion (CLC) between two focused lines perpendicular to each other. Since these focused line images are the result of pressing one direction harder than the other, the hologram pattern is not smoothly, but forcefully contracted. Hence, the CLC has a finite size and has a compressed hologram pattern. The CLC also appears at a shorter distance than the object distance. The first focused line expands and rotates to form the CLC, but the 2nd focused line expands to recover its hologram pattern [6]. The continued expansion finally forces it to disappear. Due to this astigmatism and the converging angle difference, the wavefront of the conjugated beam is aberrated and therefore, the reconstructed image will be distorted. In addition to this, the wavefronts of the reflected beam and the diffracted beam will be added to the reconstructed image. Thus, the wavefront of the reconstructed image will be distorted due to the added and aberrated wavefronts. However, no work has been done so far to figure out and minimize the phase distortion introduced by the DMD itself as a SLM, but as a beam shaping device [7,8].
In this paper, the wavefront of a reconstructed image from a hologram displayed on both rhomb and square type DMDs are measured using a Shack-Hartmann wavefront sensor [9,10] mounted on a mirrorless camera [11]. The wavefront aberration introduced by the DMDs are visualized by a color phase map, and a method of minimizing the aberration is also introduced. The method is compensating the measured wavefront with the wavefront of the beam reflected from the On-state surface of each DMD when no image is displayed on it and a collimated beam is projected to the normal direction of the surface. The white beam works very effectively in reducing the wavefront aberration in the reconstructed image. Hence, the reconstructed image becomes more identifiable as in adaptive optics [12,13].
Section snippets
Light fields along the path to the reconstructed image in DMDs
Since the DMD has a finite size, only a part of the hologram fringe pattern can be on the DMD surface. When the reconstruction beam illuminates the hologram displayed on a DMD, light fields along the path of reconstructing the object image are shown in Fig. 1. Fig. 1 shows the light fields at the specified distances from the hologram. The hologram is an on-axis hologram of a point object which is on the normal axis of the hologram with the distance of 500 mm from the hologram. The number under
Wavefront sensor
The wavefront sensor is a Shack-Hartmann wavefront sensor used for estimating and eliminating the wavefront aberration added to the reconstructed image. The sensor is built on a mirrorless camera by locating a microlens array with 77 x 51 microlenses in parallel with the image detector of the camera with the 2 mm distance. Each lens in the array has a square shape with a side length of 300 ㎛ and the focal length of 2 mm. The detector has the size as 23.5 mm × 15.6 mm because it has the pixel
Wavefront aberration in reconstructed image, induced by the DMD
To find the wavefront aberration in the reconstructed image, five holograms of an on-axis point (1 P), three on-axis points in both horizontal (3 P (H)) and vertical (3 P (V)) directions, five points (5 P) built with the 3 P (H) and 3 P (V), and one off-axis point (1 P (off)) are made for both rhomb and square pixel DMDs. Two other holograms composed of several hundred points such as a dolphin and a plane are also made for the square pixel DMD. All these points and objects are set to 500 mm
Conclusions
The wavefront aberration introduced by both rhomb- and square-pixel DMDs are induced by the virtual contraction of their pixels. When a hologram is displayed on one of the DMDs, the aberration forces the reconstructed image to be blurred and distorted. So that they can be hardly recognized. To minimize the blurring and distortions a white beam is introduced. This white beam is a reflected beam from the On-state surface of each DMD when no image is displayed on the surface and a collimated beam
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