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Abstract: We design efficient diffractive optical elements generate rotating point spread
functions for incoherent three-dimensional compatet! imaging systems. Higher diffraction
efficiency is important for increasing signal-tois® and accuracy. We present examples of three-
dimensional information retrieval.
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1. Introduction

Conventional imaging systems often ignore one ef ttiree spatial dimensions. However, the depth e
manifests itself as defocus, which is largely cdestd as an aberration in 2D imaging. In 3D imagidgfocus can
be used to estimate depth [1,2]. Moreover, it hesnbrecently shown that improved estimation acqucan be
achieved by using rotating point spread functid®SKs). Rotating PSFs can be engineered from apmsgigon of
Gauss-Laguerre (GL) modes and implemented hologralbh[3]. The transverse cross sections of suSkdrotate
in opposite directions as the system is defocusegther direction, effectively encoding depth. €equently, the
depth can be estimated by determining the angletafion.

Most applications could greatly benefit fromaptical element’s high diffraction efficiency and-axis imaging
capability. Therefore, in this paper, we presefficieht on-axis diffractive optical elements thatke this 3D
imaging technique amenable for photon-limited gyste

2. Rotating point spread functions

GL modes that lie on a straight line in the GL mloglne generate the so called rotating beams. nwWhe
implemented in an imaging system with a diffractbgical element, they generate a PSF that rowitesmisfocus
[3,4]. Here, we consider the superposition of GLde® (1, 1), (3, 5), (5, 9), (7, 13), and (9, 1MisTcombination
has been shown to have a small, wide, and flat €rd®dao bound with defocus, which is a measure gh hi
estimation accuracy, large range, and uniformitgdgtimation [4]. This PSF has two prominent amgkétpeaks and
low intensity side lobes. Depth is estimated thiodgfocus by determining the angle between theawplitude
peaks.

Typical rotating PSFs require a transfer fimcthat modulates both amplitude and phase anéftive absorb
light and are inherently inefficient. A Computer rigeated Hologram (CGH) is usually used to geneteePSF.
Because the GL mode superposition is a Self-Fotrdsforming function, it can be implemented byliog an
appropriately scaled version of itself with a CGithe Fourier plane of the imaging system. Howeteis
encoding is further complicated by the fact that fthnction to encode has both amplitude and phagseference
wave is generally introduced to represent both @ug®# and phase as an amplitude/phase only holodfatine
reference wave is chosen as a plane wave, thedifffection orders are off axis, and a significaottion of energy
is wasted in the on-axis zero order. In generd,ithroduction of a reference wave will result ion@ than one
order. Since the system uses only one order, & lpggtion of the incoming light is left unused. thar, an
amplitude hologram absorbs light. Typical off-axasplitude hologram implementations have less thém 5
diffraction efficiency. The CGH encoding then addsthe inherent low efficiency of the rotating PSHwus, the
need is to design a phase only hologram that pexitice desired PSF as an on-axis diffraction ohd&ing
maximum diffraction efficiency.



3. Efficient point spread function design

Experience indicates that the phase of the GL sgsé&ion mode is more important than its amplittmlgenerate
the effect of rotation. Indeed the wave frontalisitions or vortices are critical in rotating way&s For example,
we have observed that the PSF rotates - with mimadifications - even if the modulated amplitudetiod GL

mode superposition is replaced by a constant amaglitHowever, since a constant amplitude functias $harp
cutoffs in the edges, the rotating PSF is affedfgdunwanted side lobes. These side lobes can benalied by
using an apodizing amplitude function, like a Gauss

Figure 1 shows the transverse intensity crossaethirough focus for the exact GL mode superpasitibe phase-
only implementation, and the apodized phase impfgateon. Note that the artifacts introduced by astant

amplitude (b) are eliminated with the apodization Moreover, the apodized phase PSF is extrenilyjas to the

exact GL modal superposition, while keeping theeesal characteristic of two equal-intensity spatth the same
rate of rotation through focus.

The advantages of this approach for generatindingt® SFs are: (1) The theoretical PSF is lessrabgp (2) the
desired PSF is more amenable for on-axis implertientavith advantages of efficiency and simplicilyumerical
modeling shows that the phase only Fourier hologcam be implemented with as low as a four quantjdease
levels.
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Fig 1. Transverse cross sections of GL mode supgipo (a), phase-only implementation (b), and Garsapodized phase implementation (c)
at various axial locations within the Rayleigh rang

4. Depth map estimation

We now simulate the depth estimation of a 3D pdialobject using the proposed PSF. Because we redatively
high spatial frequency content for accurate estonatwe add noise (texture) to the 3D surface.him $imulation
shown in Figure 2, the system is focused a lithethler from the apex. Two images are used, one faom
conventional PSF imaging system and one from thetingg PSF system. As expected, in the image pexiby a
conventional 2D imaging system, the region in foisuslear while all other regions are blurred ddbwever, in a
rotating PSF image, assuming that the maximum depthe parabola is within the Rayleigh range, ¢hisr no
blurring out of the image. Instead, the defocusifeats itself as a systematic rotation of the PBte rotating PSF

is recovered in each region of interest by a deslution process. The angle of rotation at a paldicuegion is
estimated by determining the angle between thepwaks of the PSF in that region. Finally, the depttecovered
using the theoretical expressiar z, tan(f /2) , where z,z,, andf are the depth, Rayleigh range, and the rotation

angle, respectively [4, 5].

In conclusion, we described a new PSF desigeffiorent imaging and depth estimation using rotating PSFs.



Fig. 2. Conventional 2D image (a), rotating PSBge (b), the actual 3D profile (c), and the estd&D profile (d) of a 3D parabolic object,.
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