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We present a new optical system with an extended point spread function (PSF) for the localization of point
sources in the visible and infrared spectral ranges with a subpixel precision. This compact system involves a
random phase mask (RPM) as its unique component. It exhibits original properties, since this RPM is used
in a particular regime, called “filamentation regime”, before the speckle region. The localization is performed
by calculating the phase correlation between the PSF and the image obtained under off-axis illumination.
Numerical simulations are presented to assess the basic optical properties of this RPM in the filamentation

regime. (© 2010 Optical Society of America
OCIS codes: 030.5770, 030.6600, 070.7345.

The localization of point sources is an important issue,
which has been widely addressed in literature. It has
been shown that an extended optical point spread func-
tion (PSF) is of particular interest for the localization
of point sources which are separated by a subpixel dis-
tance with a great precision [1]. Optical systems with
an extended PSF have already been described. Some are
based on coded apertures, which were originally used for
imagery in the fields of X-rays and gamma rays [2], such
as random arrays of pinholes [3]. Due to the issues which
arise when it comes to adapting coded apertures to the
visible and infrared spectral ranges [4], alternatives have
been proposed: in [1], a pseudorandom phase mask is as-
sociated with a lens, resulting in an extended PSF of the
overall system. This principle is emphasized in [5], which
describes a multichannel system based on the TOMBO
principle [6], where the PSF of each channel is extended
thanks to an array of Zernike phase masks. In this Let-
ter, we propose removing the lens in the system described
in [1]. Then the random phase mask (RPM) is used as
the unique component. This approach follows a general
trend which consists in designing optical systems with a
minimal number of elements (an aperture stop, an opti-
cal component and a detector) [7]. Moreover, we propose
making use of the RPM in an original regime, called “fil-
amentation regime”, before the speckle region. Based on
simulations, this Letter aims at showing that the RPM
used in the filamentation regime has an extended PSF
which enables the localization of point sources with a
subpixel precision.

The RPM which is considered in this study is a thin
plate with an index of refraction n. One face of the plate
is flat, and the other face has a stationary Gaussian ran-
dom surface roughness. The height difference between
the mean flat surface and the random surface at point r
of the surface is denoted h(r) (cf. Fig. 1(a)). The prob-
ability density function of the roughness of the surface

h(r) is Gaussian, and expressed in the following way:
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where o0}, stands for the standard deviation of the ran-
dom variable h.
The covariance of h is radial, and is given by:
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The RPM is thus described by three parameters: its
index of refraction n, the standard deviation oy, of the
roughness h, and the size of the spatial pattern of the
phase mask R.. We assume that the phase introduced
by the mask has smooth spatial variations, which means
that R, >> o5, >> A, where X\ is the wavelength. If we
consider that the mask is thin, the transmittance ¢(r) at
point r of the component is given by :

#(r) = exp <j2)1\_1(n - 1)h(r)> disc (2) .3

where a is the radius of the pupil, and disc is the function
defined as: disc(r) = 1 if || r [|[< 1, and disc(r) = 0
otherwise.

To calculate the PSF of the RPM, the component is
illuminated by a monochromatic plane wave parallel to
its optical axis (A = 500nm). Using the formalism of
Fresnel wave propagation in free space, the intensity dis-
tribution is calculated in transversal planes beyond the
RPM along the z-axis. We note d the distance between
the exit plane of the RPM and the observation plane (cf.
Fig. 1(a)). While d increases, we first observe the forma-
tion of filaments in the image, followed by the speckle
regime. The distance for which the filaments are the
thinnest is considered to be the optimal working distance
dopt of the RPM, because the energy is concentrated in



specific zones of the image. This corresponds to an orig-
inal regime which we call “filamentation regime”. Since
our goal is to obtain a very textured image, we define a
signal-to-noise ratio by the following equation:

Var(I)

SNR: W,

(4)
where T is the intensity in the observation plane, Var(I)
and E[I] are respectively the variance and the mean
value of I over the geometric projection of the pupil on
the image plane. Thin filaments lead to high SNR.

Fig. 1(b) shows the calculated SN R under monochro-
matic illumination (A = 500nm) as a function of the dis-
tance d. The optimal working distance d,,; of the RPM
corresponds to the value of d for which the SN R is max-
imum. When d is greater than Ila? /) (in the Fraunhofer
diffraction regime), the curve tends towards 1, which is
the value of the SN R of a fully developed speckle [8].

The optimal working distance dop: can be interpreted
in terms of conventional optical components. Indeed, as
the shape of the mask is smooth with respect to the
wavelength, the RPM can be seen as a collection of small
toroidal lenses, whose focal lengths are given by the local
curvatures of the surface. Besides, from several simula-
tions of the RPM (carried out by varying its definition
parameters n, R. and o},), we have inferred an empirical
formula for the optimal working distance of the RPM:

1 R
2(n—1) op,

dopt = (5)
We can notice that d,p is the focal length of a plano-
convex lens of diameter 2R, and of on-axis thickness oy,
when R. >> oy,.

If we do not take into account the variation of n with
A, we can see that d,,; does not depend on the wave-
length and thus assume that the filamentation regime
is achromatic. The intensity distributions in transversal
planes for two values of d are shown in Figs. 1(c) (in the
filamentation regime) and 1(d) (in the fully developed
speckle regime). These illustrations are obtained with a
RPM defined by the following parameters: R, = 80um,
op = 3um and n = 1.45. Figs. 1(c) and 1(d) result of
the superposition of monochromatic images obtained for
three values of wavelengths: Apjye = 400nm (blue chan-
nel), Agreen = 500nm (green channel) and A,.q = 600nm
(red channel). According to the theory related to speckle
phenomena, the fully developed speckle regime is chro-
matic (because the size of the speckle pattern depends on
A). However, as expected, the filaments are white in the
filamentation regime, which means that their position in
the image plane is achromatic (except a few irisations
which we can see in Fig. 1(c)).

An optimal configuration for the localization of point
sources is obtained when the size of the RPM is greater
than the size of the detector [3]. The on-axis overall PSF
of the RPM is illustrated in Fig. 2(a). Fig. 2(b) shows
the portion of the on-axis PSF which is imaged on the
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Fig. 1. (Color online) (a) Nlumination of the RPM by a
plane wave, (b) Calculated SN R under monochromatic
illumination as a function of d, (c) Polychromatic in-
tensity distribution at the optimal working distance, (d)
Polychromatic intensity distribution in speckle regime.

detector. We now focus on the off-axis behaviour of the
RPM: the component is illuminated by a monochromatic
plane wave which is tilted with an angle equal to 10°
with respect to the optical axis; the intensity pattern is
shown in Fig. 2(c). Fig. 2(d) illustrates the portion of
this off-axis pattern imaged on the detector. The phase
correlation [9] of the images illustrated in Figs. 2(d) and
2(a) exhibits a two-dimensional very thin spot. The pro-
file of this thin spot along one axis is shown in Fig. 3.
Then, the barycentre of this thin spot gives the position
of the point source.

The correlation peak can be used to define the angular
resolution IFOV of the system: IFOV = FWHM /dp:,
where FFW H M is the full width at half maximum of the
phase correlation peak (cf. Fig. 3). For this simulation,
we find a FWHM equal to 8.8um for dope = 2.4mm,
which leads to IFOV = 0.2°. It is worth mentioning that
in this Letter, the definition parameters of the RPM have
not been optimized to decrease IFOV: IFOV can then
be chosen for a given application by properly adjusting
the RPM parameters.

To conclude, we have shown that a RPM used as the
unique component in the filamentation regime generates
an extended PSF, which enables to perform the localiza-
tion of point sources with a subpixel precision. It exhibits
several advantages. One of these is that it can be very
compact, provided a suitable choice of its parameters n,
R. and oj,. Moreover, we can notice that the on- and
off-axis images (Figs. 2(a) and 2(c)) are very similar,
except from the global translation of the intensity dis-
tribution in the observation transverse plane. Therefore,
the RPM suffers from a low amount of off-axis aberra-
tions; then, we could expect that this component will
have a great field of view. Within future work, we are



Fig. 2. (Color online) (a) On-axis monochromatic PSF
of the RPM, the red square stands for the position and
the size of the detector, (b) Portion of the on-axis PSF
imaged on the detector, (¢) Off-axis monochromatic il-
lumination of the RPM (angle of incidence of the plane
wave: 10°), (d) Portion of (c) imaged on the detector.

going to address the optimization of the RPM parame-
ters, and to evaluate the localization performance of the
RPM (and especially study the slight distortion of the
PSF with the field angle and the phase correlation under
polychromatic illumination).

This work was sponsored by the Délégation Générale
pour ’Armement (DGA) of the French Ministry of De-
fense. It results from the PRECISION collaboration be-
tween ONERA and Institut d’Optique.
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