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Traditional optical imaging faces an unavoidable trade-off between resolution and depth of field (DOF).
To increase resolution, high numerical apertures (NAs) are needed, but the associated large angular
uncertainty results in a limited range of depths that can be put in sharp focus. Plenoptic imaging was
introduced a few years ago to remedy this trade-off. To this aim, plenoptic imaging reconstructs the path of
light rays from the lens to the sensor. However, the improvement offered by standard plenoptic imaging is
practical and not fundamental: The increased DOF leads to a proportional reduction of the resolution well
above the diffraction limit imposed by the lens NA. In this Letter, we demonstrate that correlation
measurements enable pushing plenoptic imaging to its fundamental limits of both resolution and DOF.
Namely, we demonstrate maintaining the imaging resolution at the diffraction limit while increasing the
depth of field by a factor of 7. Our results represent the theoretical and experimental basis for the effective
development of promising applications of plenoptic imaging.
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Plenoptic imaging (PI) is a novel optical method for
recording visual information [1]. Its peculiarity is the ability
to record both the position and propagation direction of light
in a single exposure. PI is currently employed in the most
diverse applications, from stereoscopy [1–3], to microscopy
[4–7], particle image velocimetry [8], particle tracking and
sizing [9], wavefront sensing [10–13], and photography,
where it currently enables digital cameras with refocusing
capabilities [14,15]. The capability of PI to simultaneously
acquire multiple-perspective 2D images brings it among the
fastest and most promising methods for 3D imaging with
available technologies [16]. Indeed, high-speed and large-
scale 3D functional imaging of neuronal activity has been
demonstrated [7]. Furthermore, the first studies for surgical
robotics [17], endoscopic application [18], and blood-flow
visualization [19] have been performed.
The key component of standard plenoptic cameras is a

microlens array inserted in the native image plane, that
reproduces repeated images of the main camera lens on the
sensor behind it [1,15]. This enables the reconstruction of
light paths, employed, in postprocessing, for refocusing
different planes, changing the point of view, and extending
the depth of field (DOF) within the acquired image.
However, a fundamental trade-off between spatial and
angular resolution is naturally built into standard plenoptic
imaging. If Ntot is the total number of pixels per line on the
sensor, Nx the number of microlenses per line, and Nu the
number of pixels per line associated with each microlens,
then NxNu ¼ Ntot. Essentially, standard PI gives the same
resolution and DOF one would obtain with a Nu times a

smaller NA. The final advantage is thus practical rather
than fundamental and is limited to a higher luminosity (and
hence SNR) of the final image and parallel acquisition of
multiperspective images.
Correlation plenoptic imaging (CPI) has recently been

proposed for overcoming this fundamental limit [20]. The
main idea is to exploit the second-order spatiotemporal
correlation properties of light to perform the spatial and
directional detection on two distinct sensors: Using corre-
lated beams [20–22], high-resolution “ghost” imaging is
performed on one sensor [23–27] while simultaneously
obtaining the angular information on the second sensor. As
a result, the relation between the spatial (Nx) and the
angular (Nu) pixels per line, at fixed Ntot, becomes linear:
Nx þ Nu ¼ Ntot [20].
In this Letter, we present the first experimental realization

of CPI. Our CPI scheme has a higher DOF and higher
resolution than traditional PI; compared to conventional
imaging, it maintains the diffraction-limited resolution but
has a 7 times larger DOF. Therefore, CPI truly pushes
imaging to the fundamental limits imposed by the wave
nature of light. Our proof-of-principle experiment indicates
that CPI can enhance the potentials of PI, paving the way
towards its promising applications, especially in situations
where the fast acquisition typical of PI needs to be accom-
panied by a high resolution, such as microscopy and 3D
imaging. In fact, compared to other 3D imaging techniques,
CPI has the advantage of not requiring either scanning
methods (as in confocal microscopy), delicate interferomet-
ric techniques (as in holography and ptychography), or fast
pulsed illumination (as in time-of-flight imaging) [9,28–30].
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A schematic representation of the experimental setup is
reported in Fig. 1; technical details are in Sec. III of
Supplemental Material [31]. Based on the ghost imaging
phenomenon [26,27], an intensity correlation measurement
between each pixel of Sa and the whole sensor Sb,
described by the Glauber correlation function [32], enables
retrieving an image of the object on the plane of Sa. Such a
ghost image is focused, provided the distance za between
the source and the sensor Sa is equal to the distance zb
between the source and the object [26,27]: Because of the
spatiotemporal correlation properties of chaotic light, the
light source plays the role of a focusing element and
replaces the lens of a standard imaging system character-
ized by an image magnification m ¼ 1 [27]. This justifies
the name of spatial sensor for detector Sa, despite it
detecting a light beam that has never passed through the
object. Like standard imaging, both the maximum achiev-
able resolution set by the diffraction limit (Δxf) and
the DOF of the ghost image are expected to be defined
by the numerical aperture of the focusing element (here, the
chaotic light source), as seen from the object (NA). In our
case, Δxf ¼ λ=NA ¼ 14 μm and, for objects at the reso-
lution limit, DOF ¼ λ=NA2 ¼ 0.37 mm. In our experi-
ment, the pixel size is chosen to be comparable with the
maximum achievable resolution: δx ¼ 7.2 μm ≈ Δxf=2,
thus enabling imaging at the diffraction limit.
To understand how CPI enables increasing the DOF of

the acquired image and changing the viewpoint (as required
for 3D imaging), let us study the role of the high-resolution
sensor Sb. Each pixel of this sensor corresponds to the
source point from which the detected signal has been
emitted. Correlation measurements between pixels of Sa
and Sb may thus enable tracing “light rays” by joining each
object point with each source point [20,21]. Therefore, the
high resolution of Sb does not inhibit the retrieval of the
(ghost) image of the object on Sa but simply provides
displaced coherent images, one for each source point [see
Eq. (8) of Supplemental Material [31]]. The conventional

(incoherent) ghost image can be recovered by summing the
correlations over the whole sensor Sb, which corresponds to
using the typical “bucket” detector of ghost imaging.
The refocusing capability of CPI is governed by the

resolution of the source image retrieved by Sb, which is
defined, together with the numerical aperture NAb of the
lens Lb, by the diffraction of light at the object (see Sec. I of
Supplemental Material [31]) [20,21]. In our experiment,
both the resolution limit defined by the lens (λ=NAb ¼
14 μm) and the pixel size of Sb (δu ¼ 72 μm) have been
chosen in such a way that the resolution on the source plane
Δu is mostly defined by the diffraction at the object (λzb=a,
where a is the length scale of the smallest details of the
object). We thus operate in a regime where imaging
performances are limited by the wave nature of light and
not by the microlens size as in standard PI.
In our experiment, we have employed a test target to

mimic small details and easily monitor the image resolution,
both in the out-of-focus and in the refocused image. In Fig. 2,
we report the experimental results obtained for element 3 of
group 2: The three slits have center-to-center distance d ¼
0.198 mm and slit width a ¼ d=2. In the left column, we
report the out-of-focus image obtained on Sa by measuring
correlation with the whole detector Sb, when the mask is
placed significantly out of the focused plane (zb − za≳
20 mm); this is equivalent to the blurred image any conven-
tional imaging system, characterized by the same NA as our
CPI scheme,would retrieve at the given defocusing distance.
In the right column, we report the same image after
implementing the CPI refocusing algorithm [20]
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FIG. 1. Schematic representation of the experimental setup
employed for correlation plenoptic imaging. The lens Lb replaces
the whole microlens array of standard PI.

FIG. 2. Comparison between the experimental out-of-focus
image obtained by placing the object (element 3 of group 2 of
a test target) in zb − za ¼ 21 mm (left column) and the corre-
sponding CPI refocused images (right column). This experimen-
tal scenario is denoted as measurement B in Fig. 4. The
experimental data are taken with a pixel size at the diffraction
limit (δx ¼ 7.2 μm), while the refocused image has a pixel size
scaled by a factor of zb=za, in line with Eq. (1) [see also Eq. (12)
of Supplemental Material [31]]. After the correlation measure-
ment, low-pass Gaussian filtering and thresholding in the Fourier
domain were applied to remove the uncorrelated background.
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where Γza;zbðρa; ρbÞ represents the measured correlation of
intensity fluctuations hΔIaΔIbi between point ρa on Sa and
point ρb on Sb. The refocusing capability of CPI clearly
appears from Fig. 2, based on the enhanced resolution and
contrast of the refocused image.
To understand the physical origin of the refocusing

capability of CPI, we report in Fig. 3(a) the result of the
pixel-by-pixel correlation of the intensity fluctuations
evaluated on the planes of Sa and Sb [i.e., Γza;zbðρa; ρbÞ
from Eq. (15) of Supplemental Material [31], after inte-
gration over ya and yb], in the same experimental scenario
of Fig. 2. For each pixel of the angular sensor Sb, we
observe on Sa a displaced image of the object: Hence,
imaging the light source on the high-resolution sensor Sb
enables changing the perspective on the observed
scene [33]. This result explains why the standard ghost
image reported in Fig. 3(c) is blurred: When no angular
information is retrieved (i.e., when integration over Sb is
performed), all displaced images combine into the out-of-
focus image Σza;zbðρaÞ ¼

R
d2ρbΓza;zbðρa; ρbÞ. In ghost

imaging, integration performed by the bucket detector
clearly erases the precious information contained in the
raw data of CPI. On the contrary, CPI exploits the extra
information gained by the high-resolution detector Sb. As
shown in Fig. 3(b), all displaced images are realigned by

the reshaping and resizing algorithm that appears in the
integrand of Eq. (1); hence, no blurring occurs anymore
upon integration over Sb, and the refocused image of
Fig. 3(d) is obtained. Figures 3(c) and 3(d) also show
excellent agreement between the experimental data (points)
and theoretical predictions (solid line).
Let us now focus our attention on the central point of the

Letter, namely, the unique opportunity offered by CPI to
refocus without sacrificing diffraction-limited image reso-
lution, as defined by the numerical aperture of the imaging
system. In Fig. 4(c), the dashed (white) line represents a
geometrical-optics prediction for the maximum range of
“perfect” refocusing in CPI, given by [20]

����1 − za
zb

���� < Δx
Δu

¼ dza=zb
max½λzb=a; 2λ=ðMbNAbÞ; 2δu=M� ð2Þ

with Δx the resolution on sensor Sa and Δu the resolution
on the source plane. In the right-hand side of Eq. (2), we
have expressed both quantities in the simple case of double-
slit objects of width a and center-to-center distance d ¼ 2a.
The resolution Δx ¼ dza=zb is defined by the geometrical
projection of the image of the mask on the sensor plane.
The resolution Δu is defined by the larger contribution
associated with the diffraction at the object (i.e., λzb=a), the
numerical aperture of Lb, and pixel size δu; these last
two contributions enter into play for objects quite close
to the light source [i.e., for zb ¼ 2a=ðMbNAbÞ and zb ¼
2δua=ðMλÞ, respectively]. Based on Eq. (2), the physical
quantities defining the spatial and the angular resolution of
CPI are thus the object position zb and the object features a
and d. The density plot in Fig. 4(c) reports visibility
Vðd=Δxf; zb − zaÞ of the refocused CPI images of dou-
ble-slit masks, evaluated in the present experimental setup

FIG. 3. (a) Simulation of CPI measurements obtained by
evaluating the pixel-by-pixel correlation between Sa and Sb in
the same scenario employed to get the experimental results of
Fig. 2. (b) Result of the refocusing algorithm reported in the
integrand of Eq. (1), as applied to the result of panel (a). (c),(d)
The solid lines are obtained by integrating the data of panels (a)
and (b), respectively, over the angular sensor Sb. (c) coincides
with the standard ghost image, while (d) represents the refocused
image of CPI, described by Eq. (1). The simulation is based on
theoretical predictions reported in Secs. I and II of Supplemental
Material [31], after integration over the y direction. Points are
experimental data obtained by integrating over ya the exper-
imental results of Fig. 2.

FIG. 4. Analysis of the range of perfect refocusing for double-
slit objects with d ¼ 2a; the slit distance d is normalized to the
resolution of the focused image Δxf . Visibility is computed by
considering (a) standard imaging, (b) standard plenoptic imaging
(with Nu ¼ 3), and (c) CPI devices sharing the same NA
employed in the experiment. Points A, B, and C correspond to
the experimental scenarios leading to the results reported in Fig. 2
above and Figs. S2(a) and S2(b) of Supplemental Material [31];
the (white) dashed line in (c) is the geometrical perfect refocusing
limit given by Eq. (2).
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(see Secs. I and II of Supplemental Material [31]). Besides
giving the degree of reliability of the geometrical prediction
of Eq. (2), this plot unveils the physical limit of the
resolution and DOF in CPI [34].
To compare CPI with both standard imaging and

standard PI, we consider imaging devices having the same
NA as the light source in our experiment and report in
Figs. 4(a) and 4(b) the visibility they achieve [35]. For
standard PI, we have considered Nu ¼ 3 to avoid strongly
compromising the image resolution. A comparison of
Figs. 4(a), 4(b), and 4(c) indicates that CPI combines at
best the advantages of standard and plenoptic imaging: It
preserves the resolution of standard imaging while increas-
ing the DOF even beyond typical values of standard PI.
Interestingly, close up (zb < za), object details larger than
d≳ ffiffiffiffiffiffiffiffiffi

8λza
p ≃ 2.8Δxf (the refocusing limit corresponding

to zb ¼ za=2) can always be refocused by CPI, no matter
how close the object is to the source. For zb > za, the
maximum achievable depth of field is significantly larger
than in both standard imaging and standard PI. As
demonstrated in Sec. IV of Supplemental Material [31]
(see Figs. S4 and S5 therein), the refocusing range in CPI is
limited by the interference and diffraction at the object, for
close up, and only by diffraction, for distant objects. Such a
dependence can be understood in terms of the Klyshko
picture [36], as applied to ghost imaging with chaotic light
[26]. Hence, CPI reaches the fundamental limits imposed
by the wave nature of light to both the image resolution
and DOF.
Points A, B, and C in Fig. 4 represent the experimental

scenarios corresponding to the results reported in Fig. 2 (B)
and in Figs. S2(a) and S2(b) of Supplemental Material [31]
(A and C). In all three points, CPI clearly guarantees a
significant DOF advantage. In particular, the object corre-
sponding to A and B can be refocused by CPI in a range
more than 7 times larger than in standard imaging and
2.5 larger than in a standard PI device characterized by a
3 times worse spatial resolution (Nu ¼ 3). For the wider
object corresponding to point C, the maximum achievable
DOF with CPI is 4 times larger than with standard imaging
and twice larger than with a standard PI with Nu ¼ 3. It is
worth emphasizing that the DOF of the standard ghost
image represents the axial resolution of CPI (ΔzCPI ¼
λ=NA2); hence, the ratio between the depth of fields of
CPI and standard imaging fixes the number of planes that
can be refocused by CPI.
To summarize the above results, in Fig. 5, we plot the

DOF enhancement offered by CPI with respect to standard
PI as a function of the resolution compromise of conven-
tional PI. The DOF enhancement is defined as the ratio
between the maximum achievable DOF of CPI and
standard PI; the resolution compromise of standard PI
corresponds to the ratio between the maximum image
resolutions of standard PI and CPI or standard imaging
and is represented by the number of angular pixels Nu of

standard PI. All parameters are the same employed in
Fig. 4. To better emphasize the lack of a refocusing limit for
close up, we have chosen to separately plot the two cases of
an object closer to and farther away from the conjugate
plane zb ¼ za. In line with the results in Fig. 4, CPI always
outperforms standard PI. In fact, the DOF of CPI is
generally larger than for standard PI, although there are
ranges of Nu where PI may overcome the DOF of CPI by
losing resolution.
Conclusions and outlook.—We have demonstrated that

CPI can push plenoptic imaging to its fundamental limits of
both the resolution and maximum achievable DOF: Unlike
standard PI, CPI has no constraints on image resolution,
which stays diffraction limited as in standard imaging
systems. Still, CPI enables increasing the DOF well beyond
the typical value of standard imaging. The advantages of
both standard and plenoptic imaging are thus combined at
best in CPI, whose maximum achievable DOF is solely
limited by the interference and diffraction at the object (see,
e.g., Figs. S4 and S5 of Supplemental Material [31]).
Several technologies have been introduced in the past years
where light correlation properties enable going beyond the
capabilities of standard imaging systems (e.g., [23,26,
37–40]); however, in most cases, previous technologies
exploited the correlations in either the position or momen-
tum but not both. The simultaneous use of both momentum
and position correlation has so far been used only for
fundamental demonstrations [41–43]; here, for the first
time, it is exploited to push the fundamental limits of
practical imaging systems.
CPI has the potential to strongly improve the perfor-

mances of both microscopy, where high lateral and axial
resolutions are required together with a large DOF, and 3D
imaging, where fast multiperspective acquisitions are

FIG. 5. Comparison between standard PI and CPI in terms of
the maximum achievable DOF versus resolution. The comparison
is made for double-slit masks of varying distance d and width
a ¼ d=2. DOFs are evaluated by considering the maximum (zMb )
and minimum (zmb ) values of the object distance for which the
image is still resolved based on the Rayleigh criterion (namely,
V ≥ 10%). We report the results for (a) zb < za and (b) zb > za
obtained by considering the present experimental setup for CPI
and an equivalent standard PI device.
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desired. Future studies will be devoted to acquisition time
optimization, considering hardware (fast CMOS, smart
sensors [44]) and software solutions (compressed-sensing
and sparse measurement techniques [45]) to regain the
single-shot advantage of conventional plenoptic imaging.
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