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Abstract:

We present a novel approach for imaging through scattering media that combines

the principles of Fourier spatial filtering and single-pixel imaging. We compare the performance of our
single-pixel imaging setup with that of a conventional system. First, we show that a single-pixel camera
does not reduce the frequency content of the object, when a small pinhole is used as a low-pass filter at the
detection side. Second, we show that the introduction of Fourier gating improves the contrast of imaging
through scattering media in both optical systems. We conclude that single-pixel imaging fits better than
conventional imaging on imaging through scattering media by the Fourier gating.

Keywords:

Single-pixel imaging; Structured illumination; Spatial light modulators; Image through

scattering media; Fourier spatial filtering; Turbid media.

https://doi.org/10.1364/0L.44.000679

Imaging through scattering media has been a long-
standing issue in many applications in engineering
and biomedical imaging. Different approaches to
tackle the problem can be classified as a function of
the regime of light used to reconstruct the image [1,2].
Diffuse optical techniques such as diffuse optical to-
mography (DOT) rely on totally diffused photons.
In this macroscopic regime, when light has traveled
several transport mean free paths (TMFP), images
are obtained by solving inverse problems based on
diffuse models [3]. Recent techniques based on the
control of light wavefronts with spatial light modula-
tors (SLM) have allowed to develop imaging methods
in an intermediate regime of light where photons are

only slightly dispersed. These techniques enable us to
work in a mesoscopic regime, reaching an intermedi-
ate depth range in addition to a good resolution [4,5].
Finally, some techniques for optical imaging through
scattering media extract information of hidden ob-
jects from unscattered ballistic light. These ballistic
techniques provide the best resolution although, of
course, paying the price of a low penetration depth.
Because, in general, the scattered component of the
light is stronger than the ballistic component, these
techniques aim to reduce the scattered one to improve
the signal-to-noise ratio (SNR) of the final image. For
instance, time-gating techniques select ballistic pho-
tons of light pulses by taking into account that they
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arrive earlier to the detector [6]. Other procedures to
discriminate ballistic photons against scattered light
are based on the use of some form of spatial filter-
ing, by considering that most photons are scattered
to higher spatial frequencies [2]. Fourier filtering is
a practical and effective technique that, combined
with ultrafast time-gating imaging, has allowed re-
duction of the scattered light by 10 orders of mag-
nitude [7]. Recently, high-contrast images through
scattering media have been obtained employing both
Fourier filtering and structured illumination [8]. How-
ever, the use of a spatial filter to reduce the scattered
light limits the achievable spatial resolution of the fi-
nal image because high frequencies are blocked. In
fact, there is a tradeoff between image resolution and
contrast inherent to this technique. In this work we
show how this tradeoff can be overcome by combining
Fourier filtering and single-pixel imaging methods.

The first single-pixel imaging (SPI) techniques were
described already in 1970 [9]. However, efficient
cameras based on SPI were developed only recently
[10] by using fast programmable spatial light mod-
ulators (SLM). SPI techniques are characterized by
using structured illumination and bucket detection.
The object is sequentially sampled with a set of mi-
crostructured light patterns codified onto an SLM,
for instance a digital micromirror device (DMD).
The light transmitted (or reflected) by the object is
recorded by a single photosensor such as a photodi-
ode or a photomultiplier tube (PMT). The image is
reconstructed in the computer from the electric signal
digitized by a data acquisition system (DAQ). Differ-
ent algorithms can be used, such as a linear superpo-
sition, a change of basis, or a correlation operation.
SPI has proved to be an effective technique for imag-
ing through scattering media [11-13].

In this work, we describe an optical system working
by transmission that combines SPI and the principles
of Fourier spatial filtering to recover the image of an
object hidden behind a turbid medium. We compare
the performance of our optical setup with that of a
conventional imaging system based on a CMOS cam-
era. Our results show that introducing Fourier spatial
filtering at the detection side improves the contrast of
the images in both cases. However, the resolution of
the conventional imaging system decreases with the

amount of spatial frequency gating, while in the case
of SPI the resolution loss is negligible. We conclude
that SPI fits better than conventional imaging in vi-
sion through scattering media by Fourier filtering.

The experimental configuration to study the perfor-
mance of the single-pixel camera (SPC) with Fourier
filtering is shown in Figure 1(a). The microstructured
light patterns are generated with a DMD illuminated
with a monochromatic collimated light beam. An
optical system in a 4-f configuration, constituted by
lenses L1 and L2, projects the patterns onto the ob-
ject. A circular diaphragm is used to filter unwanted
diffracted orders produced by the periodic micromir-
ror arrangement on the DMD. Light is collected by
lens L3 and focused onto a PMT. A pinhole with
variable diameter located at the back Fourier plane
of L3 performs the spatial frequency gating. With
the aim of comparing, we use a second experimen-
tal setup constituted by a conventional 4-f imaging
system, formed by lenses L3 and L4, and a digital
camera as is shown in Figure 1(b). Specifically, the
light beam is generated with an incoherent white-light
source (HPLS200, Thorlabs), and an interference fil-
ter (P10-5158 93819, Corion) with a bandwidth of 20
nm centered at 520 nm. The DMD (DLP Discov-
ery 4100, Texas Instrument) is a chipset array consti-
tuted by 1920 x 1080 micromirrors with a pixel pitch
of 10.8 um. The patterns codified on the DMD are 2D
functions of the orthonormal Walsh-Hadamard (WH)
basis [14]. Due to the binary modulation nature of
the DMD, each WH function is projected combining
two patterns, one codifying the positive and another
the negative component of the function. These func-
tions are projected onto the object at a frame rate
of 20 Hz. The focal distances of L1, L2 and L3 are
the same, f1 = fo = f3 = 100 mm, while that of
L4 is fi = 75 mm. The detector in Figure 1(a) is a
PMT (PMMO1, Thorlabs Inc.) and the sensor in Fig-
ure 1(b) is a CMOS camera (UI-1540SE-M-GL, IDS)
with 1280 x 1024 pixels with a pitch of 5.2 ym. The
magnification factor of the 4-f optical system in Fig-
ure 1(b) is 0.75. The object in both experiments is
a sector star target R1L1S2P that contains 36 radial
sector pairs.

To operate with the SPC obtaining the maximum res-
olution and a wide field of view (FOV) in the shortest



possible measurement time, we adopt the following
strategy. We project different sets of microstructured
patterns, all of them with a low number of pixels
but with different sizes, adapting the spatial resolu-
tion of the sampling patterns to that of the object.
Our approach is related with supersampling methods
that use signal processing techniques to obtain high-
resolution images from multiple low-resolution sam-
ples [15]. It resembles the technique used in [16] for
SPI but avoiding special foveated patterns. In partic-
ular, we project four sets of Hadamard patterns each
one consisting of 64 x 64 pixels codifying the full col-
lection of 4096 WH functions for these resolution as
is shown in Figure 2(a). Each pixel of the pattern
is codified with a number of micromirrors that varies
from 8 x 8, for the set with lower spatial resolution, to
1 x 1, for the patterns with higher spatial resolution.
By projecting these patterns onto the object, and re-
constructing the images with SPI techniques, we ob-
tain four elemental images with 512 x 512, 256 x 256,
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Figure 1: Schematic diagram of (a) the single-pixel cam-
era and (b) the conventional imaging setup.

128 x 128, and 64 x 64 pixels [Figure 2(b)]. The final
image of the object is generated by combining the
previous images into a single one, overlapping dig-
itally the images with higher resolution over those
with lower resolution, as is shown in Figure 2(d). Us-
ing this strategy, we recover an image with 512 x 512
pixels, with the maximum spatial resolution at the
center, where the object has the smaller details, and
lower spatial resolution at the borders. The number
of projected patterns and, accordingly, the measure-
ment time, is reduced by a factor of 16, equal to the
ratio of 512 x 512 to 4 x 64 x 64. In our case, the re-
construction time is ~ 14 min (~ 0.8 s by using a fast
DMD working at 20 kHz). Of course, the method is
adjusted to the sector star target, but it will be well-
adapted also to other symmetric objects. In Figure
2(e) we plot the Michelson contrast, or visibility, of
the four elemental images in Figure 2(b) as a function
of the spatial frequency. It is obtained following the
method described in Ref. [8]. For each elemental im-
age, the threshold of the spatial frequency, which is
marked with a vertical color line for each curve in Fig-
ure 2(e), corresponds to the pixel size of the specific
WH pattern codified on the DMD. For our SPC, the
highest spatial frequency is 46.29 line-pairs/mm. The
solid black curve in Figure 2(e) shows the contrast of
the final image in Figure 2(d). This is the curve used
later for different filtering conditions in Figures 3(b)
and 4(b).

To analyze the influence of Fourier filtering on SPI
and compare it with the case of conventional imag-
ing, we use a pinhole with variable diameter at the
back Fourier plane of lens L3 in both optical systems
in Figure 1. The experimental results are shown in
Figure 3. Images in the first row of Figure 3(a) were
obtained with the SPC, while those in the second row
were recorded with the conventional one. Images on
each column correspond to different Fourier filtering
conditions: no pinhole for the first column and pin-
holes with a diameter of 2.0, 1.0, 0.3, and 0.2 mm for
the subsequent columns, respectively. We see that
the loss in resolution is negligible when performing
Fourier spatial filtering in the SPI approach at de-
tection side, even for small pinhole diameters. On
the contrary, the loss is quite noticeable in the con-
ventional imaging system as the pinhole diameter de-
creases. These experimental results are corroborated
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Figure 2: Experimental results obtained using the single-
pixel camera setup: (a) Hadamard patterns with 64 x 64
pixels of different size codified on the DMD with differ-
ent number of micromirrors; (b) Images of the sector star
target with different spatial resolution recovered with the
patterns in (a); (¢) Low resolution image with 512 x 512
pixels [image marked blue in (b)]; (d) Final image, with
512 x 512 pixels, obtained by digital combination of the
images in (b); (e) Michelson contrast as a function of the
spatial frequency for each image in (b). The black envelope
curve shows the contrast of the final image in (d).

by plotting the Michelson contrast as a function of
the spatial frequency. Figures 3(b) and 3(c) show
the results for the SPC and the conventional camera,
respectively. Note that, by reducing the pinhole di-
ameter, the contrast remains approximately constant
for the case of SPI while it decreases significantly for
the conventional imaging system. This behavior of
the SPC is due to the characteristics of the measure-
ment process. In SPI, the image is reconstructed by
measuring the projection of the object onto a set of
test functions, in our case functions of the WH ba-
sis. The key point is that this information is already
present in the zero order of the Fourier transform of
the product of the sampling patterns with the object.
Note that the zero order provides the average of the

function being transformed, as can be verified from
the expression of the Fourier transform with spatial
frequencies equal to zero. Therefore, the object is still
obtained by a simple linear superposition of the func-
tions of the basis with the measured coefficient, even
if we filter all frequencies except the zero order at the
Fourier plane of the detection side of the camera. The
only effect of the filtering process is a reduction of the
light power efficiency. The result will be different by
doing an equivalent low-pass filtering in the illumina-
tion side of the SPC, but this is not the case of our
study.

A relevant application of Fourier filtering is on imag-
ing through scattering media. It has been used to
reject scattered light, thus increasing the proportion
of ballistic light and, consequently, the image con-
trast [7,8]. However, this technique may also degrade
the image quality, because the spatial-frequency gat-
ing operation will reduce also the spatial-frequency
bandwidth of the final image. In view of the results
obtained in the previous experiment, we propose to
combine SPI techniques with Fourier spatial filtering
to increase the quality of images of an object obtained
through a turbid layer in a transmission configura-
tion. To study the validity of the approach, we locate
a scattering layer against the object in the SPI setup
in Figure 1(a). The influence of the location of the
scattering medium in SPI has been widely discussed
in Refs. [11,12,17]. It has been proved that a turbid
medium located between the object and the sensor,
at the detection side, has no influence on the qual-
ity of the image. However, if the turbid medium is
located between the DMD and the object, at the il-
lumination side, the light patterns projected onto the
object are degraded by scattering, and the quality
of the final image decreases. Therefore, we choose
the worse condition for SPI and locate the scatter-
ing layer at the illumination side. Again, we use a
pinhole with variable diameter at the back Fourier
plane of lens L3, now to filter the diffused photons
and detect only the ballistic ones. For comparison,
we repeat the experiment with the conventional sys-
tem in Figure 1(b). In this case, the scattering layer
is located at the detection side, as in Ref. [8]. Note
that by applying the Helmholtz reciprocity principle
of reversibility of light, both cameras are equivalent
locating the scattering layer at different sides of the



object. However, the introduction of the filter at the
detection side, which is necessary to filter the scat-
tered photons, breaks the symmetry and makes the
SPC work better than conventional one, as we show
next.

The experimental results are shown in Figure 4. As
a turbid medium, we use epoxy resin with TiOs ru-
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Figure 3: Experimental results without turbid medium.
(a) Images obtained by both cameras and different Fourier
filtering conditions. Michelson contrast versus spatial fre-
quency for (b) the single-pixel camera and (c) the conven-
tional optical imaging system.

tile powder. A layer with a thickness of 3.27 mm was
made following the recipe in Ref. [18]. We mixed
0.725 (g/1) of TiOg rutile powder (Titanium (IV)
oxide, rutile powder, <5 pum particle size, Sigma
Aldrich) with a 1:2 ratio of hardener (component B)
to epoxy resin (component A). The different images
were obtained in the same conditions as those in Fig-
ure 3 but now with the scattering layer. In both cam-
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Figure 4: Experimental results with turbid medium. (a)
Images obtained by both cameras with different Fourier
filtering conditions. Michelson contrast versus spatial fre-
quency for (b) the single-pixel camera and (c) the conven-
tional optical imaging system.



eras, the introduction of Fourier filtering improves the
contrast of the images, as seen by comparing the re-
sult in the second column with those in the first one in
Figure 4(a). This effect is corroborated by evaluating
the Michelson contrast as a function of the spatial
frequency of the images provided by both cameras.
The curves are shown in Figures 4(b) and 4(c) for the
case of the SPI system and the conventional one, re-
spectively. Note that, in both cases, the resolution of
the system worsens as the pinhole diameter decreases
further. In the case of the conventional imaging sys-
tem, the main reason is the low-pass filtering effect of
the spatial frequencies, as was shown in Figure 3. In
the case of SPI, the image resolution deteriorates be-
cause the SNR of the photocurrent provided by the
PMT decreases for small diameters of the pinhole.
However, the contrast of the images provided by the
SPI system is better than that of the conventional
one for all Fourier filtering conditions. For the case
of no pinhole, the contrast is better because the SPC
provides an inherent filtering effect. Highly scattered
photons generate a uniform background pattern onto
the object, instead of the well-defined Hadamard pat-
tern generated by the ballistic photons, which is elim-
inated when the positive and the complementary sig-
nals provided by the two patterns codifying each WH
function are subtracted in the reconstruction process
of the image.

In conclusion, we have developed an imaging system
combining SPI techniques with Fourier spatial filter-
ing. We have compared the performance of our opti-
cal setup with that of a conventional imaging system
based on Fourier filtering and using a CMOS camera
as a detector. We have shown that, without scatter-
ing media, the single-pixel camera does not reduce the
high frequency content of the object, when a small
pinhole is used as a low-pass filter at the detection
side. Moreover, when the scattering media are intro-
duced, the Fourier spatial filtering technique improves
the contrast of the images in both cases, the single-
pixel camera and the conventional one. We conclude
that SPI fits better than conventional imaging in vi-
sion through turbid media by Fourier filtering. We
note that this effect is present in many SPI configura-
tions using a photosensor with a reduced size. There-
fore, it may contribute to improve the image quality
in other applications of SPI in scattering media.
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