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Abstract: Increasing the depth of field (DOF) is a crucial issue for imaging through scattering
media. In this paper, an improved genetic algorithm is used to modulate the wavefront of light
through scattering media, by which high-quality refocusing and imaging through scattering media
are achieved. Then, the DOF of the imaging system is effectively extended by further modulating the
refocused beam into a non-diffraction beam. Two kinds of non-diffraction beams, i.e., a Bessel beam
and Airy beam, were produced as a demonstration. The experimental results show that compared
to the Gaussian beam, the DOF of the imaging system by combining the wavefront shaping and
non-diffraction Bessel beam or Airy beam can be improved by a factor of 1.1 or 1.5, respectively. The
proposed method is helpful for the technical development of high-quality imaging through scattering
media with a large DOF.

Keywords: imaging through scattering media; wavefront shaping; depth of field; interleaved segment
correction; non-diffraction beam

1. Introduction

Optical imaging is one of the most important pathways for directly obtaining infor-
mation on nature. Unfortunately, light is scattered when it propagates in inhomogeneous
media, such as fog, turbid water, biological tissue, and so on. Incident light waves that
encounter particles that have a wavelength size in the scattering media will cause a high
distortion of the wavefront and form random speckles. The random light wave makes
imaging impossible.

Up to now, techniques such as wavefront shaping [1,2], transmission matrix (TM)
measurement [3], adaptive optics [4-6], and speckle correlation method [7] have been
developed to overcome this limitation and realize imaging through scattering media.
However, challenges still exist, and the imaging depth of field (DOF) is always limited.
The input and output imaging relationship can be obtained by measuring the TM of the
scattering media, and then imaging of objects can be achieved behind scattering media
by calculating the inverse transmission. However, the TM of a single transverse plane is
usually measured; thus, only objects on the plane can be imaged. Furthermore, the method
requires a huge calculation and time to measure the TM of different axial planes to recover
images at an extended depth. The speckle correlation method can recover the image by
calculating the autocorrelation or cross-correlation of the speckles. It also works in a limited
DOF range because the speckles’ correlation decreases as the imaging depth is changed.
To extend the imaging DOF, many efforts have been made. Takasaki [8] employed the
phase-space analysis method to locate the depth of a point source behind the scattering
media to extend the DOF. Antipa [9] developed a Diffuser-Cam method by capturing a
series of speckle intensities and solving the inverse imaging problem through a compressed
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sensing algorithm to achieve 3D imaging with a large DOEF. Xin [10] established a wavefront
recovery model based on a light-field estimation to obtain a speckle intensity distribution
by integration to extend the DOF. Liao [11] enlarged the DOF by combining point spread
functions (PSFs) of different depths in the speckle correlation method. Although these
methods can extend the DOF, massive measurements and data processes are needed, and
the DOFs are usually discontinuous and separated in dispersed depth ranges.

Compared with the aforementioned methods, wavefront shaping achieves refocusing
and imaging through scattering media by employing optoelectronic devices to compensate
for the wavefront distortion [12]. As compared to alternative optoelectronic devices [13,14],
the spatial light modulator (SLM) [15,16] has the advantages of a high spatial resolution,
high energy utilization, and high modulation depth, which can correct the distortion
caused by scattering with a high precision. The proper correction phase can be obtained
by directly measuring the wavefront distortion with the help of a guide star [17] or by
searching loops with intensity feedback [18]. The point-to-point imaging relationship
through scattering media was rebuilt after each pixel of SLM found its optimal correction
phase [19]. However, the imaging DOF is also confined to the near focal plane due to the
diffraction of light. Objects departing from the focal plane will result in a blurred image
because of the divergency of the Gaussian beam. Recently, it has been proven that non-
diffraction beams (such as a Bessel beam, Airy beam, Mathieu beam, etc.) can be used to
expand the imaging DOF [20]. The center energy of these beams is relatively concentrated
within a long range during propagation, i.e., the non-diffraction property [21,22]. Thus, the
imaging quality can be maintained within a longer range than a Gaussian beam [23,24].
Multiple detections of the PSFs at different positions are unnecessary when extending the
DOF via non-diffraction beams, and the whole extended depth images can be directly
obtained in a single shot.

In this paper, the DOF of imaging through scattering media is extended by wavefront
shaping and non-diffraction beams. An improved genetic algorithm (GA), or namely
the interleaved segment correction (ISC), was used to search for the correction phase to
compensate for wavefront distortion. Thus, the scattered light can be refocused, and the
imaging of objects behind the scattering media is demonstrated. To extend the DOF, the
refocused light was further shaped into non-diffraction beams, i.e., a Bessel beam and
Airy beam. Both coherent and incoherent illuminations were verified. Compared to a
Gaussian beam, the DOF of an Airy beam was improved by a factor of 1.5 under coherent
illumination, and under incoherent illumination, the DOFs were improved by a factor of
1.1 and 1.5 by a Bessel beam and Airy beam, respectively.

2. Materials and Methods
2.1. Principle

The principle of wavefront shaping is illustrated in Figure 1. In a traditional imaging
system (for example, a single-lens imaging system), a point light source converges into focus
on the image plane through the lens (Figure 1a). The wavefront of the light beam is distorted
after passing through a scattering media and forms speckles (Figure 1b). Refocusing and
imaging through scattering media can be realized if the wavefront distortion is compensated
by using a light-field modulation technology, such as a spatial light modulator (SLM)
addressing a scatter inversed phase (Figure 1c). The focus of the Gaussian beam diverges
from the focal plane, and the imaging DOF is limited. Extending the DOF can be achieved
by non-diffraction beams, as this can maintain the intensity of the central lobe within a long
range (Figure 1d). The extending DOF imaging through scattering media contains two steps,
the wavefront shaping for correcting the distortion and the non-diffraction beam modulation.

The imaging result of the coherent condition is the convolution of the object and the
PSF of the system within the memory effect [25] range of the scattering medium:

2
I(x) = ‘/O(x—Ax) . PSF(x)dAx| = |0+ PSEP, 1)
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where O(x) represents the object and Ax represents the displacement. The scattering media
diffused the PSF, resulting in random speckles. If the distortions of the wavefront caused by
the scattering medium are corrected by SLM, the speckles can be transferred into a focus, i.e.,
the PSF of the system is corrected into a point-like function. The object within the memory
effect can also be imaged through the scattering medium, as shown in Figure 1c.
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Figure 1. The principle of wavefront shaping and DOF extension. (a) The beam is focused by a lens;
(b) the beam is transformed into speckles due to wavefront distortions caused by scattering media;
(c) the scattered beam is corrected by wavefront shaping to achieve refocusing and imaging through
scattering media; (d) the imaging DOF is extended by non-diffraction beams.

The key point of wavefront shaping is to obtain the proper compensation phase to
correct the distortions of light. In this work, an improved GA with fast convergence, namely
interleaved segment correction (ISC-GA) [26], is employed to acquire the compensation
phase. Unlike the traditional GA, which uses all the units on the SLM at the same time,
the ISC-GA divides all the pixels of the SLM into multiple groups; for each group, one
can obtain an optimal phase that can refocus the scattered light, and by superimposing all
phases of each group, the final optimal phase is acquired. Take four groups for example, as
shown in Figure 2, the pixels of SLM are divided into four groups of interleaved segment
regions (Figure 2a), and each region contains multiple pixels (Figure 2b). Take the intensity
of one pixel or several pixels of the CCD camera as feedback; by performing the GA for
each group independently, four corrected phases can be obtained (Figure 2c). The final
compensation phase is acquired by combining the phases of four groups (Figure 2d). It
is worth emphasizing that in order to provide a common reference for interference, the
other three non-correcting groups are kept at zero phases on all of their segments when
one group is optimized. Therefore, the four different groups’ optimization processes are
carried out using the same reference, ensuring a constructive interference at the target
when the final combined phase is applied. One more thing to note is that in Figure 2, only
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four groups are selected to illustrate the principle of ISC. If a higher accuracy is required in
practice, the SLM can be divided into many more groups.
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Figure 2. Principle of the ISC method. (a) The pixel array of an SLM is divided into four interleaved
segments; (b) multiple pixels are included in each segment; (c) segments marked with different colors
are modulated separately in sequence to obtain the partitioned phase patterns; (d) the optimal phase
pattern is acquired by a combination of the partitioned phase patterns.

To generate the non-diffraction beam through scattering media, the correction phase and
the phase mask for the non-diffraction beam are superimposed, which can be calculated by:

p= angle(A1e'?" + Azeiq]z) ~ @1t @2, )

where A1e/?1 is the correction phase for compensating scattering and A»e'?? is the phase
for generating a non-diffraction beam.

2.2. Experimental Setup

The experimental setup is shown in Figure 3, which contains two parts: the wavefront
shaping part in Figure 3a and the imaging through scattering media part in Figure 3b. The
two parts can be switched by turning the flipping mirror M3.

For wavefront shaping, as shown in Figure 3a, a laser beam (A = 532 nm) is firstly
expanded and collimated by lens 1 (L1, f = 50 mm) and lens 2 (L2, f = 150 mm), before
passing through a horizontal polarizer (P) and a beam splitter prism (BS1) and falling
incident onto the SLM (1920 x 1080 pixels, pixel size 8 pm, PLUTO-II-VIS, HoloEye Inc.,
Berlin, Germany) for modulation. The light beam is modulated by the SLM and illuminates
the scattering medium (S, DG10-600-MD, Thorlabs) through lens 3 (L3, f = 30 mm) and
lens 4 (L4, f = 150 mm). The output speckles are collected by CCD1 (1280 x 960 pixels,
pixel size 3.75 um, 8-bit, DMK 23U445, The Imaging Source Inc., Bremen, Germany). In the
wavefront shaping process, CCD1 is employed to monitor the speckle field and provide
feedback to the ISC method. With the feedback optimization, the correction phase can be
obtained, and the light speckle is focused. It should be noted that the position of the SLM
should be conjugated with the scattering medium to make good use of the memory effect
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range [7]. If the state of the scattering medium changes, the wavefront distortion needs to
be re-corrected.
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Figure 3. Schematic diagram of the experimental setup. (a) The optical path for wavefront shaping;
(b) the optical path for imaging through scattering media. L: lens, P: horizontal polarizer, BS: beam-
splitter prism, M: mirror, S: scattering medium.

Once the distortion of the wavefront is corrected, real-time imaging through scattering
media can be realized. The imaging part is illustrated in Figure 3b, where the light beam
reflected by BS1, M1, and M2 illuminates the object (USAF 1951). The light speckles
output from the scattering medium, relayed by lens 4 and lens 3, and then are incident
onto the SLM for correction. Due to the reversibility of the optical path, when the SLM
addresses the previously found correction phase, images of the object can be captured by
CCD2 (1280 x 960 pixels, pixel size 3.75 um, 8 bit, DMK 23U445, The Imaging Source Inc.,
Bremen, Germany) through BS1, M3, and lens 5 (L5, f = 200 mm). During the experiment,
the calibration patterns are generated using 1080 x 1080 SLM pixels that are divided
into 90 x 90 segments, each of which consists of 12 x 12 pixels. In the ISC-GA method,
90 x 90 segments are separated into nine groups of interlaced 30 x 30 segments.

3. Results

The focusing results are shown in Figure 4, where Figure 4a is the random speckle pat-
tern on CCD1 before wavefront correction. With the optimal correction phase (Figure 4b),
the speckles are refocused with a peak-to-background ratio (PBR) of 980, as shown in
Figure 4c. To extend the imaging DOF, the Gaussian focus is modulated by superpos-
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ing the optimal correction phase with the phase of the non-diffraction beam, as shown
in Figure 4d,e. The corresponding Bessel beam and Airy beam are generated through
scattering media, as shown in Figure 4f,g, respectively.

Figure 4. (a) Speckles before wavefront correction; (b) the correction phase found by ISC-GA;
(c) the refocusing of the speckles after wavefront correction; (d,e) the phase for generating the Bessel
beam and Airy beam; (f,g) the generated Bessel beam and Airy beam behind the scattering media.

To demonstrate the extended imaging DOF by a non-diffraction beam through scat-
tering media, the object was fixed on an axial moving stage (KMTS50E/M) that moved
across the focal plane. The number “2” on the USAF 1951 was selected for imaging. The
imaging results at different axial positions are shown in Figure 5, where Figure 5a shows
the imaging results of a Gaussian beam and Airy beam. We take the opposite direction of
light propagation as the forward direction of the coordinate. To quantitatively evaluate the
DOF of the imaging, the Pearson correlation coefficients (PCCs) of the imaging results in
different positions are calculated with the original object and are shown in Figure 5b. The
optimal imaging plane under the Gaussian beam is at the focal plane (the position of 0 mm),
and the image quality decreases rapidly when the target moves away from the focal plane.
We defined the DOF as the range of PCC above 0.5, which is about 27 mm for a Gaussian
beam. The imaging quality of the Airy beam is worse than the Gaussian beam at the focal
plane, mainly because the side lobes of the Airy beam take away the focus intensity and
decrease the imaging quality. However, the PCC of the Airy beam decreases slower than the
Gaussian beam when the target moves away from the focal plane. The range of PCC above 0.5
is about 41 mm for the Airy beam, which is about 1.5 times that of the Gaussian beam.

Further, the structural similarity index measure [27] (SSIM) with the original object
and the Peak Signal-to-Noise Ratio [28] (PSNR) of the imaging results are also given for
the imaging quality comparison between the Gaussian beam and Airy beam, as shown
in Figure 5¢,d. The SSIM and PSNR show the same tendency as PCC. It should be noted
that the imaging magnification is changed as the object moves along the axis; thus, the
original object is also tuned accordingly to calculate the exact PCC and SSIM value. In fact,
the imaging quality is limited under a coherent light illumination [19], and the coherent
speckles evidently exist in Figure 5. Therefore, we then investigated the imaging under an
incoherent light illumination.
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Figure 5. Extended DOF with Airy beam in coherent illumination. (a) The standard image and
images along the axis at various distances; (b,c) PCC and SSIM profiles comparing the images and
using the original object; (d) PSNR of the imaging results.

For an incoherent light illumination condition, a rotating ground glass is introduced
in the optical path before the object [29]. Figure 6a shows the imaging results of the target
through scattering media. A Bessel beam and Airy beam are used to extend the imaging
DOF. It can be seen that under incoherent illumination, the speckles are reduced, and the
PCC of the Gaussian beam can reach above 0.9 at the focal plane. Same as the results
under coherent illumination, the imaging quality of the non-diffraction Bessel beam and
Airy beam can be maintained within a longer axial range. The PCC, SSIM, and PSNR are
provided in Figure 6b—d. The range of PCC above 0.5 is about 14.5 mm for the Gaussian
beam, 16 mm for the Bessel beam, and 21.5 mm for the Airy beam, respectively. As a result
of this, the DOF increased about 1.1 times and 1.5 times, respectively.
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Figure 6. Extended DOF with Airy beam and Bessel beam under incoherent illumination. (a) The
standard image and images along the axis at various distances; (b,c) PCC and SSIM profiles comparing
the images and using the original object; (d) PSNR of the imaging results.
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4. Discussion

From the results shown in Figure 4, it can be seen that the ISC method can effectively
improve the refocusing quality through the scattering medium, and the PBR value can
break through the dynamic range limit of CCD, which is fundamental for achieving clear
imaging and extending the depth of field. The results of Figures 5 and 6 show that the DOF
of imaging through scattering media can be effectively extended by combining wavefront
shaping with a non-diffraction beam. The imaging DOFs are influenced by both the
wavefront-shaping quality and non-diffraction-beam properties. The Bessel beam extends
the DOF along the negative axis, while the Airy beam extends the DOF along the positive
axis. This is because the wavefront distortion caused by scattering is compensated by
using wavefront shaping, but it is not fundamentally eliminated. Therefore, the generated
Bessel beam and Airy beam are both affected, and the performances are not as good as
that obtained in systems without scattering media. High-precision wavefront shaping by
increasing the used SLM segment number can further increase the imaging quality and
DOF, but on the other hand, more time is needed.

The side lobes of the Bessel beam and Airy beam markedly reduce the imaging quality,
decreasing the energy of the main lobe and generating background noise. In follow-up
research, in order to increase the imaging quality via non-diffraction beams, the polarization
state of the light field could be modulated to recover the polarization-state information of
the object light. Additionally, deconvolution could be applied to reduce the influence of
side lobes, or a needle-shaped beam with fewer side lobes could be used for imaging.

5. Conclusions

In this paper, the wavefront-shaping method of interleaved segment correction (ISC)
is introduced to compensate for the wavefront distortion caused by scattering media. A
refocusing of the light behind the scattering media is realized. With the memory effect of the
media, the imaging of the objects through scattering media is achieved. By superimposing
the compensation phase and the non-diffraction-beam phase, two non-diffraction beams,
i.e., a Bessel beam and Airy beam, are generated behind scattering media. Then, the
imaging DOF is extended with the two non-diffraction beams. The proposed method may
have potential applications in astronomical observations, biological imaging, and some
related fields.
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