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Structured light beams created through a
multimode fiber via virtual Fourier filtering based
on digital optical phase conjugation
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Digital optical phase conjugation (DOPC) is a newly developed technique in wavefront shaping to control light
propagation through complex media. Currently, DOPC has been demonstrated for the reconstruction of two-
and three-dimensional targets and enabled important applications in many areas. Nevertheless, the reconstruc-
tion results are only phase conjugated to the original input targets. Herein, we demonstrate that DOPC could be
further developed for creating structured light beams through a multimode fiber (MMF). By applying annular
filtering in the virtual Fourier domain of the acquired speckle field, we realize the creation of the quasi-Bessel and
donut beams through the MME. In principle, arbitrary amplitude and/or phase circular symmetry filtering could
be performed in the Fourier domain, thus generating the corresponding point spread functions. We expect that
the reported technique can be useful for super-resolution endoscopic imaging and optical manipulation through

MMFs. © 2020 Optical Society of America

https://doi.org/10.1364/A0.380058

1. INTRODUCTION

Optical fibers can guide light between separate locations as well
as deliver and collect information, enabling their significant
applications in telecommunication and biomedical fields [1,2].
Due to their flexible nature, optical fibers have been used for a
new type of endoscope and are key optical elements for flexible
endoscopic systems [2,3]. Compared with conventional opti-
cal microscopes, flexible endoscopes can provide minimally
invasive images deep within tissues [2]. Traditional flexible
endoscopes are usually constructed using a fiber bundle or
a single-mode fiber with additional distal optical elements,
which suffer from either a low spatial resolution or a large
diameter [2-6]. Recently, multimode fibers (MMFs) with a
large number of degrees of freedom and parallel information
transport ability have attracted intense interest and are con-
sidered as ideal elements for ultra-thin endoscopic imaging
[3,4]. However, coherent light propagation in a MMF experi-
ences phase randomization due to modal scrambling, thereby
generating speckle patterns [5]. The complex process makes
a major obstacle for direct imaging and information transfer
through MMFs but actually is deterministic. To overcome this
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challenge, different wavefront-shaping techniques, originally
developed in research involving highly scattering media [7-15],
are extended to MMFs, including transmission matrix measure-
ment, iterative wavefront optimization, and digital optical phase
conjugation (DOPC) [16-25]. Remarkable progress has been
made in MMFs by using wavefront-shaping techniques, such
as diffraction-limited focusing, fluorescence scanning imaging,
and wide-field imaging [3-5]. In comparison, DOPC deter-
mines the optimum wavefront with a single-shot measurement
and thus shows the shortest average response time per degree of
freedom [26,27].

DOPC is based on the time-reversal principle to suppress
multiple scattering effects of complex media. Unlike analog
optical phase conjugation (OPC) based on nonlinear crystals,
DOPC is achieved by using two devices, a digital image sensor
and a spatial light modulator (SLM) [13,14]. Thus, DOPC
shows several intrinsic advantages over analog OPC, such as the
higher fluence reflectivity and flexibly adjustable phase conju-
gation wavefront [26]. The first demonstration of DOPC for
the turbidity suppression of scattering medium was presented
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by Cui and Yang [13]. Subsequently, DOPC was applied to bio-
medical tissues, MMFs, and multicore fibers [25-39]. And the
reconstruction of two-dimensional wide-field images and three-
dimensional structured light beams has been demonstrated by
using DOPC [40,41]. Nevertheless, due to the time-reversal
principle, the reconstruction results are phase conjugated to
the original input targets. In other words, DOPC could only
be used to regenerate the input target rather than generate a
new one. Although the angular memory effect of traditional
scattering media could be combined with DOPC to generate
multiple focal spots, the result is just a simple duplication of the
original reconstructed focus. In contrast to traditional scattering
media, MMFs feature the cylindrical symmetry and show the
rotational memory effect [17,42—44]. As a result, in MMFs
there exist the propagation-invariant modes that maintain
their transverse field distributions during light propagation
[43,44]. By selecting the appropriate mode or incident angle
coupled into the MME, the quasi-Bessel and donut beams were
generated through the fiber [45-47]. In addition, using the
cylindrical symmetry feature, the measured transmission matrix
technique has been developed to generate a quasi-Bessel beam
through the MMF by adding an annular mask on the SLM plane
[17]. Recently, the rotational memory effect of MMFs has been
exploited for multiple-spot focusing based on DOPC [48].
However, the achievement of modulating the reconstructed
target has not been verified based on DOPC.

In this paper, we report an approach specially applied to
MMFs for the creation of structured light beams based on
DOPC. To the best of our knowledge, this is the first time that
the DOPC technique has been developed to create a focal spot
with the intensity distribution different from the original input
target. Here, taking advantage of the cylindrical symmetry
of MMFs, we build a filtering operator in the virtual Fourier
domain of the speckle field acquired based on DOPC. From
this operator, we demonstrate the creation of the quasi-Bessel
and donut beams by using simple annular filtering. The created
quasi-Bessel beam shows a smaller focus size and a longer depth
of focus in comparison with the regenerated Gaussian focus.
In principle, arbitrary amplitude and/or phase circular sym-
metry masks could be applied, thus enabling the creation of the
corresponding point spread functions.

2. EXPERIMENTAL SETUP

Figure 1 shows the schematic of the implementation system
for the achievement of DOPC, which is on the basis of our
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Fig. 1.  Schematic of the implementation system for the achieve-
ment of DOPC. MO; —MOj3, microscope objectives; L; — L,
lenses; HWP, half-wave plate; PBS, polarizing beam splitter;
BS; — BS;, beam splitters; M, mirror.

Research Article

previous experimental setup [41,48]. The laser source used is a
diode-pumped solid-state laser with a wavelength of 532 nm.
The laser beam is expanded and collimated via a microscope
objective, MOy, a pinhole, and a lens, L;. The collimated beam
passes through a half-wave plate (HWP) to adjust its polari-
zation state and then is split into a sample beam and reference
beam by a polarizing beam splitter (PBS). The sample beam
is first magnified through a 4 f" system composed of the lenses
Ly and Ls. Subsequently, the magnified beam is focused by a
microscope objective, MO, (Newport, M-20x, NA = 0.4) to
form a Gaussian focus, which is used to be coupled into a com-
mercial step-index MMF (YFOC, approximately 19 cm length,
105 pum core diameter, NA = 0.22). Due to modal scrambling,
the speckle field is generated at the fiber output facet, which
is imaged on the complementary metal-oxide-semiconductor
(CMOS) (MotionBLITZ EoSens Cube?7) target via a micro-
scope objective, MO3 (Newport, M-40x, NA = 0.65) and lens
Lg. The reference beam is incident on a reflective phase-only
SLM (Holoeye, Pluto-Vis). The SLM plane is directly imaged
on the CMOS target through a 4 f* system composed of lenses
L, and Ls, which could address the challenging alignments
in DOPC [28,40,48]. Finally, the speckle field and reference
beam interfere with each other on the CMOS target to form
an off-axis hologram. To retrieve the phase information of the
speckle field, we use a very effective and versatile numerical
reconstruction technique, the angular spectrum method [49],
with the need of twice fast Fourier transforms (FFTs). The
retrieved phase information is displayed on the SLM to generate
the phase-conjugate wavefront of the speckle field, which is
delivered back to the MMF after being reflected by the mirror
(M), positioned at the equivalent plane of the CMOS. Finally,
a charge-coupled device (CCD) is used to record the phase-
conjugate focus via an imaging system composed of the MO,
and lens L.

3. EXPERIMENTAL RESULTS

Figure 2 depicts the principle for realizing the creation of struc-
tured light beams through a MMF based on DOPC. First, as
the formed Gaussian focus is coupled near the fiber core axis at
the distance of approximately 100 pum in front of the fiber, the
resulting off-axis hologram is recorded. Its spatial spectra can be
obtained by taking a two-dimensional FFT. Then, extract and
select one of the first orders containing the original scattered
wave information with a bandpass filter (BF), marked with a
Gaussian focus

Spatial spectra Selected spectrum

Phase pattern

Off-axis hologram

New spectrum

IFFT
O

Fig.2. Principle for the creation of structured light beams through a
MMEF based on DOPC.

New phase pattern
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white circle, and recenter it in the Fourier domain. In general,
an inverse FFT (IFFT) is applied to the selected spectrum to
acquire the phase information of a speckle field, which is dig-
itally reversed and then linearly transformed into gray scale
to display on the SLM. To accomplish OPC playback, the
phase-conjugate wavefront must be precisely overlapped with
the original scattered wavefront [48]. When the sample beam
is blocked, a regenerated Gaussian focus is recorded using the
CCD. Its peak-to-background ratio (PBR), defined as the ratio
between the peak intensity of the focus and the mean intensity
of aspeckle field generated with a blank pattern displayed on the
SLM, is evaluated to be approximately 1100.

Taking advantage of the cylindrical symmetry of MMFs
[43,44], we build an operator by numerically applying a circular
symmetry mask A in the selected spectrum. The mask is first
designed with the same size to the BF in the Fourier domain.
Therefore, before being added in the Fourier domain, it is
expanded by the zero padding to have the identical number of
pixels to the recorded hologram. First, we design an amplitude
annular mask A/, which can be expressed by

ls klflfsz

0, else

M) = { , (1)

where # is the radius of the pupil size in £ space. Here, the ampli-
tude mask with the annular thickness 36% of the pupil size is
applied in the Fourier domain and only the high-frequency
information. From this, we could acquire a new spectrum
and the corresponding new phase pattern. Similarly, the new
acquired phase pattern is displayed on the SLM for accomplish-
ing OPC playback, and a sharp focus is still presented on the
CCD target. In the same experimental condition, its PBR is
evaluated to be approximately 400.

To prove the creation of the structured light beam, the
three-dimensional intensity profiles of two focal spots are char-
acterized, as shown in Fig. 3, where Figs. 3(a) and 3(b) give the
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Fig. 3. Measurement results for three-dimensional profiles of the
regenerated Gaussian and new created focal spots. (a) and (b) Intensity
profiles of two focal spots along the horizontal direction, respectively;
(c) and (d) calculated normalized intensity distributions in the yz plane
of two focal spots, respectively; (e) intensity profiles along the z axis of

(c) and (d).
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intensity profiles of two focal spots along the horizontal direc-
tion, respectively. The full width at half-maximum (FWHM) of
the regenerated Gaussian focal spot is measured to be 1.28 pm,
close to the diffraction limit for the used MMF calculated as
A/(2NA)~ 1.21 pm. The FWHM of the new generated
focal spot is 1.09 pm, smaller than the Gaussian focus and
diffraction limit. To characterize the beam propagation (z-axis)
feature, a series of focal intensity images at the different positions
along the z axis are recorded using the CCD by scanning MO,.
Figures 3(c) and 3(d) show the calculated normalized intensity
distributions in the yz plane of two focal spots, respectively.
Figure 3(e) presents the corresponding intensity profiles along
the z axis. It is shown that the created smaller focal spot has a
longer depth of focus, which is about 1.9 times than that of the
Gaussian focus. As is known to all, quasi-Bessel beams show the
properties of smaller focus size and propagation invariant over a
limited propagation distance, which have been used to improve
imaging depth and resolution [50,51]. Therefore, we prove
without ambiguity that a quasi-Bessel beam is created through
the MMF by using virtual annular filtering. An amplitude mask
with a narrower annular thickness would result in the focus
with a smaller size and longer depth of focus, but with a lower
PBR. Here, it should be mentioned that the used MMF actually
features unperfect cylindrical symmetry, because of the uneven
fiber facet and the fiber with a slight bending deformation [48].
Despite this, the generation of a quasi-Bessel beam through the
MME could be still achieved.

Analogous to filtering performed in free space, an amplitude
annular mask applied in the virtual Fourier domain of speckle
field could be used to create a quasi-Bessel beam through the
MME Moreover, the creation of the quasi-Bessel beam also
shows the deterministic focusing by using the filtering oper-
ator. We then design a phase annular mask M, which can be
expressed by

1, i <k<k

-1, else

M(k) = { (2

Figure 4(a) shows the designed phase annular mask with zero
padding, and the inset is the original mask with the annular
thickness 43% of the pupil size. By using this mask, a new phase

(a)
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Fig. 4. Measurement results for creating structured light beams

through the MMF by using phase annular masks. (a)—(c) Using a phase

mask with the annular thickness 43% of pupil size; (d)—(f) using a

phase mask with the annular thickness 64% of pupil size.
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pattern can be obtained, as shown in Fig. 4(b). When the phase
pattern is displayed on the SLM, a focal spot with a donut-like
intensity distribution is created through the MMF and recorded
using the CCD, as presented in Fig. 4(c). Due to the special
property, the donut beams could be used for optical manipu-
lation and fabrication [52,53]. Figure 4(d) gives a designed
phase mask with the annular thickness 64% of the pupil size.
The resulting focal spot is shown in Fig. 4(c). The FWHM of
the focal spot is characterized with a value of 0.93 pm, as given
in Fig. 4(f). We evaluate its PBR with a value to be approxi-
mately 250, obviously lower than that of the Gaussian focus,
but this focal spot still stands over a background speckle. In fact,
more complex circular symmetry masks could be applied in the
Fourier domain, e.g., a super-oscillation mask, thus enabling the
creation of a smaller focal spot [54].

We have demonstrated that as the Gaussian focus is coupled
near the fiber core axis, the built filtering operator enables the
creation of corresponding point spread functions through the
MME Then, we investigate the excitation spot deviated from
the fiber core axis by adjusting the microscope objective MO5.
As a Gaussian focus is coupled away from the fiber core axis
with a distance of approximately 25 um, the resulting off-axis
hologram is recorded using the CMOS. The phase information
of the speckle field is reconstructed from the recorded hologram.
As the transformed phase pattern is displayed on the SLM and
the object beam is blocked, the regenerated Gaussian focal spot
is recorded using the CCD, as shown in Fig. 5(a). Figure 5(b)
shows the same focal spot in Fig. 5(a) when the CCD exposure
time is extended. It is shown that the position of the focal spot is
deviated from the fiber core axis. By applying a phase mask with
appropriate annular thickness in the virtual Fourier domain
of the reconstructed speckle field (the selected spectrum), a
new phase pattern could be obtained. As the phase pattern is

(a) (b)

S um 25 pm

(© )

25 pm

Fig. 5. Measurement results for the excitation spot deviated from
the fiber core axis. (a) Regenerated Gaussian focal spot; (c) created
donut beam; (b) and (d) the same focal spot in (a) and (c) when the
CCD exposure time is extended, respectively.
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displayed on the SLM, a focal spot with a donut-like intensity
distribution is created, as presented in Fig. 5(c). Figure 5(d)
gives the created donut beam recorded when the CCD expo-
sure is extended. Thus, we prove that the proposed method
could be exploited for the achievement of point spread function
engineering deviated from the MMF core axis.

4. CONCLUSION

In conclusion, we have demonstrated that DOPC could be
developed for the achievement of modulating the reconstructed
Gaussian focus, thus creating structured light beams. By apply-
ing circular symmetry masks in the virtual Fourier domain
of the acquired scattered field, we realize the creation of two
types of structured light beams via recording a single off-axis
hologram. We first demonstrate the creation of a quasi-Bessel
beam by using the amplitude annular filtering. The created
quasi-Bessel beam shows a smaller size and longer depth of focus
with respect to the regenerated Gaussian focus. We also apply
the phase annular masks in the Fourier domain, thus creating
a donut beam and smaller focal spot. In principle, arbitrary
amplitude and/or phase circular symmetry masks could be
applied in the Fourier domain, thus enabling the creation of
the corresponding point spread functions. We expect that the
proposed method might open up new opportunities for MMF-
based super-resolution endoscopic microscopy as well as optical
manipulation and fabrication through MMFs.
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