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Abstract. Recently, structured light beams have attracted substantial attention in many applications, including
optical communications, imaging, optical tweezers, and quantum optics. We propose and experimentally
demonstrate a reconfigurable structured light beam generator in order to generate diverse structured light
beams with adjustable beam types, beam orders, and beam sizes. By controlling the sizes of generated
free-space structured light beams, free-space orbital angular momentum (OAM) beams and vector beams
are coupled into an air–core fiber. To verify that our structured light generator enables generating structured
light with high beam quality, polarization distributions and mode purity of generated OAM beams and vector
beams in both free space and air–core fiber are characterized. Such a structured light generator may pave the
way for future applications based on higher-order structured light beams.

Keywords: structured light beams; orbital angular momentum; vector beams; air–core fiber.

Received Feb. 15, 2023; revised manuscript received Apr. 6, 2023; accepted for publication May 12, 2023; published online
Jun. 12, 2023.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.APN.2.3.036015]

1 Introduction
The explosive growth of global data traffic is driving an ever-
increasing demand for higher data capacity and more efficient
spectral usage in transmission links.1–3 To address the coming
capacity crunch, it is highly desirable not only to make full
use of already well-known physical dimensions (e.g., amplitude,
phase, frequency/wavelength, polarization, and time) but also to
exploit additional degrees of freedom (e.g., spatial structure) of
light waves. As a result, space-division multiplexing (SDM) ex-
ploiting the transverse spatial structure dimension of light waves
has attracted more and more attention.4,5 SDM technology em-
ploying orthogonal higher-order light modes multiplexing can
be divided into two different application scenarios, including
the free space6,7 and the optical fiber.8–11 Among them, the ap-
plication scenario in optical fiber has the advantages of flexibil-
ity and long-distance transmission. Therefore, in recent years,

optical fibers supporting high-order modes have been widely
designed, fabricated, and used in SDM applications, such
as few-mode fiber,12,13 traditional multimode fiber,14 ring–core
fiber,15,16 and air–core fiber.17,18

Traditional higher-order modes in fiber, also known as struc-
tured light beams due to their different transverse structures,19–23

can be divided into three types: orbital angular momentum
(OAM) beams, linearly polarized (LP) beams, and vector
beams. Due to the low loss and flexibility of optical fiber trans-
mission, such diverse structured light beams in optical fibers are
widely used in optical communications,24 optical tweezers,25 ro-
tating Doppler sensing,26–29 superresolution imaging,30,31 and
quantum optics.32,33 Therefore, generating various structured
light beams in fiber are required in many applications. There
are several approaches to producing structured light beams in
fiber, such as mode-selective couplers (MSCs),34 long-period
fiber gratings (LPFGs),35,36 fiber Bragg gratings,37 and free-
space-to-fiber coupling.14–16 However, for generation of the
fourth, fifth, and much higher-order structured light beams in*Address all correspondence to Jian Wang, jwang@hust.edu.cn
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optical fiber, the MSCs and LPFGs suffer from a greatly high
intensity loss. Thus the method of producing high-order struc-
tured light beams in free space and then coupling them into op-
tical fiber is the main way to generate structured light beams
with orders higher than fourth in fiber. Remarkably, reconfigur-
able generation of these structured lights in free space requires a
reconfigurable phase-modulation device, such as spatial light
modulator (SLM). Different from LP beams and OAM beams,
vector beams possess inhomogeneous polarization distributions.
Thus approaches for reconfigurable generation of vector beams
usually use such steps: splitting a Gaussian beam into two
orthogonally polarized beams, modulating them into two
OAM beams with opposite topological charges, and then recom-
bining them. There are many experimental setups for generating
vector beams based on this principle. In general, these setups
can be divided into two categories: one is conventional inter-
ferometric setup,38,39 the other is common-path interferometric
loops.40–43 For conventional interferometric setups, since the
two OAM beams propagate along different optical paths, their
relative phase difference may alter with time, which will cause
the rotation of polarization distributions of a combined vector
beam. Such an instability limits applications based on vector
beams, including coupling them into optical fiber. In this article,
we demonstrate that a common-path interferometric loop will
lead to a higher robustness of generated vector beams compared
to conventional interferometric setups.

We propose and experimentally demonstrate a reconfigurable
structured light beams generator with adjustable beam types,
beam orders, and beam sizes. OAM beams, LP beams, and
cylindrical vector beams are produced by our scheme in free
space. Since beams in the proposed scheme share a common
optical path, generated vector beams feature more robustness
compared to conventional approach. We measure the Stokes
parameters to reconstruct the polarization distributions of beams
for verifications. Then OAM beams and vector beams with fifth
to seventh mode orders are coupled into a 5-m air–core fiber. At
the fiber output, high beam quality and low coupling loss of
output higher-order beams are demonstrated, showing that
our scheme enables pure high-order structured light generation
in optical fiber.

2 Results

2.1 Scheme of Reconfigurable Structured Light Beams
Generator

We propose and experimentally demonstrate a single SLM loop
for reconfigurable structured light beams generation. Figure 1(a)
illustrates the concept of generating cylindrical vector beams in
such a loop. As displayed in Fig. 1(a), the red lines show the
track of spatial light, whereas the green and purple arrows re-
present the transmitting directions of orthogonally polarized
beams. In order to produce vector beams, the input Gaussian
beam should be 45 deg or −45 deg polarized. Half of the
45 deg polarized beam straightly propagates through the beam
splitter (BS), and then it is divided into two orthogonal polarized
beams by a polarization beam splitter (PBS). An x-polarized
beam straightly propagates through PBS and transmits in clock-
wise direction, whereas the y-polarized beam reflects at PBS
and transmits in counterclockwise direction. Gaussian beams
are converted into OAM beams by hologram loaded onto
SLM, expressed as

mod½ðlφþ ng · x − a · rÞ∕2π�; (1)

where the first two components are referred to as a forked phase
hologram, which is generally used for generating a pure OAM
mode. The lφ term consists of the topological charge l, and azi-
muthal angle φ denotes the phase mask of an lth OAM beam,
whereas the ng · x term corresponds to the phase mask of an x
direction grating that separates the modulated OAM beam from
the unmodulated beam. In addition, the radial grating compo-
nent −a · r is applied to form perfect OAM modes with adjust-
able size44 (see S3 in the Supplementary Material). Noting that
the phase-only SLM only works on x-polarized light, a half-
wave plate (HWP) is inserted into this loop so as to match
the polarization requirement of the SLM and the PBS. At the
output of the BS, an x-polarized OAM beam and a y-polarized
OAM beam are generated with opposite topological charges as a
result of different reflected times. Propagating through a quarter-
wave plate (QWP), x- and y-polarized OAM beams are con-
verted into right-circularly and left-ircularly polarized OAM
beams. The vector beam is obtained by superposition of these
two OAM beams,

A1 · expðilφÞ
�
1

�i

�
þ A2 · expð−ilφÞ

�
1

�i

�
· expð−iΔΦÞ; (2)

where absðA1Þ equals to absðA2Þ when generating a vector
beam, as mentioned above. ΔΦ describes the phase difference
of two circularly polarized OAM beams. To further illustrate the
relationship between different beam modes, we display the con-
cept of the higher-order Poincaré sphere (HOPS) with l ¼ 1, as
displayed in Fig. 1(b). The poles of the HOPS represent scalar
OAM beams (having helical wavefronts) with a uniform circular
polarization (right circular at the north pole and left circular at
the south pole). The superposition of two poles forms different
vector beams with different polarization distributions due to di-
verse phase difference ΔΦ of two circularly polarized OAM
beams, as shown in Fig. 1 (b). In Eq. (2), the type of synthetic
vector beams can be changed by adjusting the sign of A1 and A2.
Changing the polarization of input Gaussian beam (e.g.,
þ45 deg to −45 deg) means changing the sign of A1 and
A2. Rotating the QWP enables the changing of circular polari-
zation state. Therefore, four vector beams on the equator can be
generated (see S1 in the Supplementary Material for details).
When generating OAM beams employing this single SLM loop,
one can just adjust the incident Gaussian beam to x or y polari-
zation. Loading a �OAM superposition phase hologram onto
the SLM, LP beams are also generated. In addition, to generate
arbitrary vector beams based on this single SLM loop, control of
the phase difference of two OAM beams is requested. Many
approaches can be utilized to arbitrarily control the phase differ-
ence of two OAM beams, including using another SLM or some
polarization optics to adjust their phase delay (see S3 in the
Supplementary Material for details). Furthermore, letting the
x-polarized and y-polarized beams have a slight offset on
SLM and then separately modulating them may be another ap-
proach to controlling the phase delay of two OAM beams.

A conventional interferometric setup for generation of vector
beams obey the rules: splitting a Gaussian beam into two
orthogonally polarized beams, modulating them into two
OAM beams with opposite topological charges via two phase
holograms, and then recombining them. In such a conventional
setup, ΔΦ alters, since the two OAM beams propagate along
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different paths. Such a rapid change ofΔΦmay lead to vibration
and rotation of the polarization distributions of vector beams,
which may be a fundamental disadvantage of conventional ap-
proaches. In our approach, the two orthogonal OAM beams
share the common optical path so that the polarization distribu-
tion of the generated vector beam is robust. An experiment is
carried out to demonstrate this point. First, we use two different
setups to generate higher-order vector beams. Let the generated
vector beams propagate through a polarizer, and the LP-like in-
tensity profiles of vector beams are recorded using a CCD run at
10 frames per second. For a conventional interferometric setup,
the lobe jitters and rotates (see Video 1). For common-path in-
terferometric loop in this work, the lobe are stable (Video 2).

Taking the intensity profile of the first frame of recorded video
as a reference, the overlapping degree between intensity profiles
in other frames and the reference is calculated. As shown in
Fig. 1(c), vector beams generated using the proposed approach
are stable and robust.

After finishing the construction of reconfigurable structured
light beam generator with adjustable beam types, beam orders,
and beam sizes, we couple these diverse structured light beams
into air–core fiber for testing. The specific experimental setup is
shown in Fig. 1(d), with the red line describing the track of spa-
tial light. A polarizer (Pol.) is used to adjust the polarization of
the input Gaussian beam. After propagating through the single
SLM loop mentioned above, a structured light beam is

Fig. 1 (a) Concept of reconfigurable structured light beams generator employing a single SLM
loop. (b) HOPS with l ¼ 1. (c) Overlapping degree between polarization distributions of vector
beams in initial frames and vector beams in subsequent frames. (d) Experimental setup of recon-
figurable structured light beams generator and fiber-coupling system. PC, polarization controller;
Col, collimator; BS, beam splitter; PBS, polarization beam splitter; HWP, half-wave plate; QWP,
quarter-wave plate; OL, objective lens; CCD, charge-coupled device (Video 1, mp4, 12.2 MB
[URL: https://doi.org/10.1117/1.APN.2.3.036015.s1; Video 2, mp4, 12.1 MB [URL: https://
doi.org/10.1117/1.APN.2.3.036015.s2).

Liang et al.: Reconfigurable structured light generation and its coupling to air–core fiber

Advanced Photonics Nexus 036015-3 May∕Jun 2023 • Vol. 2(3)

https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s2
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s1
https://doi.org/10.1117/1.APN.2.3.036015.s2
https://doi.org/10.1117/1.APN.2.3.036015.s2
https://doi.org/10.1117/1.APN.2.3.036015.s2


generated at the output of the QWP. Then the beam passes
through BS2 and is coupled into the air–core fiber by an objec-
tive lens (OL1). After the transmission in the air–core fiber, the
structured light beam is collimated by OL2. CCD1 and CCD2
capture the intensity profiles of generated structured light beams
before and after fiber transmission, respectively. Remarkably,
BS2 is used for capturing the free-space structured light,
whereas BS1 applied due to the SLM is a polarization-sensitive
device. Such two BSs lead to a 9-dB loss, which is a disadvant-
age for power-limited structured light beam applications. Thus
one can further improve the transmission efficiency of this setup
by removing the two BSs (see S7 in the Supplementary Material
for details).

2.2 Polarization Reconstruction of Structured Light
Beams

To verify the generated structured light beams, an approach is
developed to measure the polarization distributions of structured
light beams, especially for vector beams. Figs. 2(a)–2(g) illus-
trate the polarization reconstruction process of vector beam with
mode order l ¼ 1, whereas Figs. 2(h)–2(n) correspond to mode
order l ¼ 10.

Noting that the polarization of the uniform polarized beam
can be described by Stokes parameters, we achieve the

polarization measurement of the vector beams by calculating
the Stokes parameters of each point at the transverse plane.
Stokes parameters are known to be calculated as

8>>><
>>>:

S0 ¼ IX þ IY
S1 ¼ IX − IY
S2 ¼ Iþ45 − I−45
S3 ¼ IR − IL

; (3)

where S0 − S3 represent four Stokes parameters. IX, IY , Iþ45,
and I−45 correspond to the intensity of light passing through
a polarizer whose direction is adjusted to x, y, þ45 deg, and
−45 deg, respectively. IR corresponds to the intensity of light
passing through a þ45 deg directional QWP and an x-direc-
tional polarizer, representing the right-circularly polarized com-
ponent. IL corresponds to the intensity of light passing through a
þ45 deg directional QWP and a y directional polarizer, repre-
senting the left-circularly polarized component. For cylindrical
vector beams, by recording six different intensity profiles, one
can easily calculate the Stokes parameters of each point at the
beam transverse plane. Thus the function of the light field can be
calculated employing the known Stokes parameters of each
point, which can be written as

Fig. 2 Polarization reconstruction of cylindrical vector beams. Measured intensity profiles of a
vector beam with mode order l ¼ 1 after propagating through (a) an x -polarized polarizer;
(b) a y -polarized polarizer; (c) a þ45 deg directional QWP and an x -polarized polarizer; (d) a
þ45 deg polarizer; (e) a −45 deg polarizer; (f) a þ45 deg directional QWP and a y -polarized
polarizer; (g) intensity profile and polarization distribution of the vector beam with mode order
l ¼ 1. Measured intensity profiles of a vector beam with mode order l ¼ 10 after propagating
through (h) an x -polarized polarizer; (i) a y -polarized polarizer; (j) a þ45 deg directional QWP
and an x -polarized polarizer; (k) a þ45 deg polarizer; (l) a −45 deg polarizer; (m) a þ45 deg
directional QWP and a y -polarized polarizer; (n) intensity profile and polarization distribution of
the vector beam with mode order l ¼ 10.
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�
EX ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ S1∕S0Þ∕2

p
· cos φ

EY ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − S3∕S2Þ∕2
p

· cos½φþ tan−1ðS3∕S2Þ�
; (4)

where EX and EY describe the simple harmonic vibration func-
tions of light in two orthogonal directions. φ represents the
transmission and vibration phase of light, usually described
as φ ¼ k · z − ω · tþ φ0. Thus the trajectory of the beam vector
determined by EX and EY can be calculated by taking the value
of φ from 0 to 2π in the parameter equation system about φ.

By capturing the intensity profiles of IX , IY , Iþ45, I−45, IR,
and IL, as shown in Figs. 2(a)–2(f) or Figs. 2(h)–2(m), respec-
tively, we calculate the Stokes parameters and then give the
polarization of each point. It is worth mentioning that all the
intensity profiles are divided into many small matrices in order
to facilitate the final marking of the polarization in the
reconstruction figure, such as in Figs. 2(g) and 2(n).

2.3 Reconfigurable Structured Light Beams Generated
in Free Space

Loading the seventh order hologram (l ¼ 7) onto the SLM, by
adjusting the polarization devices in the experimental setup, we
obtain diverse structured light beams, such as x-polarized OAM
beams, x-polarized LP beams, circularly polarized OAM beams,
and vector beams in free space. CCD1 in Fig. 1(d) is used to
capture the intensity profiles of the generated beams.

Figure 3 displays all types of structured light beams with the
seventh order generated in our setup. We record the intensity
profiles and reconstruct the polarization distributions of x-polar-
ized OAM beams with opposite topological charges (i.e., þ7
and −7), as shown in Figs. 3(a) and 3(b). Moreover, we record
the intensity profiles of OAM beams interfering with Gaussian
beams in order to verify the topological charge of OAM beams,
as inserted into the right side of Fig. 3(b). The upper one denotes
the interference intensity profile of OAM mode in Fig. 3(a),

Fig. 3 Intensity profiles and polarization distributions of diverse seventh-order structured light
beams generated in free space. (a), (b) x -polarized OAM beams, insets are interference intensity
profiles of them. (c), (d) x -polarized LP beams. (e), (f) Circularly polarized OAM beams, insets are
interference intensity profiles of them. (g), (h) Vector beams. (i)–(l) Four different vector beams;
insets are intensity profiles of vector beams passing through different directional polarizers.
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whereas the bottom one corresponds to the interference intensity
profile of OAM mode in Fig. 3(b). Figures 3(c) and 3(d) illus-
trate the obtained x-polarized LP beams, with orange vertical
lines marked to distinguish different LP modes. Circularly po-
larized OAM beams with opposite topological charges, men-
tioned as poles on HOPS, are shown in Figs. 3(e) and 3(f).
For circularly polarized OAM beams, green lines indicate the
right circular polarizations, whereas red lines indicate the left
circular polarizations. Similarly, interference intensity profiles
are also inserted into the right side of Fig. 3(f). The upper
one denotes the interference intensity profile of the OAM mode
in Fig. 3(e), whereas the bottom one corresponds to the inter-
ference intensity profile of the OAM mode in Fig. 3(f).

Figures 3(g) and 3(h) display the intensity profiles and polari-
zation distributions of two different seventh-order vector beams.

Four vector beams with different polarization distributions
are generated in this experimental setup by adjusting the polari-
zation devices, as illustrated in Figs. 3(i)–3(l). They possess a
measured average polarization purity of 94.0% (94.2%, 93.3%,
94.3%, and 94.3%) for four different vector beams, respectively
(see S9 in the Supplementary Material for details).45,46 Intensity
profiles of four different vector beams passing through different
directional polarizers are also displayed, as shown in Figs. 3(i)–
3(l). Orange vertical lines are marked to distinguish these LP-
like intensity profiles. With the rotation of polarizer (from hori-
zontal to 45 deg, vertical, −45 deg), lobes in Figs. 3(i) and 3(k)
rotate clockwise, whereas lobes in Figs. 3(j) and 3(l) rotate
counterclockwise.

2.4 Diverse Structured Light Beams after Transmission
through Air–Core Fiber

Noting that the air–core fiber is a strongly guiding fiber (LP
beams are not supported in air–core fiber), only free-space vec-
tor beams and OAM beams are coupled into the air–core fiber.
By adjusting the divergence of such free-space structured light,
the size match between focused structured light and ring-shaped
fiber core can be accomplished. Hence, fifth to seventh OAM
beams and vector beams can be coupled into the air–core fiber
with losses <5 dB, as displayed in Fig. 4. Vector 1 to vector 4
represent four different vector beams generated in the interfero-
metric loop (see S1 in the Supplementary Material for details).

The quality of output beam is another way to prove that ac-
curate coupling of higher-order modes is accomplished in our
scheme. We accordingly capture the intensity profiles of
OAM beams and vector beams output from the 5-m air–core
fiber using CCD2, as shown in Fig. 5. It can be seen from
Figs. 5(a)–5(d) that x-polarized and circularly polarized

Fig. 4 Coupling losses of the fourth to seventh OAM and vector
beams. RCP, right circular polarization; LCP, left circular polari-
zation; and XP, x polarization.

Fig. 5 Diverse seventh-order structured light beams after 5-m air–core fiber transmission, insets
above figures (a)–(d) are their interference intensity profiles, respectively. (a), (b) x -polarized OAM
beams; (c), (d) circularly polarized OAM beams; and (e)–(h) vector beams.
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OAM beams still possess the same uniform polarization distri-
butions after transmission of air–core fiber. In addition, all the
interference intensity profiles of OAM beams and fundamental
Gaussian beams are recorded, demonstrating the high purity of
output OAM beams (see S8 in the Supplementary Material). For
output vector beams, they still remain periodic polarization dis-
tributions, as shown in Figs. 5(e)–5(h). Polarization purity of the
fiber-guided vector beams are also calculated, possessing an
average polarization purity of 91.6% (92.9%, 90.8%, 91.1%,
and 91.5%) for four different vector modes, respectively (see
S9 in the Supplementary Material for details).

3 Conclusion
In summary, we propose and experimentally demonstrate a re-
configurable structured light beam generator. Diverse structured
light beams, such as OAM beams, LP beams, and vector beams
with controllable mode orders and sizes are generated in free
space. For ring-shaped uniformly polarized OAM beams and
ring-shaped nonuniformly polarized cylindrical vector beams,
we measure the Stokes parameters of each point at the transverse
plane to reconstruct the polarization distributions for distin-
guishing these two beams. In order to produce and transmit
higher-order structured light beams in optical fiber, we couple
the generated fifth- to seventh-order OAM beams and vector
beams into 5-m air–core fiber. Low coupling loss (<5 dB for
all supported modes) and high purity of structured light beams
are obtained, further proving that we have produced and trans-
mitted stable structured light beams in fiber.

There are already some other devices to generate structured
light beams, including digital micromirror devices,47 metasurfa-
ces,48 Q-plates,49 and J-plates.50 Digital micromirror devices are
another kind of free-space device to tailor the spatial transverse
structure of light beams, which might be used to replace the SLM
in the interferometric loop. Although metasurfaces, Q-plates, and
J-plates can also generate structured light with high robustness,
they are usually not reconfigurable. Hence, the single-SLM
Sagnac loop approach in this study takes advantage of both high
robustness and reconfiguration. Such reconfigurable structured
light beams generator may act as a useful scheme for various
free-space and fiber-optic applications based on structured light
beams, such as SDM communications, optical tweezers, optical
sensing, superresolution imaging, and quantum optics.
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