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ABSTRACT: The optical orbital angular momentum (OAM) is
regarded as a new dimension for next-generation communication
systems for its potential to break the Shannon limit of communication
capacity. However, since OAM modes cannot be stably transmitted in
conventional fibers, all of the OAM communication schemes proposed
so far primarily utilize specialty fibers or multimode fiber (MMF) with
weak mode coupling to transmit OAM modes, which hinders the
widespread application of OAM communication. Here, we demonstrate
the OAM communication in commercial MMF with strong mode
coupling by utilizing the transmission matrix (TM) method, for the first
time as far as we know. After measuring the TM of MMF, we first
experimentally realize the demultiplexing of up to S superimposed
OAM modes after transmission over MMF with high separation
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accuracy. Then, the validation of our scheme is further verified by demonstrating dual-channel OAM shift keying and OAM division
multiplexing communication in commercial MMF experimentally. This new method exhibits a huge potential for implementing
high-capacity and low-crosstalk OAM communication in conventional MMF, which opens a path toward commercial OAM fiber
communication and inspires more applications of OAM in commercial MMF.
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B INTRODUCTION

Over the past 40 years, the optical communication based on
polarization,1_3 wavelength,4’5 amplitude,6 and phase7’8 of light
has significantly improved the data-carrying capacity of
communication systems. As the capacity of the conventional
optical communication system gradually reaches the nonlinear
Shannon limit,”'° the exploration of new schemes to break the
capacity limitation has significant importance.'”'* The optical
orbital angular momentum (OAM), which is carried by optical
vortex beams (OV), has been proved to be a promising tool to
address the forthcoming capacity crunch.””~" OVs have
helical phase distributions in their electric fields that are
proportional to the azimuthal phase term of exp(ilf), where 6
is the azimuthal coordinate and / is the topological charge.'®'”
OVs with different / are orthogonal to each other, which makes
it possible to use the OAM states as the communication
channels."®'” More compelling and attractive, in contrast to
spin angular momentum (SAM), which has only two states of
+ h, the theoretically unlimited values of / provide an infinite
number of orthogonal OAM eigenstates, which can infinitely
elevate the capacity of a communication system.”’~** There-
fore, there has been enormous enthusiasm on OAM
communication.

Depending on the propagation medium of the OAM mode,
the OAM communication can be classified into free-space
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optical (FSO) OAM communication” *° and OAM fiber
communication.”’ >’ Considering that the transmission of
light in free space is vulnerable to the environment,”"** OAM
fiber communication using fibers as mode containers holds
greater potential for achieving long-distance OAM communi-
cation. Early studies on OAM fiber communication utilized
specially designed vortex fibers to achieve stable transmission.
The first experimental demonstration of OAM fiber
communication was implemented in a specially designed ring
core fiber (RCF).”” Since then, photonic crystal fibers
(PCFs),>*** air core fibers (ACFs),>*° and multicore
RCFs’”*® have been used to realize the OAM fiber
communication. All of these works have highlighted the robust
capability of OAM modes in expanding communication
capacity and have propelled the development of OAM fiber
communication.

However, these specially designed vortex fibers exhibit some
drawbacks that hinder the commercial use of vortex fibers. The
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main disadvantage lies in the structure of these special vortex
fibers. To support the transmission of OAM modes, vortex
fibers usually require complex structures such as a multilayer
structure, a multicore structure, or a photonic crystal structure.
The complex structures for mode spacing enhancement
increase the manufacturing difficulty and reduce the fabrication
tolerance. At the same time, the complex fiber structure also
necessitates additional materials and more intricate manufac-
turing processes, which significantly raise the manufacturing
costs of the vortex fibers. Besides, many currently widely used
optical fiber communication networks are built on traditional
multimode fibers (MMFs). The use of specialized vortex fibers
leads to compatibility issues and impacts the overall efficiency
of fiber systems. Therefore, in order to further promote the
practical and commercial application of OAM fiber commu-
nication, it is of fundamental importance to realize the OAM
communication process in standard commercial MMEF.
Although some studies have reported OAM communication
in MMF with weak mode coupling by utilizing the super-
position of MMF’s eigenmodes,””*’ the transmission of OAM
modes in MMF is inherently unstable’® due to the mode
coupling effect between different OAM modes. Therefore, in
the strong mode coupling regime, such as long-distance
transmission, these schemes fail to achieve stable OAM
communication due to the increased intermode crosstalk.""

In this paper, we demonstrate the OAM communications in
commercial MMF with strong mode coupling for the first time
to our knowledge. We first measure the OAM-basis trans-
mission matrix (TM) of the MMF, which reveals the physical
mechanism of the optical process in MMF and provides an
effective method for manipulating the transmission process of
OAM modes in MMF. Subsequently, we employ the measured
TM to realize the mode conversion between OAM modes in
MMEF, thereby achieving the demultiplexing of superimposed
OAM modes after transmission over the MMEF. The
corresponding demultiplexing accuracy exceeds 87% under
the condition of S multiplexed OAM modes. To further
illustrate the validity and feasibility of our scheme, we
implement both the OAM shift keying (OAM-SK) commu-
nication with a low symbol error rate (SER) of about 5% and
the OAM division multiplexing (OAM-DM) communication
in commercial MMF with low crosstalk. The experimental
results verify the success of our scheme in utilizing the TM
method to realize the OAM communication in commercial
MMEF with strong mode coupling. As a result, our
demonstration presents a viable approach for the demultiplex-
ing of overlay OAM modes transmitted over MMF, paving the
way for practical OAM fiber communication.

B THEORY

In a typical MMF excited by monochromatic light, coupling
between modes significantly interferes with the transmission
process within the fiber. Highly structured patterns can be
detected at the output of the fiber, similar to those observed in
scattering media. For this reason, wavefront shaping techniques
widely used in modulating scattering media can be applied to
control the transmission of lightzu_43 or even transmit
images44 through fibers, including the TM method. The TM
method for MMF indicates that the light field at the output of
MMEF is related to the input field through a TM, which is
written by
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where k,,, is the element of the TM. E0* is the mth mode of
the output field, and E.}' is the nth mode of the input field. The
measurement of the TM requires the use of a complete set of
orthogonal bases, with the Hadamard base being the most
commonly employed. OAM modes also form a complete set of
orthogonal bases, and the corresponding measured TM is
referred to as the OAM-basis TM, which allows for better
modulation of the transmission of OAM modes.*> Therefore,
we construct the OAM-basis TM by using N OAM modes as
the orthogonal base, which is written by

out __ in
Yrs = Koam X,

OAM ()
out

where Y3 = [9™, -+, y"] is the output matrix, X5, = [« -,
] is the input matrix, and Kqay is the OAM-basis TM. The
output matrix and the input matrix refer to the complex
amplitude distribution of the light field. In the experiment, we
use a spatial light modulator (SLM) to modulate the input field
to match the input matrix. The subscripts FS and OAM
indicate which Hilbert space the matrix belongs to. X3,y is an
identity matrix because x)' is the eigen vector in OAM space.
TM is a complex matrix containing both amplitude and phase
terms. However, the existing detectors are intensity detectors
without the ability to directly obtain the phase term. We can
measure the TM using a full-field interferometry method such
as the four-step phase-shifting method (see Supporting Section
I for more details).

Figure 1 illustrates the schematic of OAM demultiplexing in
MMEF via the TM method. The initial beam is a Gaussian
beam. As shown in Figure 1a, the intensity distribution on the
output plane after transmission over MMF is chaotic and
irregular without modulation by the TM method. After
measuring the TM, the optical phase conjugation (OPC)
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Figure 1. Schematic of OAM demultiplexing in MMF via the TM
method. (a) Highly structured speckle patterns without the TM
method. (b) Focused OAM array generated by TM. (c)
Demultiplexing of superimposed OAM modes.
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Figure 2. OAM demultiplexing in MMF via the TM method. (a) Experimental setup. P, polarizer; HWP, half wavelength plate; L1—2, lens, f1—2 =
30, 200 mm; BS, beam splitter; SLM, spatial light modulator; M, reflecting mirror; FC, fiber coupler; MMF, multimode fiber. The insets at the
bottom show the speckle pattern and the focusing operator of measured OAM-basis TM, respectively. (b) Conversion between different OAM

modes in MMF.

method can be adopted to realize the focusing of the Gaussian
beam on an arbitrary position. The input matrix is given by

target

— ot
Xoam = Koam Yrs (3)
where Y38 corresponds to the target intensity distribution on
the output plane that is a Gaussian focus. And the
corresponding output field after loading the input matrix
XSanm 18

out

Y = Koan-Xewn = Koam K, Y“‘fget Ryl Y

(4)

where Koy - Koam = 11, indicating that the output field is
consistent with the target field. Since X obtained here is the
distribution in OAM space, we need to convert it to a spatial
distribution matrix by

m,FS - Z kmn Xn

where k%, represents the conjugation of the elements of Koy
The TM method tells us that as long as the complex amplitude
distribution of the input beam in free space matches the
obtained input matrix Ejj s, a Gaussian focus can be achieved
at the output field. If we add extra [ OAM to eq S, the
Gaussian focus will be transformed into a focused OAM spot
with a topological charge of I. The corresponding input matrix
is

©)

in
mFS - Z kmn Xt

So far, we have used the TM method to achieve the conversion
from the initial Gaussian mode to an arbitrary single OAM
mode. Furthermore, we calculate O different input matrices
that correspond to O different focused OAM modes and then
average them to obtain the final input matrix, which is written

by

(6)
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This final input matrix E™ can create an OAM array
composed of O different OAM modes with arbitrary positions
and topological charges lp, as shown in Figure 1b. If the initial
beam is multiplexed vortex beams rather than a Gaussian
beam, similar to the traditional antitopological charge
matching method,”*° the focused OAM spots matching the
incident OAM mode will be transformed into Gaussian-like
foci, thereby achieving the OAM mode demultiplexing in
MMEF, as shown in Figure Ic.

B RESULTS

OAM Demultiplexing in MMF. With the proposed TM
method, the demultiplexing of superimposed OAM modes in
MMF can be performed experimentally. The corresponding
results are shown in Figure 2, in which Figure 2a shows the
experimental setup. Overall, the experimental setup can be
divided into the OAM state preparation module and the OAM
demultiplexer module. The light source is a linearly polarized
continuous laser at the wavelength of A = 671 nm. A half-wave
plate (HWP1) after the laser is used to adjust the polarization
of the laser beam to the horizontal direction. The laser beam is
then expanded by a pair of lenses. The expanded beam is split
into a signal beam and a reference beam by BS1. There are
two-phase-only spatial light modulators (SLMs, 1920 X 1200
pixels, UPOLabs HDSLMS80R) to continuously modulate the
signal beam, where SLM1 is used to generate superimposed
OAM modes and SLM2 is used to load the input matrix. After
being modulated by SLM2, the shaped signal beam is coupled
into the commercial MMF with a length of 1 m. To introduce
strong mode coupling, we choose a fiber with a large core
diameter of 100 pm and apply stress to it. After transmission
over the MMF, the output beam is combined with the
reference beam via BS4. The intensity distribution of the
interference field is imaged by a charge-coupled device camera
(CCD, DAHENG IMAGING MER-131-210U3M/C). When
transmitting OAM mode directly, the camera will capture
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Figure 3. Demultiplexing of superimposed OAM modes after transmission over MMF. (a) Demultiplexing of superimposed OAM modes
consisting of 2 OAM modes with / = +1. (b) Corresponding separation accuracy. (c) Separation accuracies of 3, 4, and S overlay OAM modes.

speckle patterns as shown in the inset at the bottom of Figure
2a, which confirms the presence of strong mode coupling. The
reference beam is introduced to implement the four-step
phase-shifting method, which is removed after measuring the
TM. To measure the OAM-basis TM, we selected N = 804 LG
modes as the input basis vectors, with the radial index values
ranging from 0 to 3 and the angular index values ranging from
—100 to +100. Some of the LG modes are shown in the inset
at the top of Figure 2a. The modulation capability of the
measured TM can be characterized using the focusing operator
Koam - Kby The inset at the bottom right of Figure 2a shows
the Koay - Kbay of our measured TM, in which the uniform
strong diagonal distribution indicates that the measured TM
can generate focal points with nearly equal intensity at any
position on the output plane.

We first achieve the conversion between different OAM
modes in MMF via the TM method, as shown in Figure 2b. As
a proof of concept, the input beam is a single OAM mode with
I =0 or / = 1. The two-phase patterns computed by eq 6
achieve the conversion from the input Gaussian beam to
Gaussian focus (labeled by I) and focused OAM spot with
I = —1 (labeled by II), respectively. The last line shows the
intensity distribution of the output beam transmitted over the
MMEF. There are four different scenarios presented, with each
experimental path represented by a distinct color. The results
are clearly consistent with our expectations. By loading pattern
I to SLM2, the input mode is only focused without mode
conversion. If the loading pattern is II, as discussed above,
there will be an additional OAM with / = —1 added to the
input mode. The input OAM mode with /=0 will be
converted to a focused OAM spot with / = —1, while the input
OAM mode with / = 1 will become a Gaussian focus. Similar
to the antitopological charge-matching method widely used in
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OAM communication, the result indicates the ability of our
method to demultiplex OAM modes in MMF.

We further demonstrate the demultiplexing of 2 super-
imposed OAM modes with / = +1 after transmission over
MMEF, as shown in Figure 3a. The function of the loaded phase
pattern is to simultaneously generate a focused OAM spot with
I = —1 at position A and a focused OAM spot with / =1 at
position B, which is calculated by eq 7. Consequently, when
the input mode is single OAM mode with / = 1, a Gaussian
focus is formed at position A, and at position B, a focused
vortex spot with / = 2 is also formed. However, due to the
lower enhancement factor, no significant vortex-shaped focus is
observed. Similarly, when the topological charge of the input
OAM mode is — 1, a Gaussian focus will form at position B.
And when the input mode is the superposition of these two
OAM modes, these two OAM modes are, respectively,
converted to Gaussian focus at position A and position B,
thereby realizing the demultiplexing of them. Figure 3b shows
the corresponding separation accuracy P, for separating the
OAM mode with /,, which is defined by

IVI
hI (8)

where I is the average intensity of the separating region
corresponding to the OAM mode with /,, that is, the white
dashed circle at position A for the OAM mode with / = 1. And
the subscript m denotes that the topological charge of the input
mode is /. The corresponding separation accuracies for 2

n

overlap OAM modes are both more than 97%, as shown in
Figure 3b. Moreover, we investigate its ability to separate the
overlap OAM modes composed of more modes. Figure 3c
illustrates the demultiplexing results of 3, 4, and S overlap
OAM modes, with the corresponding separation accuracy
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Figure 4. Dual-channel OAM-SK communication in MMF. (a) Coding rule of OAM-SK. (b) Encoded data to be transmitted and the variation of
photon counts in the two channels. The data can be decoded by the photon count.

reaching over 95, 90, and 87%, respectively. As the number of
overlap modes increases, the separation accuracy gradually
decreases, which is primarily due to the same amount of energy
being distributed across multiple spatial regions, resulting in
decreased energy per point. We also demonstrate the
demultiplexing of 2 overlap OAM modes with different phases,
which shows the tolerance of our method to phase (see
Supporting Section II). The above results are repeatable, which
confirms the validity and stability of our TM method to realize
the OAM demultiplexing in MMF.

OAM-SK and OAM-DM Communication in MMF. The
result of OAM demultiplexing via the TM method
demonstrates its potential to realize OAM communication in
MME. To more comprehensively demonstrate the application
potential of our method, in this section, we present the
experimental results of both OAM-SK communication and
OAM-DM communication in MMF via the TM method. For
OAM-SK communication, the OAM mode is regarded as a
modulation format that enables the encoding of information by
dynamic switching of OAM modes.””*® For OAM-DM
communication, vortex beams carrying OAM are regarded as
carriers of signal, where different vortex modes correspond to
different communication channels.”**’

Figure 4 illustrates the result of OAM-SK communication in
MMEF. The detailed binary coding rule is shown in Figure 4a. A
6-bit binary byte “001011” is encoded by using OAM mode
with / = 1. Each bit value is assigned to be 1 or 0 on the basis
of whether the OAM mode exists or not. OAM mode is
continuously varying in the time domain to form the whole
byte. As proof of principle, we present a dual-channel OAM-SK
communication experiment here. We transmit a 10-bit binary
byte “1001001100” in Channel 1 encoded by OAM mode with
/ = 1and “0110100110” in Channel 2 encoded by OAM mode
with / = —1. For the simultaneous modulation of these two
channels, the signal beam is divided into two beams, with each

4427

beam incident on the left or right region of SLMI for different
OAM encoding. The phase patterns in SLM1 change over
time. After loading the demultiplexing phase pattern on SLM2,
the obtained Gaussian focus at the output of MMF is filtered
out by the pinhole and collected by a single-photon detector
(SPD) (see Supporting Section I1I for details about the setup).
The decoding of information can be achieved by analyzing the
photon count detected by SPD. For Channel 1, if the loaded
bit is “1” (input OAM mode with / = 1), the generated
Gaussian focus will lead to a sharply increased photon count.
By contrast, if the loaded bit is “0,” the photon count is very
low due to the vortex-shaped focus with low intensity in the
center, and the same applies to Channel 2. The experimental
result is shown in Figure 4b, in which the blue columns
represent Channel 1 and the red columns represent Channel 2.
For both channels, the SPD can collect around 4000 photons
per second under the condition of bit “1,” while for bit “0,” the
photon count drops to only about 250 per second. There is an
enhancement of over 15 times. By setting a threshold of 2000
photons, we can decode the collected data and achieve very
low error rates of about 5% in dual-channel OAM-SK
communication. As a proof-of-principle demonstration, our
demonstrated OAM-SK experiment exhibits a limited data rate
of approximately 1 bit per second (bps), which is a common
limitation of the OAM-SK communication scheme. Further
enhancement of the data rate is possible by utilizing
modulators with higher modulation speeds, such as a digital
micromirror device (DMD) spatial light modulator, which is
capable of operating at speeds above 10 kHz.

The OAM-DM communication in MMF is also realized via
our TM method. We set two multiplexed channels as the
proof-of-principle experiment. The OAM state preparation
module is adjusted to consist of two identical lasers at the
wavelength of 4 = 520 nm. One path of the laser beam is
modulated using the internal amplitude modulation of the laser
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Figure S. Dual-channel OAM-DM communication in MMF. (al) Demultiplexing results with different beams on. (a2) Numerical results of the
normalized intensity at positions A and B under different input conditions. (b) Loaded square wave signal at 10 kHz. (c, d) Sampled carrier signal
at 10 kHz before and after loading the demultiplexing phase pattern. (e—g) Encoded signal and decoded signals before and after loading the
demultiplexing phase pattern. (h—j) Sampled carrier signals at different internal modulation frequencies.

to load the square wave signal, which is labeled by beam I. The
other path labeled by beam II is not modulated with any signal.
These two beams are transformed into different OAM modes
with / = +1 by different SLMs, which are then multiplexed
together to generate the overlap OAM modes. After loading
the demultiplexing phase pattern calculated by the TM
method, these two beams are converted into different Gaussian
foci at the output of MMF. The Gaussian focus corresponding
to the modulated signal beam is filtered by a pinhole. Finally,
the carrier signal of the filtered beam is sampled by an
oscilloscope (see Supporting Section IV for more details).
The corresponding experimental result is illustrated in
Figure S. Figure Sal shows the result of demultiplexing. The
Gaussian focus corresponding to the modulated OAM beam
labeled by beam I is at the position A, and the Gaussian focus
corresponding to beam II without modulation is at the position
B. In order to more clearly demonstrate the low channel
crosstalk, the numerical results of the normalized intensity at
positions A and B under different input conditions are
illustrated in Figure 5a2. It can be seen that the intensity at
position A shows little variation between the I-on and both-on
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cases, and the corresponding separation accuracy defined by eq
8 is exceeding 95%, indicating a low channel crosstalk. The
Gaussian focus at position A is filtered out and sampled by an
oscilloscope. The loaded modulation square wave signal at 10
kHz is shown in Figure Sb. The sampled carrier signal of the
filtered beam without loading the demultiplexing phase pattern
calculated by the TM method is shown in Figure Sc. The
chaotic and irregular waveform indicates that the communi-
cation process is significantly destroyed by mode-coupling
effects in MMF. By contrast, after loading the demultiplexing
phase pattern, the sampled carrier signal illustrated in Figure
5d clearly demonstrates the characteristics of a square wave
signal. The interval between adjacent signals is 0.1 ms, which is
consistent with the frequency of the loaded modulation signal.
By setting an intensity threshold of 0.5, we can encode the
beam with “0” and “1” by the intensity. Figure Se shows the
encoded signal, and Figure 5fig shows the decoded signal
before and after loading the demultiplexing phase pattern. It is
clearly seen that after using the TM method, we successfully
demultiplex the modulated signal beam from the superimposed
OAM modes after transmission over MMF and obtain the
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correct decoded signal consistent with the encoded signal. The
results verify the success of OAM-DM communication in
MMEF via the TM method.

For a better demonstration of the performance of OAM-DM
communication in MMF via the TM method, we conduct
OAM-DM communication experiments at different internal
modulation frequencies of the laser. The results of the sampled
carrier signals after loading the demultiplexing phase pattern
are shown in Figure Sh—j, in which the modulation frequencies
are 50, 100, and 200 kHz, respectively. At low modulation
frequency, the obtained carrier signal aligns well with the
loaded modulation square wave signal. However, as the
frequency increases, the quality of the sampled carrier signal
gradually deteriorates. Although the periodic information on
the signal, namely, the signal interval, remains consistent with
the modulation frequency, the shape of the signal no longer
maintains a well-defined square form, indicating a significant
decrease in the duty cycle. This is mainly due to the inherent
limitation of laser’s internal modulation that the increased
modulation frequency leads to instability in amplitude
modulation. This limitation can be improved by using better
signal modulators.

Bl DISCUSSION AND CONCLUSIONS

This work demonstrates the demultiplexing of superimposed
OAM modes transmitted over MMF and realizes the OAM-SK
and OAM-DM communication in MMF with strong mode
coupling. There are still some details about our work that need
to be discussed. One crucial issue is the communication
capacity. In its present form, we only perform the OAM
communication process in MMF with only two individual
signal channels as proof of principle. However, the number of
signal channels can be easily expanded in practical applications
as it is determined by the result of OAM demultiplexing. In our
experiment, the number of overlay OAM modes that can be
effectively demultiplexed is up to S, which means that, in
principle, we can realize the OAM communication in MMF
with at least S individual signal channels. Considering that
different OAM modes are mutually orthogonal and the
scattering is a linear process, our TM method theoretically
enables the demultiplexing of an infinite number of over-
lapping OAM modes. However, the practical maximum
number of overlapping OAM modes is limited by the finite
dimensionality and resolution of the TM. This limitation can
be further improved by increasing the number of OAM eigen
vectors used to calculate the OAM-basis TM. TM with higher
dimensions can better characterize the transmission capability
of MMF, thereby enhancing the sorting and demultiplexing
ability of TM. Another important issue is the stability of our
TM method. The measured TM depends only on the
transmission characteristics of the system. When the trans-
mission characteristics of the scattering system change, it may
become necessary to measure a new TM applicable to the new
scattering system. In our experiment, the 1 m MMF is fixed
onto the optical platform, thereby reducing the probability of
deformation and ensuring the strong stability of our method.
Under other time-varying channel conditions, however, the
TM must be updated promptly. Given that our measurement
of the TM takes about 3 min, which meets the requirement for
basic communication but still falls short of achieving high-
speed communication, the temporal stability of our approach
cannot be fully guaranteed. Such limitation mainly stems from
the refresh rates of SLM and the detector. Therefore, the
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temporal stability of our method can be improved by using
high-speed SLMs and detectors.

Compared to the demultiplexing experiment, the separation
effect in the communication experiments is reduced. This is
primarily due to the adjustment of the OAM preparation
module, in which the generation of overlay OAM modes is
achieved by utilizing BS to superimpose two signal beams
instead of directly loading the overlap phase patterns. This
interference between two signal beams is inevitable and affects
the accuracy of the TM. This issue can be resolved by using a
pulsed laser and temporally separating the two beams. In
theory, the enhancement factor, which is the ratio of intensity
at the separation region and the mean intensity of the
background, should be comparable to the number of input
modes N = 804. However, the enhancement factor obtained in
demultiplexing is about 10S. This is mainly because the spot
sizes of OAM modes with different topological charges loaded
are inconsistent, which introduces measurement errors and
leads to a decrease in the enhancement factor. It is worth
noting that in this work, we have focused solely on the control
of OAM modes in MMF using the TM method. In fact, a
complete TM reveals the response of the scattering medium to
various optical properties of the incident light, including the
amplitude, phase, and polarization.”” For other types of
structured light, such as vector vortex beams, their character-
istics are similarly manifested in dimensions such as polar-
ization and phase, which means they can also be modulated by
the TM.>”*' Therefore, the simultaneous distinction of
multiple different dimensions of the optical field in MMF is
achievable via the TM method.

In conclusion, we have reported a novel scheme based on
TM to realize the OAM communications in commercial MMF
with strong mode coupling, for the first time to our best
knowledge. In the experiment, we first construct the OAM-
basis TM to control the transmission process in MMEF. After
measuring the TM and calculating the input matrix, we can
transfer the input superimposed OAM modes to different
Gaussian foci at different positions at the output of MMF,
thereby achieving the demultiplexing of overlay OAM modes,
similar to the antitopological charge matching. In our
experiment, we achieved demultiplexing of up to S OAM
modes with a separation accuracy exceeding 87%. The validity
of our scheme is further illustrated by performing the dual-
channel OAM-SK communication and OAM-DM communi-
cation experiments. With the ability to realize effective OAM
communications in commercial MMF, our work successfully
extended the OAM mode container to conventional MMEF,
holding the promise of enabling high-capacity and long-
distance OAM fiber communication. Compared to previous
works using vortex fibers with complex structures or only
applicable to weak mode coupling regime, our method is more
compatible with existing optical fiber communication net-
works, which paves the way for the practical and commercial
application of OAM fiber communication, and contributes to
the realization of next-generation OAM fiber communication
that break the existing limitation of communication capacity.
The utilization of TM also helps us to further understand the
physical mechanism of MMF, provides a new solution for
controlling the information process in MMF, and may inspire
more applications of OAM modes in MMF.
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B METHODS

Experimental Setup of OAM-SK Communication. The
experimental setup is shown in the Supporting Information.
The light source is a linearly polarized continuous laser at the
wavelength of 1=780 nm. The signal beam obtained after BS1
is divided into two beams by BS2. The two beams are
propagated onto the left and right regions of the SLM to
obtain different OAM modes, respectively. At the output of
MMEF, the output beam is further divided into two beams by
BS4. One beam is filtered out by a pinhole to extract the
intensity of light field on position A and the other beam is
filtered out to exact the intensity on position B. We use the
photon counts detected by SPD to evaluate the intensity.

Experimental Setup of OAM-DM Communication.
The experimental setup is shown in the Supporting
Information. The two lasers are both continuous lasers with
a wavelength of 4 = 532 nm. These two beams are modulated
by different SLMs to be transformed into different OAM
modes with [ = + 1. The internal modulation of laser 1
modulates the input beam I with a square wave signal. The
topological charge of beam I is [ = +1, while the topological
charge of beam II is [ = —1. BS3 is used to multiplex them to
prepare the overlap OAM modes. The following optical path is
just the same as those used in previous experiments. There is
still an interference path to measure the OAM-basis TM. After
loading the demultiplexing phase pattern calculated by the TM
method, two different Gaussian focuses are generated at the
output plane after transmission over MMF. The Gaussian
focus corresponding to the modulated signal beam is filtered
by a pinhole. Finally, the carrier signal of the filtered beam is
sampled by an oscilloscope.
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