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In free-space or in optical fibers, orbital angular momentum (OAM) multiplexing for information transmission
has been greatly developed. The light sources used were well coherent communication bands, and the fibers used
were customized. Here, we use an 810 nm femtosecond laser to generate optical vortices carrying OAM and then
feed them into two kinds of commercial step-index few-mode fibers to explore the transmission characteristics of
OAM modes. We also propose a method without multiple-input multiple-output digital signal processing to
identify the input OAMs. It is of great guiding significance for high-dimensional quantum information
experiments via the OAMs as a degree of freedom, using the light generated by the spontaneous parametric
down-conversion as the source and the commercial fibers for information transmission.
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In recent years, with the rapid development of internet,
cloud computing, large data centers, and Internet of
Things applications, the demand for network bandwidth
has shown a relatively high-speed growth trend, and the
surge of network traffic has brought great challenges to
information and communication networks. The expansion
technology of fiber communication networks will become
the key to coping with the dramatic growth of network
data streams. The existing optical network expansion
technologies, such as wavelength-division multiplexing
(WDM), frequency-division multiplexing (FDM), time-
division multiplexing (TDM), and polarization-division
multiplexing (PDM) all use single-mode fibers (SMFs)
as transmission medial?. However, with the continuous
development and progress of these technologies, the non-
linear effect of SMFs is aggravated, and their capacity
gradually approaches the nonlinear Shannon limit?.
Therefore, the expansion of fiber communication requires
space-division multiplexing (SDM) based on spatial di-
mensions. SDM has been shown to be a promising way
in free-space and fiber communications2~.
Mode-division multiplexing (MDM), as a subset of
SDM, has attracted research interest, because it can
increase the data transmission capacity in fibers. Many
mode bases can be used in MDM, where the orbital angular
momentum (OAM) mode is a special mode base that has
received wide attention®. An OAM mode with a helical
phase of exp (i) carries an OAM of £# per photon, where
¢ is the topological charge, 7 is the reduced Planck con-
stant, and ¢ is the azimuthal angle?, respectively. In prin-
ciple, £ can take any integer ranging from —oo to +o0, and
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OAM modes with different # are intrinsically orthogonal,
which provides the potential of applying OAM as a degree
of multiplexing freedom to achieve the higher capacity.

OAM multiplexing in specially designed fibers has been
demonstrated without multiple-input multiple-output
digital signal processing (MIMO-DSP)2Y. OAM multiplex-
ing with large crosstalk in few-mode fibers (FMF's) has been
also demonstrated by MIMO-DSPX2. Although the spe-
cially designed fibers for transmitting the OAM modes can
dramatically inhibit the inter-mode crosstalk without
MIMO-DSPY it is difficult to produce them on a large
scale because of their complex structure and high manufac-
turing cost. Therefore, the most promising fibers for trans-
mitting the OAM modes are still commercial step-index
and graded-index fibers. In recent years, there have been
some reports on MDM in the above two kinds of fibers,
showing impressive performance™?™. In addition, with
the development of high-dimensional quantum cryptogra-
phy™, the demand for single-channel information carrying
capacity in quantum optics experiments is also increasing.
Considering that many devices, such as silicon avalanche
photodiodes (Si-APDs) single-photon detectors, have high
efficiency and low noise near 810 nm, this band is widely
used in quantum information experiments™.

Here, we use a femtosecond (fs) laser at a central wave-
length of 810 nm with pulse duration of ~140 fs and a rep-
etition rate of 80 MHz, as light source, to generate the
OAM modes. We couple the OAM modes with different
topological charges into two kinds of commercial step-
index fibers (G652B and OFS-1550TMF), respectively.
For the G652B fiber, it is an SMF at 1310 nm, but becomes
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a two-mode fiber (TMF) at 810 nm we used here. We ex-
plore the propagation characteristics of the OAM modes
in the G652B and OFS-1550TMF FMFs at 810 nm. We
find that during the transmission, the handedness of the
OAM mode is hard to be maintained completely, but its
absolute value (i.e., topology of the OAM mode) can be
protected. Because of this characteristic, we present to
identify the absolute value of the OAM mode (i.e., topol-
ogy), which is MIMO-DSP free.

Under the scalar approximation, linearly polarized (LP)
modes are eigenmodes in the weakly guiding fibers. Using
the vector wave equation, the vector eigenmodes can be
obtained. The fundamental mode LP;, can be decomposed
into two orthogonally polarized HE?, and HE{, with the
degenerate effective refractive index (i.e., degenerate
propagation constant). The first high-order solution LP;
under the scalar approximation can be decomposed into
four vector-mode bases of TM,, HEE\{CH/ Odd, and TEg;.
HES'" and HESY are degenerate because their effective
refractive-index difference is only ~10~?, while TE,;, and
TM,; are non-degenerate. For the high-order mode
LP,; (m > 1), the vector-mode bases of EH}, and

m—

EHOM, | as well as HES'} | and HEOY, | are degenerate,
respectively. In another word, these vector eigenmodes
are divided into two different groups.

We now discuss the propagation characteristics of OAM
modes in G652B and OFS-1550TMF FMFs. The axial
symmetry of the OAM modes makes them more efficient
in coupling with fibers. For the first-order and high-order

OAM modes®2 we have
OAME, | = HEg — jHEg™,
OAMle - TEOI - iTMOl}
OAMEI,I - TEOI + Z'TMOI)

OAMEL1 = HEg(lld + ‘HE$", (1)
and
OAMim,l = HE?SJ?U - ZHE:ﬁnlp
OAMY, | = EH)lY, | —EH |,
OAM£7n,1 - EH%@M + ZEH(;:LSnlu
OAMﬁmJ = HE?ﬁiﬁm + HEJ®S |, (2)

where L and R represent the left- and right-handed
circularly polarized components, respectively.

The experimental setup is shown in Fig. 1, in which the
light source is a fs laser at a central wavelength of 810 nm
with a pulse duration of ~140 fs, a repetition rate of
80 MHz, and a spectral width of ~7 nm. The output beam
from the fs laser is coupled into SMF1 to perform the spa-
tial filtering and to preserve the fundamental Gaussian
mode. The output beam from SMF1 is collimated by C1,
and then its polarization state is controlled by the first set
of quarter-wave plates (QWPs), half-wave plates (HWPs),
and polarizing beam splitter (PBS1) to be horizontally
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Fig. 1. Diagrammatic sketch of experiment setup. Laser, fs laser
at a central wavelength of 810 nm with pulse duration of ~140 fs
and repetition rate of 80 MHz; PBS, polarizing beam splitter;
SLM, spatial light modulator; .11, L12, .21 and L.22, lenses with
the same focal length of 100 mm; AL1 and AL2, aspheric lenses;
SFS, spatial filtering system; SMF, single-mode fiber; FMF,
few-mode fiber; CCD, charge coupled device. Insets (a) and
(b) show the refractive-index difference profiles of the G652B
and OFS-1550TMF fibers, respectively.

polarized, due to the requirement of spatial light modula-
tor (SLM1). The first-order diffraction from the forked
grating loaded on SLMI is extracted by spatial filtering
system (SFS1), which includes P1 and a 4f system com-
posed of L11 and L12. The extracted first-order diffraction
with a helical phase of exp(iZg) is a horizontally polarized
vortex beam carrying an OAM of ZA per photon. The set
of HWPO and QWPO changes the LP vortex beam to be
circularly polarized. After focusing by an aspheric lens
(AL1) of f = 11 mm, the circularly polarized vortex beam
is coupled into an FMF (G652B or OFS-1550TMF). The
output beam from the FMF is collimated by C2 and then
is converted by the second set of QWP, HWP, and PBS2
to be horizontally polarized. We now need to measure the
propagation characteristics of OAM modes in FMFs. The
measurement involves two steps: (i) the measurement of
the intensity pattern and (ii) the projection measurement
of OAMs. The two measurement steps can be switched
on/off by the reflector mounted on a manual flipper.
When the reflector is inserted into the beam path, the
intensity patterns will be detected by a CCD. When
the reflector is lifted, the beam is incident on SLMZ2,
and the projection measurement of OAMs can be carried
out. To perform the projection measurement of the OAM
spectrum, the forked gratings with different topological
charges are loaded on SLM2 in turn. The OAM compo-
nent we want to measure of the output beam from the
FMF can be converted by the forked grating with the suit-
able topological charge into the fundamental Gaussian
mode that is the first-order diffraction from SLM2. It is
extracted and filtered by SFS2, which includes P2 and an-
other 4f system composed of L.21 and L22. The extracted
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fundamental Gaussian mode is coupled by AL2 into
SMF2 and then is detected by the power meter. One
should point out that in all the experiments below, the
beams incident into the FMF's are all right-handed circu-
larly polarized.

In addition, we need to slightly adjust the orientations
of QWP0 and HWPO to reduce the mode coupling as
much as possible when the vortex beam carrying a certain
OAM propagates in the FMF, which is in fact equivalent
to diagnosing the propagation matrix. It reduces the
large number of MIMI-DSP caused by unnecessary mode
coupling.

We first explore the propagation behavior of vortex
beams carrying OAM in the G652B fiber. For the light
at a wavelength of 810 nm, the G652B fiber is a TMF.
As shown in the first row of Fig. 2(a), the holograms
loaded on SLM1, corresponding to the forked gratings
with £ = —1, 0, 1, are used to generate three vortex beams
carrying OAMs of £ =—1, 0, 1 (in the units of #), as
shown in the second row of Fig. 2(a). Each of the three
vortex beams is coupled into three G652B fibers with
different lengths (15, 150, and 1500 m), respectively.
The total intensity patterns of the output beam from the
G652B fibers are shown in the last three rows of Fig. 2(a).
One can see that for the input beam with OAM = 0,
the output beams from the three different-length G652B
fibers exhibit all near Gaussian profiles (with the respec-
tive transmittances of 78%, 71%, and 52%).
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Fig. 2. Experimental results of right-handed circularly polarized
vortex beams with OAM passing through the G652B fibers with
different lengths. (a) From top to bottom, it depicts the holo-
grams loaded on the SLM (from left to right depicts input
OAM = —1,0, 1), generated mode intensity profiles after passing
the 4f system, intensity profiles output from 15, 150, and 1500 m
optical fiber, respectively. Then, (b), (c), and (d) are projection
measurements corresponding to the last three rows of (a),
respectively.

However, for the input beams with OAM # 0, the out-
put beams have different profiles for the three different-
length G652B fibers. As shown in Fig. 2(a), the intensity
patterns can be decomposed into two components, one is
paired half-moons (with its intensity 7,,,,,) and the other
is donut-like background (with its intensity Igy.). For
the case of input OAM = —1, the contrast (/,on —
Taonut)/ Taony Of the paired half-moons is low (relative
to the case of incident OAM = 1 with the same length)
and changes little with the increase of propagation length.
However, for the case of input OAM = 1, when the propa-
gation length order is less than kilometers, the contrast of
the paired half-moons does not monotonically change,
but when propagation length is longer than kilometers,
the contrast obviously decreases. The reasons will be
elaborated on below.

In order to quantify the analysis, we carry out the
projection measurement of the OAM spectra of the
output beams from three different-length G652B fibers.
The measured matrices are shown in Figs. 2(b)-2(d), cor-
responding to the fiber lengths of 15, 150, and 1500 m,
respectively. Each element of the matrices is the percent-
age of normalized intensity. In the case of the 15 m G652B
fiber, we can see that for the input OAM = —1 (0 and 1),
the output component of OAM = —1 (0 and 1) has the
largest fraction of 70.7% (77.2% and 63.4%). In other
words, the dominant component of the OAM spectrum
of the output beam is the same as that of the input beam.
In contrast, for the two cases of 150 m and 1500 m G652B
fibers, the situations are different. In the 150 m G652B
fiber, for the case of the input OAM = —1 (OAM = 1),
the strongest OAM component of the output beam is
OAM = 1 (OAM = —1), which is different from (the same
as) the input OAM. In the 1500 m G652B fiber, more
fraction of the input beam of OAM =1 (OAM = —1) is
converted into the mode of OAM = —1 (OAM = 1), with
the fraction of 38.5% (42.7%). That is to say, the maxi-
mum component in the OAM spectrum of the output
beam is reversed with respect to the input OAM value.
However, for the case of the input OAM = 0, the strongest
OAM component of the output beam is still OAM =0, a
smaller fraction of the input beam is converted into the
components with OAM = —1 and 1, and the fraction is
slightly increased from 22.8% to 27.7% by increasing
the fiber length from 15 m to 1500 m.

In the TMF as the G652B fiber, as shown in Eq. (1), the
right-handed circularly polarized OAM = 1 (OAM = —1)
mode is decomposed into TEy; — iTMy; (HES{ + iHES ).
After calculating, we obtain an effective refractive-index
difference of ~107 between HES™ and HE$Y, while
that of ~107% is between TEy; and TMy; . During the propa-
gation, therefore, the beat frequency formed by TEj; and
TMy, is 10° times that formed by HESY® and HES{d. The
handedness of OAM cannot be maintained in the G652B
fibers, but the absolute value of OAM can be maintained.

We now explore the propagation characteristics of the
vortex beam carrying the OAMs in the OFS-1550TMF
fiber. For the high-order modes, the only two groups of
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effective refractive indices for any order modes, as men-
: . even odd aq aq even

tioned above, EHT'®} | and EH{C, | as well as HEJ? |
and HE® | are degenerate, respectively. The first rows

m

of Figs. gﬁ and 3(b) are the forked gratings for generat-
ing the input beams carrying different OAMs. The second
rows of Figs. 3(a) and 3(b) correspond to the intensity pat-
terns of the input beams (carrying OAMs from —5 to 5)
before entering the OFS-1550TMF fiber. The third rows of
Figs. 3(a) and 3(b) show the intensity patterns of horizon-
tal LP components of the output beams from the OFS-
1550TMF fiber. We can find the following characteristics:
(i) for the input beams of OAM = £¢, the number of
strong spots in the azimuthal direction is 27 instead of
¢; (ii) when the two input beams carry the opposite
OAMs, the intensity patterns of both output beams are
complementary; (iii) for the two input OAMs with the
same order but opposite signs, one of the two outputs
has the higher contrast, but the other has the lower
one. That is to say, the two contrasts cannot be maxi-
mized at the same time.

From the projection measurement result of the OAM
spectra of the output beams, as shown in Fig. 4(a), we find
the following characteristics. (i) Similar to the phenomena
observed in the G652B fiber, for the input beams with
OAM =7 # 0, the OAM spectra of the output beams
from the OFS-1550TMF fiber have two output maxima
with OAM = +7, respectively. The OAM spectra exhibit
the broadening phenomena. (ii) Except for the four input
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Fig. 3. Experimental results of light with OAM passing through
OFS-1550TMF optical fibers of 150 m length. The graph is
divided into two parts: (a) corresponds to OAM =0, 1, 2, 3,
4, and 5, and (b) corresponds to OAM =0,—1,—2,—3,—4,
and —5. Each part is divided into three rows, corresponding
to grating, and the intensity distribution of incident light and
emitted light, respectively.

beams with OAM = —5,3,4, and 5, the output OAM
spectrum of any one with OAM = ¢ among the other
seven input beams has the two local maximum compo-
nents of OAM = +¢. (iii) Except for the two input beams
with OAM = 4 and 5, the output OAM spectrum of any
one with OAM = # among the other nine input beams
has the strongest component of OAM = #. Therefore,
the OAM value of the input beam can be identified or
diagnosed according to the OAM spectrum of the output
beam.

From the projection measurement results, it is not dif-
ficult to understand the reason why the intensity patterns
of the output beams exhibit the ring multi-spot distribu-
tion, which originates from the interference between the
components of OAM =¢ and OAM = —¢. The back-
ground is still a donut-like intensity ring because of the
different intensities of the components with OAM = ¢
and OAM = —7.

Based on the experimental results, we find that
although the handedness of OAM cannot be maintained
during the transmission process in the FMFs, the topology
(the absolute value of OAM) can be maintained, which is
independent of the fiber length. Therefore, if the OAM is
used to encode the parameters, it is easy to introduce the
error codes. However, we can use the intensity sum of the
OAM components with the opposite OAM = +¢ of
the output beam from the FMF to identify or diagnose
the absolute value of OAM of the input beam. We then
propose to use the topological property of OAM for encod-
ing. As shown in Figs. 4(b) and 4(c), the input beams with
OAM =0,1,2,3,4,5 (or OAM =0,—1,—2,—3,—4,-5)
correspond to six codes. In other words, the topological
property of the input beam can be identified or diagnosed
by the OAM (absolute) value corresponding to the strong-
est component in the OAM spectrum of the output beam.
Correspondingly, the coding can be decoded. We find
that although the topological coding loses a half of the
available channel capacity, it brings obvious advantages.
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Fig. 4. OAM spectra of the output beams from the OFS-
1550TMF fiber and the encoding results. (a) shows the
results of projection measurement for the input beams with
OAM = 0,+1, 42,43, 44, and +5. If OAM =0, 1, 2, 3, 4, 5
are used for encoding, the results are shown in (b), and if
OAM =0,—1,—2,—3,—4,—5 are used for encoding, the results
are shown in (c).
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(i) Tt has the higher contrast, stronger anti-jamming abil-
ity, and higher robustness. (ii) Although the OAM spec-
trum of the output beam is related to the length of fiber,
the topological property of OAM is independent of the
length of fiber. (iii) If encoding with the OAM, the sender
and the receiver should “negotiate” the encoding list in
advance; but, encoding with the topological property of
OAM does not require “negotiation”. (iv) The input codes
can be determined directly from the strongest component
of the output OAM spectrum, without resorting to the
inefficient MIMO-DSP process.
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