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With the amplitude, time, wavelength/frequency, phase, and polarization/spin parameter dimensions of the light
wave/photon almost fully utilized in both classical and quantum photonic information systems, orbital angular momen-
tum (OAM) carried by optical vortex modes is regarded as a new modal parameter dimension for further boosting the
capacity and performance of the systems. To exploit the OAM mode space for such systems, stringent performance
requirements on a pair of OAM mode multiplexer and demultiplexer (also known as mode sorters) must be met. In
this work, we implement a newly discovered optical spiral transformation to achieve a low-cross-talk, wide-optical-
bandwidth, polarization-insensitive, compact, and robust OAM mode sorter that realizes the desired bidirectional
conversion between seven co-axial OAM modes carried by a ring-core fiber and seven linearly displaced Gaussian-like
modes in parallel single-mode fiber channels. We further apply the device to successfully demonstrate high-spectral-
efficiency and high-capacity data transmission in a 50-km OAM fiber communication link for the first time, in which a
multi-dimensional multiplexing scheme multiplexes eight orbital-spin vortex mode channels with each mode channel
simultaneously carrying 10 wavelength-division multiplexing channels, demonstrating the promising potential of both
the OAM mode sorter and the multi-dimensional multiplexed OAM fiber systems enabled by the device. Our results
pave the way for future OAM-based multi-dimensional communication systems. © 2020 Optical Society of America under

the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.385590

1. INTRODUCTION

Spatial (mode) division multiplexing exploiting the spatial degree
of freedom plays a significant role in current efforts toward higher
information capacity in optical communication systems [1,2].
High-dimensional quantum photonic encoding has also been
shown to increase the capacity of photonic quantum information
systems and robustness of quantum key distribution [3,4]. Orbital
angular momentum (OAM) modes [5], as the azimuthal orthogo-
nal eigenmodes of light in the general cylindrical optics including
most free-space optical systems and optical fibers [6,7] in addition
to the radial eigenmodes [8], are characterized by a single quantum
number—their topological charge ` [5], an integer whose range is
theoretically unbounded in free space, while bulk and fiber optics
with limited aperture can be designed to support multiple OAM
modes. As such, they constitute a high-dimensional state space that

can be more conveniently exploited due to their unique symmet-
ric profile and inherent relation to OAM of light [5] for various
promising multi-mode applications, including high-capacity
multiplexing in free-space [9,10] or fiber [11,12] communications,
high-dimensional quantum entanglement [13,14], and multi-level
encoding in quantum key distribution [3,4,15,16].

Mode multiplexing and demultiplexing, i.e., pre-transmission
combination and post-transmission separation (also known as
mode sorting in physics) of multiple eigenmodes according to the
different ` values, are essential functions in such multi-mode sys-
tems. The conversion between multiple co-axial OAM modes with
different ` values and spatially resolved Gaussian beams should ide-
ally be implemented without energy loss and inter-modal energy
coupling (i.e., cross talk). A variety of OAM (de)multiplexing
schemes have been proposed and demonstrated. Fiber-based
mode-selective couplers [17] and photonic lanterns [18] as all-fiber
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OAM multiplexers are convenient to use. While achieving low
loss and high stability, their difficulties in achieving larger OAM
mode numbers and low inter-modal cross talk remain key issues
to be addressed. On-chip photonic integrated devices based on
waveguide phase arrays [19,20] and micro-ring resonators [21,22]
(including �-shaped waveguides [23]) have been used for OAM
(de)multiplexing, which, however, suffered from high insertion
loss, need for on-chip phase adjustments, and narrow optical band-
width due to the underlying phase-matching condition. They also
generally emit particular kinds of vector vortex modes that may be
unmatched to the modes supported by the transmission channel
(e.g., OAM fibers). Other schemes based on planar integrated
nano-scattering structures [24–26] also face problems in scaling
up to high mode numbers. In the free-space, as the mode number
increases, projective measurements such as Dammann gratings
[27,28] have increasing diffraction loss, while those based on cas-
caded interference stages [29,30] or multi-plane light conversion
[31,32] have increasing complexity.

In contrast, geometrical transformation [33,34] schemes only
require a fixed number of phase masks, and therefore can be more
efficient and scalable to larger mode numbers. Until recently,
however, log-polar mapping [35–40] was the only such transfor-
mation known for OAM mode sorting. While its simplicity of only
requiring two phase masks is attractive, it suffers from an inherent
high spatial overlap (and therefore cross talk) between adjacent
sorted modes. A novel “spiral transformation” recently proposed
by the authors [41] has been shown to have the potential of funda-
mentally overcoming this important drawback while maintaining
the simplicity of only requiring two phase masks. Despite this
significant development, major optical problems remain to be
overcome to achieve a fiber-optics compatible, high-performance,
compact, and robust device. In this work, we report the realization
of such a device and the demonstration of its application potentials
in multi-dimensional multiplexed OAM information systems.

Our scheme integrates the two phase masks performing the
geometrical transformation onto the opposite sides of a 5-mm-
thick quartz plate as diffractive optical elements (DOEs). Apart
from its compactness and robustness, such an integration scheme
uses the micrometer-scale precision of photolithography process
to eliminate degradation in OAM mode sorting performance due
to misalignment, a problem rooted in the translational variant
nature of the polar coordinates in which OAM is defined. As the
distance between the two phase masks (the 5-mm thickness of
the plate) is comparable to the phase masks’ cross-sectional area
(3 mm× 3 mm) needed to accommodate sufficient DOE pixels
for diffractive resolution and efficiency, the resulting nonparax-
iality corrupts the geometrical transformation that is defined in
the paraxial regime [41]. If low cross talk between OAM modes
are to be suppressed to levels compatible with the stringent OAM
information system requirements, the nonparaxiality must be
corrected. We solve this problem by analytically deriving and
experimentally implementing a new phase distribution for the
second mask to correct the phase-front distortions caused by the
nonparaxiality, thereby achieving the high resolution between
adjacent modes in a compact and robust fashion as promised by the
spiral transformation.

A further problem, common to previous implementations of
both the log-polar and spiral transformations, is the elongated
shape of the sorted modes that prevents efficient coupling with
single-mode fibers (SMFs), which stems from the dissimilar trans-
formation experienced by the azimuthal and radial dimensions of

the polar space when respectively converted to the horizontal and
vertical dimensions in the Cartesian space. We solve this problem
by replacing the previously used spherical Fourier-transformation
lens with a specially designed elliptical lens to achieve circular
Gaussian-like output mode profiles that can be efficiently coupled
into SMFs. The resulting compact device successfully achieves low-
cross-talk bidirectional mapping between OAM modes carried by
a ring-core fiber (RCF) [11,12] and displaced Gaussian-like modes
of SMFs over a wide optical bandwidth and irrespective of the
state-of-polarization (SoP) or the spin state of the optical modes.
The performance of the device is further proven by enabling the
first demonstration of a 50-km fiber-based multi-dimensional
multiplexed OAM transmission system, the longest such system
reported to date.

2. SPIRAL TRANSFORMATION IN THE
NONPARAXIAL REGIME FOR HIGH-RESOLUTION
OAM MODE SORTING

The term spiral transformation refers to a class of geometrical
transformations that map spirals in an input plane (x , y ) to
straight lines in an output plane (u, v), as illustrated in Fig. 1(a).
A logarithmic spiral transformation, in particular, is expressed
through the following relations between the input and output
coordinates [41]:

u(r , θ)=
β

1+ a2

[
aθ − ln

(
r
r0

)]
,

v(r , θ)=
β

1+ a2

[
θ + a ln

(
r
r0

)]
, (1)

where (r , θ) are polar coordinates in the input plane (x , y ), a > 0
determines the exponential expansion of the spirals, and r0, β > 0
are scaling parameters. Under this transformation, logarithmic spi-
rals of the form r = s · exp(aθ) (denoted by the parameter s > 0,
see Supplement 1 S1 for an illustration of these coordinates) are
mapped to straight lines of constant u in the output plane, with the
position v along these lines being linearly related to the azimuthal
angle θ with a scaling factor β. It follows that the phase variance
exp(i`θ) associated with OAM modes in the input plane is trans-
formed to a phase variation exp(i`v/β), in the output plane. In
other words, an input OAM beam is transformed to a tilted plane
wave, which will subsequently occupy a position corresponding to
its tilt angle in the focal plane of a lens thus realizing the sorting of
OAM modes with different ` values.

The phase mask which redirects the input rays according to the
spiral transformation Eq. (1), generally known as the unwrapper, is
designed to be fabricated on one side of a quartz plate with the fol-
lowing phase distribution [41]:

Q(x , y )=
kβ

d(a2 + 1)

[
(ay − x ) ln(r /r0)+ (ax + y )θ

+ x − ay
]
−

kr 2

2d
, (2)

where k and d are the wavenumber and the thickness of the quartz
plate, respectively. One can apply the stationary phase approxima-
tion and verify that the phase profile Q(x , y ) directs a normal ray
arriving at the point (x , y ) in the input plane to the point (u, v) in
the output plane which is related to (x , y ) through the coordinate
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Fig. 1. Illustration of the OAM mode sorting concept and the corresponding compact device. (a) The principle of the OAM mode sorting is based on
an optical coordinate transformation between two planes x−y and u−v. Through a spiral transformation performed by a pair of phase masks that are inte-
grated on the opposite sides of a thin dielectric slab, incident ring-shaped OAM modes with different angular phase gradients (topological charges) are trans-
formed into stripe-shaped output modes with different linear phase gradients (tilted angles), which can then be spatially resolved in the focal plane of a lens.
(b) A fabricated 3× 4 array of OAM mode sorters based on the above principle, which consist of only three-plane phase elements, including (c) unwrappers,
(d) phase correctors, and (e) elliptical lenses, all integrated on a 3D-printing base as a compact device.

transformation of Eq. (1). Therefore, as the inclination of the input
rays due to vorticity is small compared to that they gain by passing
through the unwrapper, an input OAM mode with an annular
intensity distribution is transformed (“unwrapped”) to an output
mode with a long stripe-shaped intensity profile. The length of
the latter is proportional to the number of spiral turns contained
within the width of the annular beam shape of the OAM mode.

The phase of the output light contains two parts. The first part
is a linear phase gradient which originates from the azimuthal
phase gradient of the input OAM mode mapped onto the straight
lines according to the spiral transformation. This is the desirable
phase that enables the sorting of different OAM modes to differ-
ent positions in the focal plane of a lens. As the azimuthal phase
excursion of the OAM mode is intercepted multiple times by an
endless spiral, the available effective phase excursion along it is
multiple times of 2π` (only limited by the width of the input
OAM beam) and therefore high-resolution mode sorting can
be achieved with low cross talk, which is the major advantage of
the spiral transformation compared to the log-polar one—the
latter only achieves phase excursion of 2π` along one single circle
[35]. The second part is the phase acquired by the wave during
propagation between the input and output planes inside the quartz
plate, which is not useful for mode sorting and therefore should be
removed with a phase-correction mask that is generally known as
the phase corrector.

To achieve a compact and robust device, this second mask is
designed to be fabricated on the other side of the same quartz
plate. As the distance between the two phase masks (thickness
of the plate) is comparable to their cross-sectional dimensions,
the phase-front distortions caused by the nonparaxiality must be
corrected by a new phase distribution for the second mask, which
we analytically derive as

P1(u, v)=−Q(x , y )− k
√
(x − u)2 + (y − v)2 + d2, (3)

where (x , y ) are related to (u, v) through the spiral transformation
[Eq. (1)]. It is verified that this nonparaxial phase corrector has
the expected superior phase correcting and thus mode sorting
performance compared to the original paraxial phase corrector
widely used in previous transformations [35–37,39–41], which is
presented in Supplement 1 S2. However, it should be noted that
the phase profile of the unwrapper in Eq. (2) is still derived in the
paraxial regime in order to obtain an analytical solution, which
could be further extended to the nonparaxial regime by numerical
optimization in future work.

3. COMPACT OAM MODE SORTER DEVICE AND
CHARACTERIZATION

An array of 12 compact mode sorters have been fabricated based
on the above theory, each consisting of an unwrapper, a phase
corrector, and a positive lens also as a DOE element, all of which
are integrated on a 3D-printed base, as shown in Fig. 1(b). The
unwrapper and the phase corrector are engraved as DOEs with
a cross-sectional area of 3× 3 mm2 on respective sides of a
5-mm-thick fused quartz plate by double-sided photolithog-
raphy technique (see Supplement 1 S3, for fabrication details).
Aided by complimentary optical alignment markers, the critical
misalignment error between these two phase masks is<5 µm. For
comparison, both the log-polar and spiral sorters are fabricated
on the same plate simultaneously, and for both transformations,
nonparaxial and paraxial phase correctors have been included.

The fabricated compact OAM mode sorters have been
characterized, stage by stage, using the experimental setup in
Supplement 1 S4, with results compared to the corresponding
numerical simulations conducted with a standard Fourier-space
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Fig. 2. Numerical and experimental performance of the compact vortex mode sorter. (a) Incident perfect vortex beams with topological charges of−3≤
`≤ 3. (b), (c) Intensity distributions of the unwrapped vortex beams in the plane of the phase corrector after the log-polar (b) and the spiral transforma-
tion (c). (d), (e) Intensity distributions of the separated vortex beams in the focal plane of the lens based on the log-polar (d) and the spiral transformation
(e) schemes. The corresponding intensity profiles along the middle horizontal lines (indicated with red dashed lines) are shown on the right, which illus-
trates the expected high modal resolution based on the spiral scheme (e) compared to the log-polar scheme (d).

method based on the spatial spectral decomposition of the propa-
gating light waves. Typical values of the involved parameters are
d = 4.95 mm, r0 = 0.3 mm, 2πβ = 0.4 mm, 2πa = ln(1.6),
λ0 = 1550 nm, and nquartz = 1.444 (see Supplement 1 S5 for
selection of the transformation parameters), which are consistent
in both simulation and experiment. The input OAM modes are
“perfect vortex beams” [42,43] with the same intensity distribution
(beam width of 400 µm) but varying ` (see Supplement 1 S6),
closely simulating OAM modes expanded from those of a ring-core
fiber (see Supplement 1 S7, for the radial influence on the mode
sorting effect). As seen in Fig. 2, after passing through the first stage
phase mask, the log-polar transformation scheme unwraps the
input OAM modes [Fig. 2(a)] to stripe-shaped modes with a length
of 0.4 mm [Fig. 2(b)], which is determined by the selected scaling
parameter β = 0.4/2πmm. Instead, in the spiral transformation
scheme the OAM modes are unwrapped to stripes whose length is
extended by a factor that reflects the number of spiral turns within
the beam width of the input OAM mode—nearly 3× in this case
[Fig. 2(c)]. There is a satisfactory agreement between the experi-
mental results with the numerical ones in terms of the length and
shape of the transformed intensity patterns.

The unwrapped beams are subsequently phase-corrected in
order to obtain the phase-tilted plane waves and eventually spa-
tially resolved by a spatial Fourier transformation implemented
with a standard spherical lens, which is presented in Figs. 2(d)

and 2(e). As expected for both schemes, the input OAM modes
are sorted as being horizontally displaced from the optical axis by a
distance proportional to their topological charges:

S` = ` ·
λ0 f
2πβ

, (4)

where λ0 is the wavelength in free space, and f is the focal distance
of the lens. At the telecommunication wavelength λ0 = 1550 nm
and for f = 100 mm, the theoretical lateral spacing between
adjacent OAM modes is S`+1 − S` = λ0 f /(2πβ)= 387.5 µm,
which is consistent with the numerical and experimental results in
Figs. (2d) and (2e).

Moreover, the spiral transformation [Fig. 2(d)] clearly achieves
better separation between different OAM modes than the log-polar
case [Fig. (2e)] when both are using nonparaxial phase correction.
The gain in performance can be identified through the finesse,
defined as the ratio of the spacing between adjacent sorted modes
over their average full width at half-maximum [40]. In this case, the
finesse is nearly tripled, namely increasing from 1.1 of the log-polar
scheme to 3.2 of the spiral scheme in simulation, and from 1.0 to
2.6 in experiment, which confirms the superior ability to resolve
OAM modes of the spiral transformation with nonparaxial phase
correction.
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4. BIDIRECTIONAL OAM AND GAUSSIAN-LIKE
MODE MAPPING

As seen in Figs. 2(d) and (2e), the intensity distributions of the
sorted OAM modes are generally elongated, especially in the spiral
transformation scheme where the enhancement of resolution
entails the sharpening of the distributions in the direction of sort-
ing (horizontal here), and the unwrapper’s multiple turns of the
spiral carve the input annular intensity distribution into a narrower
stripe, which further elongates the output mode in the vertical
direction. Such intensity profiles are incompatible with the next
stages of optical processing, such as coupling the demultiplexed
modes into SMF channels of an optical communication system. In
order to realize OAM (de)multiplexing between the RCF and SMF
in fiber-based OAM systems, it is desirable to obtain the sorted
modes in profiles as close to Gaussian as possible. To this end, we
replace the spherical Fourier transforming lens of focal length f
with a specially designed elliptical lens with horizontal focal length
f and vertical focal length f /2, also implemented as a DOE in the
same manner as shown in Fig. 1(e) and Supplement 1 S3. Passing
through this lens, the optical wavefront is uniaxially Fourier

transformed in the horizontal direction, allowing OAM mode
separation as by Eq. (4), while in the vertical direction, the narrow
light beam profile is simply inverted with 1:1 magnification instead
of being Fourier transformed, therefore maintaining its sharpness.
By appropriate selection of f = 15 mm, the separated OAM
modes are shaped into the intensity distributions presented in
Fig. 3(a), where different OAM modes are transformed to equally
spaced, circular Gaussian-like modes with the beam diameter
around 54µm. Each can be subsequently coupled into a SMF by a
focusing lens, as shown in the experimental setup in Supplement 1
S4. A quantitative comparison between these Gaussian-like modes
with ideal Gaussian modes in this case indicates up to 60%–70%
similarity, which is presented in Supplement 1 S8.

After coupling into the SMF, the measured inter-modal cross
talk is less than−13 dB for all the seven OAM modes and the two
circular polarization states as seen in the mode transfer matrix in
Fig. 3(b), with a 3-dB deterioration optical bandwidth of 15 nm
around 1550 nm (see Supplement 1 S9). The total power loss
between the incident OAM modes to the SMFs is less than 8 dB
(including∼3 dB fiber-coupling loss mainly resulting from the dif-
ference between the sorted Gaussian-like beams and ideal Gaussian

Fig. 3. Bidirectional mapping between OAM modes and displaced Gaussian-like modes. OAM demultiplexing: (a) mode mapping from OAM
modes with topological charges of −3≤ `≤ 3 in Fig. 2 to displaced Gaussian-like modes, which are coupled into the SMF. (b) Measured mode transfer
matrix as an OAM demultiplexer (where L and R represent left- and right-handed circular polarizations), with cross-talk levels marked. OAM multiplex-
ing: (c) reverse mapping of displaced Gaussian beams output from the SMF at different positions to seven co-axial ring-shaped OAM beams and their
corresponding far field. (d) Measured mode transfer matrix as an OAM multiplexer with cross-talk levels marked.
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beams analyzed in Supplement 1 S8) and varies ∼1 dB for the
seven modes and across the above optical bandwidth, respectively.
The three DOEs introduce an insertion loss of ∼4.5 dB—apart
from the ∼0.7 dB reflection loss of the four air–glass interfaces,
the rest (3.8 dB) is mainly attributed to the diffraction loss of the
three DOEs, which can be reduced by decreasing the pixel size of
the DOEs for higher diffraction efficiency or by employing optical
metasurfaces [44,45] with high transmission in future designs.

When the sorting device is used in reverse, due to the revers-
ibility principle of light propagation, displaced Gaussian modes
incident from the SMF at specific positions should also be trans-
formed into corresponding co-axial vortex modes for multiplexing
in the RCF, which is experimentally demonstrated in Fig. 3(c).
Gaussian beams output from the SMF at different positions indeed
transform into almost the same co-axial ring-shaped intensity
profiles, with slightly spiral intensity variation resulting from the
geometrical transformation. In order to verify their phase struc-
ture, the experimental setup in Supplement 1 S4 is used in reverse
for multiplexing and seven spiral phase modulations are imposed
in succession by the spatial light modulator (SLM) to reveal a
clear inner Gaussian spot, as shown in Supplement 1 S10, which
confirms satisfactory conversion to OAM modes with topological
charges of−3≤ `≤ 3. After coupling into the SMF, the measured
inter-modal cross talk is less than−13.5 dB for all the seven OAM
modes and two circular polarization states as seen in the mode
transfer matrix in Fig. 3(d). Therefore, it has been confirmed that
the above compact OAM mode sorter device can be simultane-
ously used as an OAM multiplexer/demultiplexer between OAM
modes for the RCF and displaced Gaussian-like modes for the
SMF, which are essential in fiber-based OAM information systems
[11,12,46–49].

5. COMPACT MODE SORTER APPLIED IN A
50-KM OAM FIBER TRANSMISSION SYSTEM

To further prove the device performance and demonstrate its
potential applications in fiber-based multi-dimensional OAM
information systems, the compact mode sorter is applied in a
50-km RCF-based data transmission system with simul-
taneous OAM mode-division multiplexing (MDM) and
wavelength-division multiplexing (WDM) [46].

Figure 4(a) illustrates the experimental setup of the OAM-
MDM-WDM data transmission system. WDM is realized by
combining 10 optical carriers from narrow-linewidth tunable
lasers with wavelengths ranging from 1549.8 nm to 1551.6 nm
in a 0.2-nm/25-GHz grid, as shown in Fig. 4(b). The combined
10 WDM carriers are modulated by 16-GBaud quadrature phase
shift keying (QPSK) signal from an arbitrary waveform generator
through an I/Q modulator. The sample rate of the digital-to-
analog converter is 64 GSa/s and the modulated binary data
sequence is a pseudo-random binary sequence with a pattern
length of 218

−1. Note that all the WDM carriers are modu-
lated with the same QPSK signal due to the available hardware
limitation in our lab.

The WDM signals are split into four branches, which are sep-
arately amplified by an erbium-doped fiber amplifier, delayed for
data pattern decorrelation, collimated, and linearly polarized. After
that, the four optical beams are grouped into two pairs with each
pair reflected by a phase-only SLM to generate OAM modes of
`=+2 or+3. Then the two pairs of OAM beams after each with

one arm reflected by a mirror to invert the sign of the generated
OAM order are multiplexed as orthogonally polarized modes by
a polarization beam splitter (PBS, for beam combination). The
generated four OAM modes of 〈+2, X 〉, 〈−2, Y 〉, 〈+3, X 〉, and
〈−3, Y 〉 of two pairs are further combined by a beam splitter. Here
X and Y represent the horizontal and the vertical polarizations,
respectively. Then the combined OAM modes are converted into
circular polarizations by a quartz-wave plate and realize dual-
polarization multiplexing by using a PBS (for beam splitting), an
optical delay path (for signal decorrelation), and a PBS (for beam
combination), so that the four modes in each group of `=±2 or
±3 with dual-polarizations are created. The generated eight OAM
modes are then multiplexed and converted into circular polariza-
tions, and finally focused to couple into a 50-km RCF. Therefore,
the four OAM modes (`=−3,−2,+2, and+3) with each mul-
tiplexing two polarization modes form a eight-channel MDM
scheme, and all these eight mode channels with each multiplexing
10 WDM channels eventually constitute a multi-dimensional
multiplexing transmission system of 80 data channels over the
50-km RCF.

The 50-km RCF [46] supports transmission of single-radial-
order OAM mode groups (MGs) of |`| = 0 to 3 with attenuation
of 0.31 dB/km, in which the four modes 〈±`,±s 〉 (+s = L and
−s = R represent left- and right-handed circular polarizations)
in the same MG are intentionally designed to be near-degenerate
while different MGs are decoupled by the large inter-MG differ-
ential effective refractive indices, an architecture that is based on
a scalable fiber-based OAM-MDM scheme by striking a balance
between spatial mode counts/transmission distance and digital
signal processing (DSP) complexity [12]. In this framework, the
OAM mode sorter is used to demultiplex different MGs while
4× 4 multi-input-multi-output (MIMO) equalization is used to
deal with intra-MG coupling. When the RCF is injected with a
single OAM topological charge of |`| = 2 or 3 and of any s , strong
mode coupling within each MG of |`| during the propagation
results in output RCF mode patterns, as shown in Fig. 4(c). After
RCF transmission, all output modes from the fiber are collimated
and imaged to the plane of the OAM mode sorter, after which
each OAM MG (|`| = 2 or 3) is demultiplexed into a pair of
Gaussian-like spots corresponding to ±`, as shown in Fig. 4(c),
each containing both SoPs of ±s . The measured mode transfer
matrix of all these eight vortex modes (`=−3,−2,+2, and +3
and each with ±s ) in Fig. 4(c) shows the expected strong in-fiber
intra-MG coupling (|`| = 2 or 3) and weak inter-MG coupling
between |`| = 2 and 3 with an averaged cross talk around−10 dB
over the entire system of mode launch, 50-km RCF propagation,
and mode sorter. For the receiving of each MG (|`| = 2 or 3), the
pair of Gaussian-like beams corresponding to +` and −`, each
containing two polarization (±s ) multiplexed coherent signals, are
simultaneously coupled into two SMF-pigtailed dual-polarization
integrated coherent optical receivers (ICRs). Then the eight output
electrical real-value waveforms (including the I/Q for each mode)
from the ICRs are simultaneously recorded by an eight-channel
real-time oscilloscope (Teledyne LeCroy 10-36ZI) at a sample
rate of 80-GSa/s. The offline DSP includes timing phase recovery,
4× 4 MIMO equalization based on conventional blind constant
modulus algorithm, frequency offset compensation, and carrier
phase estimation, after which the bit error rates (BERs) of all
four OAM mode channels within one MG are finally evaluated.
The BER measurement is repeated for each MG as well as each
wavelength.
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Fig. 4. Data-transmission experiments in a 50-km OAM-MDM-WDM system. (a) Experimental setup of the OAM-MDM-WDM data transmission
system. PC, polarization controller; OC, optical coupler; SMF, single-mode fiber; LP, linear polarizer; SLM, spatial light modulator; MR, mirror; QWP,
quarter-wave plate; HWP, half-wave plate; Col., collimator; BS, beam splitter; ICR, integrated coherent receiver. (b) Optical spectra of the 10 wavelength
channels used for WDM. (c) Mode demultiplexing of the 50-km RCF with the corresponding mode transfer matrix. (d) Constellations of the received sig-
nals with the best measured BERs at a wavelength of 1550 nm. (e) Measured BERs of all 80 channels after 50-km RCF transmission.

Figure 4(d) shows the constellations of the recovered QPSK
signals after transmission at their best optical signal-to-noise
ratio values, and Fig. 4(e) illustrates the measured BERs, with
all 80 channels exceeding the 20% soft-decision forward-error-
correction (FEC) threshold correcting BER of 2.4× 10−2 (note
that the BER values of the two polarization modes with the same
` are averaged to plot as one data point for concision), which
demonstrates successful transmission of the 16-Gbaud QPSK
signals over the 50-km OAM fiber link with an aggregate capacity
of 2.56-Tbit/s, spectral efficiency (SE) of 10.24 bit/s/Hz, and a
SE-distance product of 512 bit/s/Hz-km, and therefore confirms
the high performance of the compact OAM mode sorter and its
potential applications in multi-dimensional multiplexed OAM
fiber systems.

6. CONCLUSION

In summary, a compact and robust OAM mode sorter has been
demonstrated based on a novel nonparaxial spiral coordinate
transformation. The implementation consists of an logarithmic

spiral unwrapper and a nonparaxial phase corrector, respectively
fabricated on the two sides of a 5-mm-thick quartz plate as flat
DOE patterns, followed by a DOE elliptical lens specially designed
for achieving circular Gaussian-like output mode profiles, all of
which are assembled on a 3D-printed base as a compact device.
Each sorter has a cross-sectional area of only 3× 3 mm2 and a
total length of 20 mm (input facet to output facet). The DOE
implementation makes it possible to be mass-produced with low
cost, e.g., by a molding or imprinting process.

The novel OAM mode sorter achieves a significantly enhanced
mode resolution (in this specific case improved by a factor of∼3)
compared to the previously log-polar transformation for OAM
sorting. OAM multiplexing and demultiplexing between OAM
modes of RCF and displaced Gaussian-like modes of SMF have
been achieved using an elliptical lens for uniaxial Fourier transfor-
mation, with total power loss of <8 dB, inter-mode cross talk of
<− 13 dB for all seven OAM modes−3≤ `≤ 3 (see Supplement
1 S11 for discussion of larger mode counts), 3-dB cross-talk
deterioration optical bandwidth of 15 nm around 1550 nm, and
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polarization insensitive operation. The device therefore over-
comes fundamental drawbacks of previous OAM mode sorters in
their key performance for fiber-based multi-dimensional OAM
information systems including mode resolution and fiber mode-
matching, with its insertion loss significantly improvable by better
DOE implementations or inverse design optimization [50].

The device performance is further verified in a sophisti-
cated multi-dimensional OAM fiber communication system
simultaneously combining multiplexing in the OAM mode,
polarization mode, and wavelength dimensions, and coherent
data modulation in the optical phase dimension. Combined with
a high-performance ring-core fiber, the device takes the fiber-
based OAM mode transmission distance over 50 km for the first
time. The transmission distance and spectral-efficiency-distance-
product are the highest so far reported over fiber-based OAM
systems. Our mode sorter would therefore likely become a very use-
ful component in practical multi-dimensional multiplexed optical
communication and high-dimensional quantum information
systems based on OAM modes.
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