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It is shown that orbital angular momentum (OAM) is a promising new resource in future classical and quantum
communications. However, the separation of OAM modes is still a big challenge. In this paper, we propose a
simple and efficient separation method with a radial varying phase. In the method, specific radial varying
phases are designed and modulated for different OAM modes. The resultant beam is focused to the spots with
different horizontal and vertical positions after a convex lens, when the coordinate transformation, including
two optical elements with coordinate transformation phase and correct phase, operates on the received beam.
The horizontal position of the spot is determined by the vortex phases, and the vertical position of the spot is
dependent on the radial varying phases. The simulation and experimental results show that the proposed
method is feasible both for separation of two OAM modes and separation of three OAM modes. The proposed
separation method is available in principle for any neighboring OAM modes because the radial varying phase is
controlled. Additionally, no extra instruments are introduced, and there is no diffraction and narrowing process

limitation for the separation.
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1. INTRODUCTION

Recently, considerable attention has been paid to orbital angu-
lar momentum (OAM) modes because of the dramatic increase
of information capacity for optical communication [1,2] and
the potential of increased bandwidth for quantum cryptogra-
phy [3]. It has been demonstrated that the information trans-
mission rate can even increase to more than 100 Tb/s by
multiplexing with 12 OAM modes, two polarizations, and
42 wavelengths [4]. The efficient separation of OAM modes
plays an important role in OAM applications.

The simplest method for measuring the OAM content of a
beam is to perform a series of projection measurements [1,5],
where an OAM mode with ¢ topological charge is first trans-
ferred to a flat phase beam by being illuminated on a forked
hologram with - and then detected by a power detector
[6,7]. Later, Leach et al. presented a technique for separating
OAM modes by using a Mach—Zehnder interferometer at the
single-photon level [8]. To efficiently sort N' OAM modes
simultaneously, Berkhout ez a/. proposed a separating method
based on the transformation from Cartesian to log-polar [9].
In addition, simulations and experiments have demonstrated
that the separating method has distinguished different
OAM modes simultaneously with a detector array [10,11].
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Mirhosseini ez al. presented a better OAM separation method
with a fan-out technique to overcome the diffraction limitation
[12]. Lavery e al. measure an OAM spectrum that distributes
in both the horizontal and vertical dimensions by changing the
radial of a beam [13]. However, the separation of OAM mode is
still challenging; there is yet no method as easy as the separation
of two polarization modes.

In this paper, we propose a highly efficient separation of
OAM modes method with radial varying phase. A special radial
varying phase is designed and added for each separated OAM
mode. The coordinate transformation is afterward operated on
the received beam. The received beam is unfolded, and differ-
ent spots with different horizontal and vertical positions are ob-
tained with a focused lens, where the horizontal position is
determined by the vortex phases, and the vertical position is
dependent on the radial varying phase. The focal spots are both
separated in the horizontal and vertical dimensions; impor-
tantly, the vertical position can be controlled.

This paper is organized as follows. In Section 2, we describe
the proposed separation method with radial varying phase.
In Section 3, we present the numerical and experimental results
of the proposed method. Finally, we draw a conclusion in
Section 4.
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2. OAM SEPARATION WITH RADIAL VARYING
PHASE

The concept of the proposed method is shown in Fig. 1. The
electric field of an OAM mode with ¢ topological charge is
represented by

Uy(r, 0) = A(r) exp(i£0), (1)

where A(r) o exp(-7?/w?) is the amplitude function of the
beam, 7 is the radial index, w is waist size, and 6 is the azimuthal
index. The frame of a beam of OAM generates an OAM mode
beam with a spatial light modulator (SLM). A special radial
varying phase for each OAM mode is successively designed
by radial varying phase and added to the OAM mode beam.
Here, the radial varying phase with parameter 72 is designed as

m2r 1t (R < 7 < R
Bk e

h) = { 0 (others)

where R is a constant related to the maximum of the beam size,
R, is the radius of the SLM size, and R, is the inner radius
of the OAM doughnut. For simplification, R, is always set up
to one pixel size. 7 denotes the spatial frequency of the phase.

In 7 is used for representing nonlinear property of the phase.
Now, the electric field of the OAM beam becomes

Ui(r, 0) = Uy(r, 0) explicp, (r)]. 3

Furthermore, the superposition of multiple OAM modes with
different radial varying phases is expressed as

U,(r,0) = ZA(V) exp(i€0) exp (szﬂ: :—;) (4)
‘,m

The superposition beam arrives at the receiver after propagat-
ing some distance in the optical free-space channel. The frame of
coordinate transformation operates coordinate transformation on
the receiving superposition beam, transforming the beam from
Cartesian to log-polar coordinates. There are two optical phase
elements, together with a Fourier lens (FT), in coordinate trans-
formation. The first optical element has transformation phase

P2 (x, ), where ¢, (x,y) = 2;;’ [yarctan(}') xln(F> —i—x]
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Fig. 1. OAM separation method with radial varying phase.

Uy(r,0), ..., Us(x',y") are the electric fields, /1, /; denote different
OAM modes, and m;, m, represent different radial varying phases.
Image ¢ is the superposition beam. Image £ is the unfolded beam from
image ¢ by the coordinate transformation. FSO: free space optical
channel. Images # and ¢ are the horizontal distribution phases that
unfolded from the vortex phases, and images & and  are the vertical
distribution phases unfolded from the radial varying phases.

a and & are scaling constants [9]. When the superposition beam
passes through the first optical element followed by the FT lens,
the input plane (x, y) is mapped to log-polar plane (#, v), that is,

Us(wv)= // U, (7,0) explih, (x, y)]exp (—ikxv o

)y,

®)
where x = 7 cos 6, y = r sin 6, k = 27 /2, and f is the focal
length of the FT. The position and shape of beam in the
output plane (% v) is dependent on ¢,(x,y) [14], where
v = a arctan(y/x), and # = -a In(\/x* + 3*/b).

This transformation introduces some distortions, which can
be corrected by the second optical element [9]. The corrected
phase ¢5(u, v) is expressed as - Z}ﬁ” exp(-%) cos(?). After the
correction, the output electric field Uy(# v) can be given as

Us(w, v) explichs (w, v)) (6)

In fact, Eq. (6) can be rewritten as the sum of some trun-
cated plane waves according to the relationship between (x;, y)

and (% v) [15]:
Zrect LA P
- 2ra alnR

v , -1
x exp <zfa> exp (szﬁM>, (7)

where exp(i¢'%) denotes the topological charge ¢ influencing
the horizontal phase gradient in horizontal axis », and
exp(im2n %) denotes the parameter 7 influencing the verti-
cal phase gradient in vertical axis .

After a convex lens, the unfolded beam with linear phase is
focused into spots. The electric field is further described as

Us(x,y')—//U4(u,v) exp( xyj;yu>dudv, (8)

where x" and " denote the coordinate position in the focal
plane. Since [ rect(x)exp(-i27xw)d(x) is equal to sincw,

Eq. (8) can be rewritten as
ror . X’ - Alfﬂ . _)/, - Am
Us(x',y") = ;(ZJM)smc( A ) (—alnR)smc( A ),
(9)

where A is fA/(27a), and A is - fA/(aln R). With the prop-
erty of the function sincx, the horizontal and vertical positions
of the spots can be obtained as

x' =AY,

Uyl v) =

Uy, v) =

y' = Am, (10)

which indicates that the spot changes as a function of ¢ and ,
and the position of the spot in the x" direction is influenced by
/, while the position of the spot in the y" direction is influenced
by m.

In Fig. 1, image ¢ shows the Cartesian coordinate before
the transformation; image f is the unfolded form of image
e after coordinate transformation, which can be decomposed
from images  to 4. Because the focal positions of each spot
can be controlled in the vertical direction by adding a specific
radial varying phase, in principle, any two spots corresponding

to neighboring OAM modes can be separated.
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3. SIMULATION AND EXPERIMENTAL RESULTS

In this section, we test the proposed separation method by
simulation and experiment.

The experimental setup is shown in Fig. 2. The beam from
an He—Ne laser source (632.8 nm) is expanded to a collimated
light by passing through lenses L1 (50 mm) and L2 (100 mm),
and then is split into two beams by a beam splitter. The two
beams individually illuminate one part of SLM1 (620 to
1100 nm), A and B. Each part is loaded with phases, including
a vortex phase and a radial varying phase. Then two apertures,
Al and A2, are used to select the first order of the beam to
propagate. The multiplexed beam propagates about 2 m in
the optical free-space channel. The received beam is unfolded
to a rectangle profile plane beam after illuminating SLM2, an
FT and SLM3, where SLM2 is loaded with the transformation
phase ¢, (x, y), and SLM3 is loaded with the correction phase
¢5(u, v). The resultant beam is focused into spots by a convex
lens (L5), and a CCD is located in the focal plane of the
convex lens.

First, the property of the OAM mode with radial varying
phase is demonstrated in Fig. 3. The multiplexed modes
are OAM_; and OAM 5, where OAM_; is loaded with m =
0, -2, and + 2 radial varying phases, while OAM ;5 does not
have radial varying phase. When OAM _; is loaded with radial
varying phase, the interferogram displays the clockwise rotation
for m = -2, and counterclockwise rotation for m = 2. It is
shown that the multiplexed mode is controlled by the radial
varying phase 7.

Figure 4 shows the simulation and experimental results of
the proposed method with OAM_; and OAM, 5 and the aver-
age separation efficiency. Two parameters 72, m, represent the
radial varying phases for OAM_; and OAM, s, respectively.
The first row denotes the results without the radial varying
phases (m; = my, = 0), and the second row represents
OAM_; being loaded with m; = -2 radial varying phase
and OAM_ 5 without radial varying phase. The results show
focal spots are distributed in only the horizontal direction with-

out radial varying phases, and the focal spot of OAM_; is

——————————————————————————————————————————————————————————————————————

L4

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 2. Schematic setup for the experiment. L1-L5, lenses; BS,
beam splitter; M1 and M2, mirrors; Al and A2, apertures.

m=+2

m=0 m=-2
Fig. 3. Demonstration of the propagation properties of the radial
varying phase.
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Simulation Experimental
focal spots focal spots
mi =0
&ama2=0
s.e.(avg)=0.983  s.e.(avg)=0.969
mi =-2
& ma2=

s.e.(avg)=0.983  s.e.(avg)=0.971

Fig. 4. Simulation and experimental results for the proposed
separation method with two OAM modes.

moved down in vertical direction with 72, = -2. The position
of the focal spot is determined both by OAM topological
charges / and radial varying phases 7.

Figure 5 further demonstrates the simulation and experi-
ment results of the proposed method for three OAM modes:
OAM._5, OAM_;, and OAM, 5 and their separation efficien-
cies. The parameters (i = 1,2, and 3) represent the radial
varying phases for OAM;(i = -5, -1, and 5), respectively. In
the first column, parameters of 7; are 0. This means that there
are no radial varying phases loaded on the corresponding
OAM modes. Three spots are at the same horizontal positions.
In the second column, only OAM 5 is loaded with m; = -2
and the spot of OAM_s mode is moved down. In the
third column, the spots of OAM_5 and OAM_ 5 are moved
down when loaded with the same radial varying phases
my = mz = -2. In the fourth column, the spot of OAM 5
is moved up for m; = 2. OAM_; is kept on the original because
of no radial varying phase. The results further show that the
vertical position of the spot is determined by the parameter
m, where m can be designed and controlled.

To compare with the existing separation method using co-
ordinate transformation, Fig. 6 shows the simulation results us-
ing the methods in Refs. [9,12] and the proposed method for
the neighboring modes OAM_3 and OAM_,. The results show
that the neighboring OAM modes overlap with the method in
Ref. [9], the overlapping is decreased with the method in
Ref. [12], and no overlapping exists with the proposed separa-
tion method. For Fig. 6(c), the radial varying phase is m = +3.
If there is still some overlapping between the neighboring

=M2=M: mi=-2 =Ms=-2 m+=2and M= 0

Ms=+2

Simulation
focal spots

s.e.(avg)=0.961 s.e.(avg)=0.964 s.e.(avg)=0.975 s.e.(avg)=0.974

Experimental 1173
focal spots

s.e.(avg)=0.955 s.e.(avg)=0.968 s.e.(avg)=0.968 s.e.(avg)=0.966

Fig. 5. Simulation and experimental results for the proposed
separation method with three OAM modes.
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(c) radial
varying phase

s.e.(avg)=0.776 s.e.(avg)=0.887 s.e.(avg)=0.890

(a) original (b) fan-out

Fig. 6. Comparisons of the separation methods based on coordinate
transformation and their corresponding separation efficiency.
(@) illustrates the method in Ref. [9]; (b) illustrates the method in
Ref. [12]; () illustrates the proposed method.

OAM modes, the radial varying phase 7 for OAM_; could be
set to a large number to separate the two neighboring OAM
modes completely. The limitation of the proposed method is
that the designed varying phase should be modulated at each
OAM modes at first.

4. CONCLUSION

In this paper, we have proposed a simple and efficient OAM
separation method with radial varying phase, where the radial
varying phase is labeled by the parameter 7. OAM modes have
been modulated by different radial varying phases. For the sep-
aration, the coordinate transformation has transferred the
superposition OAM mode beam to spots with different hori-
zontal and vertical positions, where the horizontal and vertical
positions of the spot are determined by the OAM topological
charge and the radial varying phase, respectively. The simula-
tion and experimental results have satisfied the theoretical ones.
Since the radial varying phase could be added with the same
optical device as the vortex phase, the proposed method has
not introduced any extra instruments. Importantly, the separa-
tion for any neighboring OAM modes is available because the
radial varying phase is controlled. Furthermore, the proposed
separation method provides a novel idea to avoid the diffraction
limitations on OAM separation.
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