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The light’s orbital angular momentum (OAM) is a consequence of the spiral flow of the electromagnetic energy. In

this paper, an analysis of light beams with OAM used for free space optics (FSO) is conducted. The basic description

and conception of light’s OAM are reviewed. Both encoding information into OAM states of single light beam and

encoding information into spatial structure of the mixed optical vortex with OAM are discussed, and feasibility to

improve the FSO’s performance of security and obstruction of line of sight is examined.
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1. Introduction

Free space optics (FSO) is increasingly considered
to play a significant role in many situations because of
its low fabrication costs compared with optical fibre

and short installation times.[::2]

Technical problems
encountered are those happening to the early wire-
less optical systems. For example, reliability prob-
lems were encountered under adverse weather condi-
tions such as heavy rain or dense fog.l?! The relevant
technology has developed in recent years and most
problems can be readily solved by carefully designing

networks.

During the last decade the increasing attention
has been paid to the optical vortices.[>~6 Optical en-
coding is now being applied to free-space communica-
tion links. Such links have been demonstrated at both

[l and the single photon levels.[®l Most

the classical
of these links rely on modulations of intensity, fre-
quency, or polarization of the light. Because light’s or-
bital angular momentum (OAM) has an infinite num-
ber of eigenstates, the OAM is a promising parameter
onto which classical or quantum information may be

encoded.[59]

The rest of this paper is organized as follows.
In Section 2, the basic description and conception of
light’s OAM as well as several methods of generating
light beams with OAM are reviewed.
discussed is the issue of using light beams with OAM

In Section 3

for FSO based on the available literature. Concluding
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remarks are presented in Section 4.

2. Light’s orbital angular momen-

tum

Light beams can carry both spin and orbital an-
gular momenta associated, respectively, with circular
polarization and the helicity of their phasefronts. The
angular momentum associated with circular polariza-
tion arises from the spin of individual photon and
is termed spin angular momentum. As identified by
Allen et al, each photon in a beam comprising [ heli-
cal phasefronts, described by an azimuthal phase term
exp(ilg), carries an OAM in its propagation direction,
where [ can take any integer value.l® Such a beam is
usually called optical vortices (OVs).

Some types of nondiffracting beams can also be-
long in the optical vortices. The physical concept of
the nondiffracting propagation has been presented and
the basic properties of the nondiffracting beams have
been reviewed in Ref.[10]. Nondiffracting beams pos-
sess unique properties useful for the free space com-
munications. The ideal nondiffracting beams carry
an infinite energy, and their transverse intensity pro-
file remains unchanged from —oo to +oo. In experi-
ments only their approximations known as the pseudo-
nondiffracting (P-N) beams can be obtained. During
the free propagation, their transverse intensity profile

remains nearly invariant in a range which is dependent
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on the geometrical parameters of the experiment. An-
other important advantage of the P-N beams is their
self-regeneration ability. Owing to this property, the
P-N beam perturbed by amplitude or phase obstacles
can revive and during free propagation obtain its ini-
tial amplitude and phase profile.

Light’s OAM has been studied theoretically and

y; (11121 in this section we briefly present

experimentall
its mathematical description and generation method
for completeness and also for providing a basis for us-

ing light with OAM for FSO.

2.1. Description of single light beam
with OAM

Light with orbital angular momentum can be de-
scribed in terms of the Laguerre-Gaussian (LG) mode
which contains an exp(il¢) term describing an on-axis
phase singularity of strength /. In addition to the in-
dex [, which can take any integer number and deter-
mines the azimuthal phase dependence of the mode,
the LG mode is also characterized by an index p, which
can take any non-negative value and determines the
radial shape, or node number, of the light distribu-
tion. The normalized LG; , mode at its beam waist is

given in cylindrical coordinates by!'3]

_ 2 1 (v2e\™
LGip(e:9) = (W) E(T)

2 2
xLL’”‘ (%) exp (—%) exp(ilg), (1)

where L} are the associated Laguerre polynomial, p
is the radial cylindrical coordinate, ¢ is the azimuthal
angle, and n is the beam waist.

Consider the slowly varying electric field envelope
u(zx,y; z) of a continues wave paraxial beam propagat-
ing in the z-direction, where xz and y are the trans-
verse coordinates. The time averaged energy per unit
length, carried by the beam, is

U= 280/ lu|?dady, (2)

where g¢ is the permittivity of vacuum. The time-
averaged z-component of the orbital angular momen-
tum per unit of length, carried by the light beam, is

L.~ [[irs xplasay, (3)

where r is the position vector in the X-Y plane,

given by

p = (ieg/w)uV iu* — u*V u], and w is the angular
frequency.

To elucidate the details of orbital angular momen-
tum of a field distribution u(x,y; z) one has to com-
pute its projection onto the spiral harmonics exp(il¢),
because for a given winding number n, we have to add
the weights of all LG modes with the same index n,
independent of the index p. We thus let

r S an(pexpling),  (4)

n=—oo

u(p, ¢; 2)

2m
where a,, = 1/(27T)1/2/ u(p, ¢; z) exp(—ing)de.
0
The energy carried by the corresponding light
beam can be written as

U:2€0 i Cn, (5)

oo

where C,, = lan(p, 2)|?>pdp, which can be shown

0
to be a constant independent of z. The angular mo-
mentum of the light beam is thus given by

L. =(2e0/w) Y nCy. (6)
2.2. Description of the mixed vortex
field with OAM

The creation of mixed vortex fields is based on a
The mixed
vortex fields with a multi-helix phase propagating

variability of nondiffracting P-N fields.

along the z-axis can be expressed in the form['? as
follows:

M M

U(r,t) = uo(z ZZ aytgn(rn) exp(ilgy ), (7)
which describes an array of the Bessel beams car-
ried by a background Gaussian beam G modified by
a propagation function ug. And a; denotes the weight
coefficient. The Gaussian beam can be conveniently
described by the confocal parameter gg or by the com-
plex parameter ¢ = z 4 igg. The function ug changes
under a free propagation. It can be expressed as

wr-en[ 5 o-3)].

where « is the parameter influencing the spot size of
the superposed vortex modes. The complex amplitude
G has a known form

r? kr?

G(r,t) = % exp (—F - lﬁ + 1@) exp(iwt — ikz),

where w, k, wp, R and @ denote the angular frequency,
the wavenumber and the parameters of the common
Gaussian beam, respectively.
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2.3. Methods of generating light with
OAM

Several methods of generating an LG beam have
been proposed including conversion from the Hermite—
Gaussian (HG) mode using a cylindrical lens, a

spiral phase plate (SPP),!!

and a phase hologram
element.!'® The output beam mode converted by a
cylindrical lens for transforming HG into LG modes
gives a pure LG mode. The computer hologram
method can generate a beam with high-order phase
singular points and obtain a high conversion efficiency.
However, these methods are not suitable for the short-
pulse high-intensity laser because of laser damage, dif-
ficulties in fabricating a large-diameter device, and the
energy loss by passing through many optical compo-
nents. In Ref.[17] employed is a large-diameter optical
device which has a multilevel spiral phase distribution
in consideration of its application to ultrashort high-
intensity laser pulses. The methods of generating PN

beams are reviewed in detail in Ref.[10].

3. Light beams with OAM for
FSO

3.1. Encoding into OAM
states of single light beam

information

In Ref.[5] are realized the generation and measure-
ment of weighted LG beams via phase holograms, cor-
responding to the information code. The experimental
configuration is shown in Fig.1. The transmitter unit
is based on a HeNe laser, a computer-controlled phase
hologram implemented using a reflective spatial light
modulator (SLM) and a telescope. The receiver unit
comprises a similar telescope, SLM and CCD array
detector.

Using the OAM to encode the data offers an in-
herent security enhancement as it is difficult to read
the data without positioning the detector directly in
the path of the intended receiver.!>'8 The OAM data
are extremely difficult to recover from the light that is
scattered by the atmosphere since the time-dependent
scattering process randomizes the phase structure of
the beam. The light scattered from optical compo-
nents, which, although, are not subjected to temporal
variation, is still highly complex, and the recovery of
the original OAM data is non-trivial. Even if the de-
tector is positioned within the beam, an eavesdropper

still has some difficulty in establishing a system to
measure the OAM.

1 of 8 hologram
patterns (transmitter)
LM : lescope
s free-space link
\
.Qelescope
N
~ \
LM

laser

CCD image

‘Em ).

CCD camera

hologram patter
(receiver

Fig.1. Optical scheme configuration of encoding informa-
tion into OAM states of single light beam.[®!

3.2. Encoding information into the spa-
tial structure of the mixed vortex

with OAM

3.2.1. Mixed vortex generated by single light
source

The mixed vortex field representing the super-
position of OVs with different topological charges is
examined as a convenient carrier of information in
Ref.[12].
mixed vortex field of the form U = Zl]\il aju; exp(ile)

Applying a spatial light modulator, the

can be generated directly by a single Gaussian beam.
The number of superposed vortices M, their topolog-
ical charges I, amplitudes u; and weight coeflicients
a; are encoded into the structure of the computer-
generated hologram sent to the spatial light modula-
tor. If the modulator is driven dynamically, the weight
coeflicients can represent bits of information encoded
into the spatial structure of the mixed vortex field.
After Fourier filtration performed behind the spatial
light modulator, the vortex field propagates as the P-
N field. At the receiver, the weight coeflicients must
be measured to decode information. In the proposed
decoding scheme, it is performed by the spatial separa-
tion of the OVs. The method is realizable by means of
amplitude and phase modulations and works in such a
way that the weight coefficients of the OVs are iden-
tified as bright intensity spots localized at positions
uniquely specified by their topological charges.
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The application of the mixed vortex field, expres-
sion (7), to the information encoding is feasible due to
the fact that it can be obtained by the direct transfor-
mation of the single Gaussian beam. The generated
mixed vortex field possesses degrees of freedom which
are unavailable by the common light field. As addi-
tional parameters, the quantities and signs of the topo-
logical charges and the weight coefficients of the OVs
can be applied to the information encoding. While
the weight coeflicients are used as carriers of bits of
information, the topological charges serve as ‘mark-
ers’ enabling the information decoding. The encoding
of information into the spatial structure of the mixed
vortex field is based on an application of field (7). It
represents the required superposition of the OVs with
different topological charges and can be generated by
the transmission of the collimating laser beam through
the spatial light modulator (SLM). It can be realized
by means of the setup illustrated in Fig.2.

spatial spectrum

P-N mixed
vortex field

hologram

Fig.2. Optical scheme configuration of encoding informa-
tion into the spatial structure of the mixed vortex gener-
ated by single light source.[12]

The calculated intensity pattern representing the
computer-generated hologram is sent to the SLM
placed at the front focal plane of the first Fourier lens.
If the SLM is irradiated by the laser beam, the spatial
spectrum of the transmitted field appears at the back
focal plane of the Fourier lens. After a convenient spa-
tial filtering a very good approximation of the field (7)
is obtained behind the second Fourier lens.

3.2.2. Mixed vortex generated by multi-light-
source

In Ref.[19] is realized the generation of weighted
superposition of the Bessel beams, corresponding to
the information code. The information code is repre-
sented by an area of N point sources in such a way
that each of them can be bright or dark. The mixed

vortex field can be generated with frequencies that
are usually in a range of optical communication by
a dynamical modulation of the intensity of the point
sources.

As shown in Fig.3, if the array of point sources
is placed in front of focal plane of a lens, a weighted
superposition of plane waves is generated behind the
lens. The superposition of plane waves goes through
a complex mask placed behind the lens. The com-
plex mask splits each impinging plane wave into N
waves with different helicities and directions of prop-
agation. When a superposition of N plane waves im-
pinges on the mask, N? helical waves appear behind
the mask. Of them, N helical waves propagate along
the z-axis, N(IN — 1) ones have a nonzero transversal
component of the wave vector and propagate in a di-
rection inclined with respect to the z-axis. The next
component of the optical setup is an axicon placed
just behind the complex mask. By means of the axi-
con, the helical wave with the topological charge m;
propagating along the optical axis is transformed to
the mj-th order Bessel beam. After filtration and an
inverse Fourier transformation realized by the second
Fourier lens, the required distribution of an optical
field is obtained. The complex amplitude at the back
focal plane of the second Fourier lens is of the form

N
U =Y ajuo;exp(im;e), (8)
j=1
where a; represents one bit of the information code
and its value is 0 or 1. wug; denotes a complex ampli-
tude of the m;-th order Bessel beam at the output of
the encoder.

entrance colimating Fourier Fourier

plane lens . lens I aperture les II
I axicon I

LflmaSklfvf'fva

s—0

Fig.3. Optical scheme configuration of encoding informa-

tion into the spatial structure of the mixed vortex gener-
(19]

ated by multi-light-source.
The obtained field (8) exhibits non-diffracting
properties. It can propagate without changing of its
intensity profile in an infinite region, which cannot
be realized experimentally in this ideal form. A good
experimental approximation of the ideal Bessel beam
can be achieved using the Gaussian envelope to modu-
late the transversal intensity profile of a Bessel beam.
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On the receiver side, the optical field goes through
a hologram. Behind the hologram, each helical wave
is split into N waves. Applying the Fourier trans-
formation realized by a Fourier lens, a separation of
individual deflected waves can be achieved. And the
information code can be decoded by measuring the

intensity.

4. Conclusion

The basic principle of using light beams with or-
bital angular momentum for FSO is analysed in this
paper. Both encoding information into OAM states
of single light beam and encoding information into
spatial structure of the mixed optical vortex are dis-
cussed. The mixed optical vortex can be generated
by single light source and multi-light-source. Light’s

OAM has an infinite number of eigenstates, thus the
number of bits that the OAM of a single photon can
represent is unlimited in principle. Using the OAM of
single light beam to encode the data offers an inher-
ent security as it is difficult to read the data without
positioning the detector directly in the path of the
intended receiver. Mixed vortex fields represent P-N
fields possessing a self-reconstruction property. These
properties are very significant to the FSO. Using P-
N optical fields with OAM to encode information is
potential to improve the performance of FSO.
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