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Abstract

We address the problem of detection in orbital angular momentum (OAM). The focus of our analysis will
be on the power efficient Q-ary Pulse Position Modulation (Q − PPM ). Free space optical signals sent through
wireless channels are degraded by atmospheric turbulence. In this paper a novel detection approach based on a
factor graph representation of OAM Q-PPM signalling is presented to equalize for the crosstalk among orbital
angular momentum vortices. It will be shown that our proposed detection algorithm significantly outperforms the
separate detection scenario in terms of error rate performance.
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I. INTRODUCTION

SYSTEM designers continuously face the challenge of finding unutilized frequency bands when de-
ploying new systems [1]. Legacy Radio Frequency (RF) systems primarily occupy most of low

to intermediate frequency bands (i.e. 100MHz-3GHz). Free space optical communications provides an
alternative solution for system designers to escape the dilemma of the crowded spectrum. In this paper we
will focus on a promising free space optical communication technology called Orbital Angular Momentum
(OAM).

OAM is a property of optical beams that can be exploited to allow the transmission of multiple data
streams over different modes on the same wavelength. These optical modes, also called optical vortices,
do not interfere with each other. In other words, optical modes are mutually orthogonal. Therefore, our
communications capacity is increased by a factor equal to the number of OAM optical modes.

However, due to atmospheric turbulence and scintillation present in the terrestrial channel, orthogonality
is no longer preserved which leads to interference between different optical vortices. In this paper
a statistical model that depicts the scintillation and cross talk between modes presented in [2] [3] is
considered. Based on these statistical models we develop detection techniques that compensate for the
interference among modes and scintillation over the desired optical mode.

The effect of interference among modes can be depicted in a matrix representation that makes it natural
to think of this as a least square problem with an optimal solution that takes the following form

x̂ = arg min
x∈Xm

||y−Hx||2. (1)

Least square problems for OAM have been studied in [4]. More details on least square problems and
Maximum Likelihood solutions can be found in [5] [6]. In this paper we present a novel factor graph rep-
resentation representation that can employ Generilized Belief Propagation (GBP) to recover the transmitted
symbols.

Moreover, one of OAM’s key features is the security aspect. Due to the physical properties of the OAM
field (e.g. characterized by Laguerre-Gauss equation) OAM signalling is inherently secure. To be explicit,



Fig. 1. Orbital Angular Momentum Based Communication System Architecture.

an eavesdropper would need information about the set of utilized modes and the necessary coherent
hardware(i.e. the correctly tuned volume holograms) to decipher the transmitted information.

This paper is organized as follows. In section II the communication system architecture is presented.
Also, the channel statistical model and baseband channel model are described. In section III our novel
detection approach is presented and error rate analysis is shown. We end this paper with concluding
remarks in section IV.

II. SYSTEM MODEL

In this section a general description of the system’s main building blocks is presented. The OAM
communication system architecture considered in this paper is depicted in figure 1. The left portion of
the diagram represents the transmitter lineup. A binary source generates a sequence of length k ones and
zeros {bi}Ki=1. In our system the bits are independent and identically distributed (i.i.d.) with Bernoulli
distribution. The mapper M, is a bijection that takes a size p block of bits {bi, bi+1, ..., bi+p} and maps
it to a symbol M : {bi, bi+1, ..., bi+p} 7→ xi. The symbol xi is an element in the modulation alphabet X ,
of size |X |= 2p. The sequence of symbols {xi}li=1, where l = k

p
, are then sent to the serial to parallel

converter.
The serial to parallel converter admits a set of serial symbols {xi, xi+1, ..., xi+m}, where m is the number

of transmitted modes, and sends them in parallel fashion to an optical modulator. The optical modulator
takes each symbol in {xi, xi+1, ..., xi+m} and emits light with intensity proportional to symbol electrical
current. Thus, the optical modulator module converts the electrical signal to optical signal. Two important
OAM operations are performed in the optical domain. The first is multiplexing of light, where m light
sources are multiplexed into a single OAM light beam with each light source assigned to a different
optical mode. The second is the OAM transformation, where different light modes are made collinear.

The inverse operations of the transmitter described above is performed at the receiver part. However,
we want to highlight an important part of the receiver, which is the detector block. The detector block
performs two operations. In the first, the detector takes n optical streams and converts them to n electrical
signals with currents proportional to the received optical intensity. In the second, the detector takes the n
electrical signals and performs one of two types of detection approaches considered in this paper (i) joint
detection of n-OAM modes, this will be explained in details later in this paper, and (ii) separate detection
where n signals are detected individually in the sense that we do not equalize for the interference.

We now present the communications baseband model. The following equation depicts the real-valued
baseband signal transmitted over ith mode

Ii(t) = gixi(t)|ui(r, φ, z)|2 (2)
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where gi is the laser gain of the ith mode with the units of W/(A ·m2). The transmitted signal is xi(t)
over the ith mode and ui(r, φ, z) is the Laguerre-Gauss field for the given parameters. For a pair of LG
modes ui(r, φ, z) and uj(r, φ, z) , where i 6= j, the two modes are known to be orthogonal. To be explicit

< ui(r, φ, z), uj(r, φ, z) >

,
∫ ∫

ui(r, φ, z)u∗j(r, φ, z) rdrdφ

=

{
0, i 6= j;∫ ∫

|ui(r, φ, z)|2rdrdφ, otherwise,

(3)

Due to imperfections of the channel caused by the atmospheric turbulence, the orthogonality does not
always hold. The received signal is

yi(t) = rigixi(t) ∗ hii(t) + Σ
j 6=i
rjgjxj(t) ∗ hij(t) + ni(t) (4)

where ri is the receiver sensitivity with units of (A ·m2)/W . The channel impulse response from the jth

transmission mode to the ith receiving mode is hij(t). The sum of the cross-talk between different modes
due to atmospheric turbulence is captured in the second term. The operator ∗ represents the convolution.
The additive gaussian noise with mean zero and variance σn is ni(t). We consider the discrete time model
by suppressing the time index

yi = xihii + Σ
j 6=i
xjhij + ni (5)

For the statistical description of the OAM scintillation channel over the desired mode (hij , for i = j) and
the statistical description of interfering OAM modes (hij , for i 6= j) statistical models presented in [2] [3]
are adopted. In this paper we will only consider the weak atmospheric turbulence case. From the obtained
fading histograms, it has been found that in the weak atmospheric turbulence regime, the Johnson SB

distribution is the best fit for the desired channel scintillation [3]. Its density is given by

fy(y|γ, δ) =
δ√
2π

1

y(1− y)
exp

{
1

2

[
γ + δ

y

1− y

]}
(6)

where the distribution parameters are γ and δ. It has been also found that the interfering signals are
exponentially distributed. From (5) arises the matrix representation of the problem y = Hx + n. This
matrix representation will be considered in following sections.

III. DETECTION STRATEGIES

For a general Q-ary Pulse Position Modulation (Q-PPM) the system can be represented asy1
...

yQ

 =

H1 · · · 0
... . . . ...
0 · · · HQ

x1
...

xQ

+

n1
...

nQ

 (7)

where yi and xi are the received pulses vector and the transmitted pulses vector in the ith time slot
respectively. The channel matrix for the ith time slot is Hi. We will assume that Hi for all i ∈ {1, .., Q}
are the same. Also, ni is the noise vector for the corresponding time slot. Due to the time orthogonality
the system can be decomposed to subsystems which reduces the complexity as follows

y1 = Hx1 + n1, · · · , yQ = HxQ + nQ (8)

We can apply H† to {y1, · · · , yQ} to find {x̂1, · · · , x̂Q} and thus we can demodulate. However,
we present a novel approach in detecting OAM symbols using Q-PPM. This new approach is based on
a factor graph representation. Factor graph [7] is an intermediate tool for message passing algorithms,
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Fig. 2. An Example of 4-PPM Signaling.

Fig. 3. Two Equivalent Graphical Representations. a) Time and Mode Graphical Representation b) Factor Graph Representation.

like Belief Propagation (BP) and Generalized Belief Propagation (GBP), in which the messages are sent
between nodes to compute a posteriori probabilities. A factor graph is a bipartite graph containing nodes
corresponding to variables V and factors C. As an example, consider the 4× 4 OAM 4-PPM in figure 2,
where each column represents the pulses sent in the corresponding time slot (e.g. the first column is the
first time slot) and each row represents the corresponding OAM mode.

Two mathematical structures that inherently exist in this problem are used to arrive at a factor graph
representation. The first mathematical structure is that the pulses in the same time slot interfere with each
other and pulses in different time slots are orthogonal. The second mathematical structure is that Q-PPM
can be seen as a codeword of length Q with a hamming wight constraint equal to one.

Therefore, we have two kinds of factor nodes which is shown in figure 3. The first kind is a time
and mode graphical representation shown in figure 3a. The horizontal elliptic dashed line represents the
OAM constraints, the vertical elliptic dashed line represents the PPM constraints and the filled circles are
variable nodes. Figure 3b depicts the factor graph representation of this problem. All the variable nodes
contained in each constraint are connected to the corresponding check node shown as square. From the
factor graph representation, it is natural to consider Generalized Belief Propagation (GBP). The standard
BP algorithm is a special case of a GBP algorithm when there is no 4-cycles. Since there is no 4-cycle
in this factor graph, GBP is the same as BP. Figure 4 shows the bit error rate for 2-PPM GBP detection
and separate detection. We see that GBP detection outperforms the separate detection scenario with more
than 10dB gain at the 10−3 error rate level.
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Fig. 4. BER of GBP based detection(4× 4 OAM).

IV. CONCLUSIONS

This paper addresses the problem of interference among optical modes in orbital angular momentum
channels. In the literature matrix representation of the interference between channels is exploited to use
solutions of least square problems. In this paper a novel factor graph representation of OAM Q-PPM
signalling is utilized to equalize for the interference between modes.
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