
  
Abstract—In this paper, we make a theoretical and numerical 

analysis of a transmission chain based on an Orbital Angular 
Momentum (OAM) technique in the case of ideal channel. In 
order to generate an OAM beam, we define a theoretical OAM 
encoder (vortex generator) similar to the Spiral Phase Pattern 
(SPP) in practice, converts a flat Gaussian phase front into a 
helix. We then multiplex several OAM channels, all modulated 
with QPSK streams of data and then decode specific modes and 
measure the overall performance in terms of  signal to noise 
ratio (SNR) and bit error rate (BER). 
 

Index Terms—Orbital angular momentum (OAM), OAM 
beam, vortex generator, theoretical OAM encoder. 
 

I. INTRODUCTION 
There are two particularly important ways in which a light 

beam can rotate: if every polarization vector rotates, the light 
has spin; if the phase structure rotates, the light has orbital 
angular momentum (OAM). Recently, much attention has 
been focused and taken more interest in the orbital angular 
momentum (OAM).  The OAM of a light beam known as an 
optical vortex can exist in one of an infinite number of states 
and may be used to carry information. The information 
carrying OAM beams can achieve an increase in the capacity 
of optical communication system and spectral efficiency 
[1]-[4]. 

Using OAM beams for multiplexing can be regarded as 
analogous to various other multiplexing technologies, such as 
wavelength-division multiplexing (WDM) [5], [6], optical 
time-division multiplexing (OTDM) [7], spatial-division 
multiplexing (SDM) using multicore fibers [8] and 
mode-division multiplexing (MDM) [9]. 

Orbital angular momentum has given rise to many 
developments in optical manipulation, optical trapping, 
imaging, astronomy and quantum information processing. In 
addition to these established areas, OAM has recently seen 
application in free-space information transfer and 
communications [10], [11]. Although results have been 
achieved in free- space, there is significant interest in the 
potential to use OAM for MDM in fiber [12]-[14]. 

In the work reported here, we focus our attention on three 
blocks of an optical communication system that is based on 
orbital angular momentum, which are; the OAM encoder, the 
multiplexing, and de-multiplexing. We present a theoretical 
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and numerical simulation analysis (using Matlab) in which 
we can simulate our optical chain and evaluate the bit error 
rate (BER) performance of the system.  
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Fig. 1. The electric field intensity distribution of a Gaussian vortex beam (in 
space, mm unit in X and Y axis) for different values of the topological charge 

«l»; (a) l = 2; (b) l = -2; (c) l = 4; (d) l = -4. 
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(a) 
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Fig. 2. The orbital angular momentum density distribution of Gaussian 
vortex beams (a) l = 4; (b) l = -4. 

 
This paper is organized as follows: In the second section, 

we present a mathematical model of the optical field and the 
orbital angular momentum density distribution of Gaussian 
vortex beams. In the third section we introduce the generation 
of an OAM beam using an OAM encoder and the 
multiplexing/de-multiplexing setup. In the fourth section we 
develop a theoretical and numerical simulation of an optical 
communication setup that exploits OAM beams for a 

transmission over a channel assumed to be ideal, and then we 
evaluate the performance of the proposed system through the 
bit error rate (BER). 

 

II. THE ORBITAL ANGULAR MOMENTUM DENSITY 
DISTRIBUTION OF GAUSSIAN VORTEX BEAMS: 

MATHEMATICAL MODEL 

A. The Optical Field Distribution of Gaussian Vortex 
Beams  
A Gaussian vortex beam is a kind of typical vortex beam 

which is also called a helix beam. The transverse vortex 
optical field of a vortex beam is the optical field with the 
phase of a beam transverse section moving around the vortex 
center helically [15]. The electric field intensity of a Gaussian 
vortex beam can be expressed as [16]: 

𝐸(𝑥,𝑦, 𝑧, 𝑡) = 𝐸0
𝜔0

𝜔(𝑧) (�𝑥
2+𝑦2

𝜔(𝑧) )|𝑙| exp �− 𝑥2+𝑦2

𝜔(𝑧)2 � exp[𝑖𝑖(𝑥,𝑦, 𝑧, 𝑡)]   
(1) 

where the phase term 𝑖(𝑥,𝑦, 𝑧, 𝑡)  can be expressed as 
follows:  

𝑖(𝑥,𝑦, 𝑧, 𝑡) = −(|𝑙| + 1)𝑎𝑎𝑎𝑡𝑎𝑎 2𝑧
𝑘𝜔02

+ 𝑘(𝑥2+𝑦2)
2𝑅(𝑧)

+

                                              𝑙. arctan �𝑦
𝑥
� + 𝑘𝑧 − 𝜔𝑡                             (2) 

The spot radius of the beam at position z is: 

                              𝜔(𝑧) = 𝜔0�1 + ( 𝑧
𝑍0

)2                             (3) 

 
The radius of curvature of the wave front is: 

                             𝑅(𝑧) = 𝑧( 𝑧
𝑍0

+ 𝑍0
𝑧

)                              (4)  

where Z0 is the Rayleigh range: 𝑍0 = 1
2
𝑘𝜔0

2 
Integrating equations (2), (3) and (4) in equation (1),  with 

λ = 1550nm, we developed a MATLAB program to simulate 
the electric field intensity of a Gaussian vortex beam as a 
function of the topological charge “l” (Fig. 1).   

We can see in Fig. 1 that the wave fronts of Gaussian 
vortex beams rotate around the vortex center, and optical 
strength is zero at the vortex center.  

The vortex characteristic is different when index “l” is 
different. When the absolute value of index “l” increases (Fig. 
1(a), Fig. 1(c)), the spiral distribution characteristics of 
optical strength become complex, and when indexes “l” are 
mutual opposite numbers of the two beams, their spiral 
directions of optical strength distributions are opposite (Fig. 
1(b), Fig. 1(d)). 

B. The Orbital Angular Momentum Density Distribution 
of Gaussian Vortex Beams 
The orbital angular momentum density of a Gaussian 

vortex beam can be presented by the following equation [16]: 

𝑀𝑧 = 𝑙𝜔𝜀0
𝜋2+𝑧2𝜆2

∗ exp �−2𝜋
2(𝑥2+𝑦2)

𝜔0
2(𝜋2+𝑧2𝜆2

� ∗ 𝜋(2|𝑙|+2) ∗ [ 𝑥2+𝑦2

𝜔0
2(𝜋2+𝑧2𝜆2)

]|𝑙|(5) 

Using the same parameters of the equation (1), we 
simulated the orbital angular momentum density distribution 
of Gaussian vortex beams. 

The distribution of the orbital angular momentum of a 
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Gaussian vortex beam is in a ring domain, and distribution 
shape is concave. In the center of the ring domain, orbital 
angular momentum density is maximal, and gradually 
decreases to zero from the center to the side (Fig. 2(a)). In Fig. 
2 (b), when indexes (l) are mutual opposite numbers of the 
beam, the values of their orbital angular momentum are equal, 
but the directions are opposite. 

 
 (a) 

 

 

 

 
(b) 

Fig. 3. (a) OAM Encoder; (b) Generation of OAM beams using an OAM 
Encoder with topological charge “l=2” and “l=4”. 

III. SYSTEM MODEL 
Unlike spin angular momentum, for which only two states 

are possible, the OAM state of a photon can take any integer 
value. This property may be exploited in the context of 
optical communications. 

The orthogonality among beams with different OAM 
states allows to enable a variety of optical communication 
applications, such as multiplexing/de-multiplexing of 
information-carrying OAM beams to achieve an increase in 
capacity [11]. 

The OAM data transmission used here is based on 
quadrature-phase-shift-keying (QPSK) data at a single 
wavelength and carrying four OAM beams with different 
topological charge l. 

The three key enablers for our demonstration are (i) a 
generation of OAM beams using an OAM encoder; (ii) a 
multiplexing setup; and (iii) a de-multiplexing setup. 

A. Generation of OAM Beams: OAM Encoder 
In this section, we will exploit the equations presented and 

simulated in the previous section, to develop a   theoretical 
OAM encoder allows to generate OAM beams. The principle 
of this encoder based on the conversion of a flat phase front in 
a helix, as an adjustable spiral phase plate. An OAM encoder 
with number l can be characterized by its code transfer 
function 𝑖l(𝑥,𝑦, 𝑧). 

An OAM beamU(𝑥,𝑦, 𝑧) can be formed by integrating a 
Gaussian beam 𝐺(𝑥,𝑦, 𝑧)into the OAM encoder (Fig. 3). The 
output of an arbitrary encoder l denoted as  𝑈l(𝑥,𝑦, 𝑧) is the 
convolution between the signal 
𝐺(𝑥,𝑦, 𝑧) andtheencodertransfer function, achieved in “z” 
and given by the following equation: 

            𝑈𝑙(𝑥,𝑦, 𝑧, 𝑡) = 𝐺(𝑥,𝑦, 𝑧) ∗ exp�𝑖𝑖𝑙(𝑥,𝑦, 𝑧)� 0T            (6) 

where 𝐺(𝑥,𝑦, 𝑧) = −(𝑥2+𝑦2)
𝜔(𝑧)2

: is the complex electric field 
amplitude at the waist of the Gaussian beam, and   

𝑖l(𝑥,𝑦, 𝑧) = −(|l| + 1)arctan
2𝑧
𝑘𝜔0

2 +
𝑘(𝑥2 + 𝑦2)

2R(𝑧) + l. arctan �
𝑦
𝑥�

+ 𝑘𝑧 

 

B. Multiplexing/De-multiplexing of OAM Beams 
OAM beams can be used to enable a variety of optical 

communication applications, such as 
multiplexing/de-multiplexing of information-carrying OAM 
beams to achieve an increase in capacity and spectral 
efficiency, and data exchange between OAM beams for 
flexible data processing [11]. An OAM beam has a helical 
(helicoidally) phase structure, when encoded with data 
information; the information-carrying OAM beam 
(𝑈𝑆(𝑥,𝑦, 𝑧, 𝑡)) can be described as: 

  𝑈𝑆(𝑥,𝑦, 𝑧, 𝑡) = 𝑆(𝑡) ∗ 𝐺(𝑥,𝑦, 𝑧) ∗ exp (𝑖𝑖(𝑥,𝑦, 𝑧)      (7) 

where S(t) is the applied data information. 
For the multiplexing of H information-carrying 

OAM-beam 𝑈𝑆𝑝(𝑥,𝑦, 𝑧, 𝑡) = 𝑆𝑝(𝑡) ∗ 𝐺𝑝(𝑥,𝑦, 𝑧) ∗
exp (𝑖𝑖𝑝(𝑥,𝑦, 𝑧)), (p=1, 2, 3,…N), the resultant field is given 
by: 
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𝑈𝑀𝑀𝑀(𝑥,𝑦, 𝑧, 𝑡) = ∑ 𝑆𝑝(𝑡) ∗ 𝐺𝑝(𝑥,𝑦, 𝑧) ∗ exp (𝑖𝑖𝑝(𝑥,𝑦, 𝑧))𝑁
𝑝=1  (8) 

The phase𝑖𝑝(𝑥,𝑦, 𝑧)expressed as;  

𝑖𝑝(𝑥,𝑦, 𝑧) = −��𝑙𝑝� + 1�𝑎𝑎𝑎𝑡𝑎𝑎
2𝑧
𝑘𝜔0

2 +
𝑘(𝑥2 + 𝑦2)

2𝑅(𝑧)
+ 𝑙𝑝. arctan �

𝑦
𝑥� + 𝑘𝑧 

For the de-multiplexing of information-carrying OAM 
beams, we multiply the superposed OAM 
beams𝑈𝑀𝑀𝑀(x, y, z, t) by exp (𝑖𝑖𝑞(𝑥,𝑦, 𝑧), with 

𝑖𝑞(𝑥,𝑦, 𝑧) = −��(−𝑙𝑞)� + 1�𝑎𝑎𝑎𝑡𝑎𝑎
2𝑧
𝑘𝜔0

2 +
𝑘(𝑥2 + 𝑦2)

2𝑅(𝑧)
+ (−𝑙𝑞). arctan �

𝑦
𝑥� + 𝑘𝑧 

The result is given as: 

𝑈𝐷𝐷𝑀𝑀𝑀(𝑥,𝑦, 𝑧, 𝑡) = exp (𝑖𝑖𝑞(𝑥,𝑦, 𝑧)) ∗ ∑ 𝑆𝑝(𝑡) ∗𝑁
𝑝=1

                           𝐺𝑝(𝑥,𝑦, 𝑧) ∗ exp (𝑖𝑖𝑝(𝑥,𝑦, 𝑧))                          (9) 

C. Mode Conversion 
To de-multiplex an OAM beam with a topological charge 

“l”, an OAM decoder (exp (𝑖𝑖𝑞(𝑥,𝑦, 𝑧)) is used to convert 
back to a beam with a planar phase front. But when it was 
N-OAM beams to carry, the phenomenon of interference 
between modes becomes very clear and the output of the 
decoder will not be a planar phase front. We can rewrite the 
equation UDEMUX, to better see this phenomenon, as follows: 

𝑈𝐷𝐷𝑀𝑀𝑀(𝑥,𝑦, 𝑧, 𝑡) =  𝑆𝑞(𝑡) ∗ 𝐺𝑞(𝑥,𝑦, 𝑧) + ∑ 𝑆𝑝(𝑡) ∗𝑁
𝑝=1,𝑝≠𝑞

                           𝐺𝑝(𝑥,𝑦, 𝑧, 𝑡) ∗ exp �𝑖𝑖′𝑝(𝑥,𝑦, 𝑧)�(10) 

With  

𝑖′𝑝(𝑥,𝑦, 𝑧) = −���𝑙𝑝 − 𝑙𝑞�� + 1�𝑎𝑎𝑎𝑡𝑎𝑎
2𝑧
𝑘𝜔0

2 +
𝑘(𝑥2 + 𝑦2)

2𝑅(𝑧)
+ (𝑙𝑝 − 𝑙𝑞). arctan �

𝑦
𝑥�+ 𝑘𝑧 

We can see that only one of the superposed information 
carrying OAM beams (charge, ℓq) is converted back to a 
beam with a planar phase front (𝑆𝑞(𝑡) ∗ 𝐺(𝑥,𝑦, 𝑧)), the others 
are still OAM beams, but with a topological charge (𝑙𝑝 − 𝑙𝑞), 
so a new OAM beam will interfere with our desired beam. 

D. QPSK Demodulator  
For QPSK demodulator, a coherent demodulator is taken 

as an example (Fig. 4). In coherent detection technique the 
knowledge of the carrier frequency and phase must be known 
to the receiver. This can be achieved by using a PLL (phase 
lock loop) at the receiver. A PLL essentially locks to the 
incoming carrier frequency and tracks the variations in 
frequency and phase. For the following simulation, a PLL is 
not used but instead we simple use the output of the PLL.  

For demonstration purposes we simply assume that the 
carrier phase recovery is done and simply use the generated 
reference frequencies at the receiver (cos(ωt)) and (sin(ωt)). 

𝜔 = 2𝜋𝑓𝑐, 𝑓𝑐is the carrier frequency. 

We consider in our theoretical simulation that the noises 
can be assimilated to an additive Gaussian noise (AWGN) 
with variance 𝜎𝑏2. In this case the received signal at the input 

of the OAM-DEMUX is the sum of 𝑈𝑀𝑀𝑀(𝑥,𝑦, 𝑧, 𝑡)  and 
noise (AWGN): 

𝑎(𝑡) = ∑ 𝑆𝑝(𝑡) ∗ 𝐺𝑝(𝑥,𝑦, 𝑧) ∗ exp �𝑖𝑖𝑝(𝑥,𝑦, 𝑧)� + 𝑏(𝑡)𝑁
𝑝=1  (11) 

After decodingr (t)usingan OAM decoder, we obtain the 
following signal: 

𝑎𝑞′(𝑡) = 𝑎(𝑡) ∗ exp (𝑖𝑖𝑞(𝑥,𝑦, 𝑧))                  (12) 

Hence: 

𝑎𝑞′(𝑡) = 𝑆𝑞(𝑡) ∗ 𝐺𝑞(𝑥,𝑦, 𝑧) + ∑ 𝑆𝑝(𝑡) ∗ 𝐺𝑝(𝑥,𝑦, 𝑧, 𝑡) ∗𝑁
𝑝=1,𝑝≠𝑞

                  𝑒𝑥𝑝 �𝑖𝑖′𝑝(𝑥,𝑦, 𝑧)� + 𝑏(𝑡) ∗ 𝑒𝑥𝑝 (𝑖𝑖𝑞(𝑥,𝑦, 𝑧))           (13) 

In the QPSK demodulator the received signal 𝑎𝑞′(𝑡)  is 
multiplied by a reference frequency generators (cos (ωt)) and 
(sin (ωt)) on separate arms (in-phase and quadrature (IQ) 
arms).  

The multiplied output on each arm is given by: 

�
𝐼 = 𝑎𝑞′(𝑡) ∗ cos (𝜔𝑡)
𝑄 = 𝑎𝑞′(𝑡) ∗ sin (𝜔𝑡)                       (14) 

For a carrier frequency  

𝑓𝑐 = 50𝑘𝑘𝑧 �
𝐼 = 𝑎𝑞′(𝑡)

𝑄 = 𝑎𝑞′(𝑡) ∗ sin (𝜔𝑡) 

Finally the bits on the in-phase (I, even bits) arm and on the 
quadrature (Q, odd bits) arm are remapped to form detected 
information stream.  

From the previous equations ((13) and (14)) we can extract 
two terms; one presents the interference (Int) and the second 
term shows the noise (N): 

𝐼′ = ∑ 𝑆𝑝(𝑡) ∗ 𝐺𝑝(𝑥,𝑦, 𝑧, 𝑡) ∗ 𝑒𝑥𝑝 �𝑖𝑖′
𝑝(𝑥, 𝑦, 𝑧)�𝑁

𝑝=1,𝑝≠𝑞                   (15) 

                      𝑁 = 𝑏(𝑡) ∗ 𝑒𝑥𝑝 (𝑖𝑖𝑞(𝑥,𝑦, 𝑧))                    (16) 

 

 
Fig. 4. QPSK Demodulator. 

 

IV. THEORETICAL SIMULATION OF AN OPTICAL 
COMMUNICATION USING ORBITAL ANGULAR MOMENTUM 
This section presents a theoretical data transmission of 

OAM beams through an ideal optical fiber. Similar to 
wavelength-multiplexed networks, different users could 
occupy a different OAM states. A helix modulator block was 
designed to simulate the creation of helical phase front 
intertwining using an OAM encoder. 

In Fig. 5 we present a block diagram of the theoretical 
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setup for transmission of QPSK carrying 4 OAM beams. 
Four Gaussian beams (λ=1550nm) with planar phase fronts, 
each carrying a QPSK signal are converted into four OAM 
(OAM+4, OAM+6, OAM+8, OAM+10) with helical phase 
fronts using different OAM encoder.  

 

 
Fig. 5. Setup for transmission of QPSK carrying 4 OAM beams using an 

ideal channel. 
 

After multiplexing, the OAM beams propagate in an ideal 
optical fiber. At the reception, a de-multiplexing of OAM 
beams used to de-multiplex one of the OAM beams back a 
beam with a planar phase front for coherent detection (Fig. 
5). 

We presented in Fig. 6 a 3D variation of the signal to 
interference ration (𝑆𝐼𝑅 =  𝑆 / 𝐼), and we can see that this 
ratio varies between 8 and 15 dB.The performance of a 
wireless network critically depends on the signal to 
interference plus noise (SINR) levels at the 
receivers, presented by the following equation: 

𝑆𝐼𝑁𝑅 = 𝑆
𝑁+𝐼′

                               (17) 

where S is the desired signal power; N is the noise power and 
I’ the interference power. According to what is seen in Fig. 7 
this ratio can be varied between 5 and 15dB. 

 

 
Fig. 6. 3Dpresentation of SIR=S/I. 

 

 
Fig. 7. 3Dpresentation of SINR=S/(I+N). 

 

 
Fig. 8. BER versus mode numbers for different SNR. 

 
The simulation presented in this paper has been carried out 

in MATLAB to evaluate the performance of propagation 
with different OAM state. Bit Error Rate plots in our system 
to examine the errors introduced by the different blocks of the 
data transmission chain; the OAM encoder and 
multiplexing/de-multiplexing block. BER were measured for 
different SNR value as a function of mode number.  

The evolution of the BER performance of our system 
presented in Fig. 8, using the different equations developed in 
section II and III, with the same parameters. This 
performance was evaluated as a function of the number of 
OAM modes, at a wavelength λ equal to 1550nm for different 
SNR. From this figure we can observe that the performance is 
good whatever the number of mode, it is always less than 5.2 
× 10-3, and the best performance was obtained when SNR 
=30dB.We can see also that the number of modes has not a 
great effect on the performance of the system. 

 

V. CONCLUSION 
In this paper we proposed a theoretical simulation of a 

QPSK carrying OAM beams through the different blocks of 
the transmission chain derived here (OAM encoder, 
multiplexing and de-multiplexing). We also evaluate the 
performance of our system and we have seen that the BER 
<5.7 × 10-3. In future work, we will try to simulate include 
optical channel effect whether free space or optical fiber 
based. 
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