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Abstract. Higher order structured modes can be used for Mode Division Multiplexing (MDM)
in Free Space Optical communication; however, they are highly susceptible to atmospheric
turbulence. Atmospheric turbulence causes crosstalk between the modes which decreases the
power within the transmitted mode. Mode averaging could assist in mitigating the effects of
turbulence by transmitting and receiving two modes, between which crosstalk occurs. Mode
averaging used at the receiver and transmitter simultaneously has been shown to increase the
performance of a system when used with multiple Orbital Angular Momentum (OAM) modes.
Using multiple OAM modes limits the number of modes available for MDM, therefore, it would
be more favourable to make use of only two modes. Additionally, modes for mode averaging
are often chosen for their simplicity. Choosing more appropriate modes could further improve
performance. We investigate the use of OAM modes with un-normalised and normalised beam
sizes in two-mode mode averaging by first determining the mode combinations that provide the
most received power for each transmitted mode and then using these combinations to compare
the total received power of a system using mode averaging to one without averaging. We show
that mode averaging can increase the power received by a maximum of 61% at a Strehl Ratio
of 0.6 when combining modes optimally.

1. Introduction
Free space optical (FSO) communication has become a popular research area due to the promise
of fast, cheap and secure internet [1]. FSO transfers information using a laser beam which
propagates through the air. This laser beam is usually in the form of a Gaussian or Gaussian-
like beam.

There is an interesting alternative to using a Gaussian beam in FSO. Higher order mode sets
can be perceived as “patterns of light” with different spatial intensity and phase structures.
The Laguerre-Gaussian (LG) and Orbital Angular Momentum (OAM) mode sets are most
commonly studied [2; 3]. Higher order modes can be used for Mode Division Multiplexing
(MDM), which involves the superposition of orthogonal modes carrying different signals [4].
They are, however, highly susceptible to atmospheric turbulence [5]. As a mode passes through
turbulence, turbulence distorts the wavefront and amplitude of the beam, causing crosstalk
between different modes [6]. The crosstalk decreases the power and intensity of the transmitted
mode. In communication systems, this causes fading errors and thus reduces the data-rate [7].

Multiple methods to prevent these fading errors have been researched. These include adaptive
optics [8], spatial diversity [9] and multiple-input-multiple-output digital signal processing [7].



Alternatively, a method known asMode Diversity can be used. By transmitting and/or receiving
a number of adjacent modes between which crosstalk occurs, the errors caused by MDL can
be mitigated [10]. Since “true” mode diversity as used in communication systems, harnesses
the statistical independence of different channels over time [11], we believe that this name is
confusing for this particular use case. Mode Averaging is more descriptive as there is a similarity
to aperture averaging.

Mode averaging has been used at the receiver [12; 13] and transmitter [10] separately as
well as at both simultaneously [14; 15]. In this work, we focus on mode averaging used at
both the transmitter and receiver. Mode averaging using several OAM modes has shown to
increase the performance of a system [14; 15]. However, using many OAM modes can reduce
the number of modes available for MDM [16]. More modes could be provided by only using two
mode combinations for mode averaging. Mode averaging systems could further be improved by
choosing more appropriate modes for the mode combinations. This is in contrast to a simple
multi-mode or “bucket”-type receiver. In many of the previous papers, the modes for mode
combinations have mainly been chosen for their simplicity. However, in [17], modes are chosen
using an exhaustive search and the effective fading figure. Modes could also be chosen by
investigating the mode combinations which provide the maximal total received power.

Therefore, we determine the OAM mode combinations that provide the most received power
at different turbulence strengths in two-mode mode averaging systems. These combinations are
then used to compare the total received power of a system using mode averaging to one without
averaging to determine the efficiency of such a system.

2. Preliminaries
2.1. Orbital Angular Momentum Modes
OAM modes are a subset of LG modes. LG modes are a set of higher-order modes that are
solutions to the Helmholtz equation calculated using cylindrical coordinates [2]. The expression
for LG modes at z = 0 is given by
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where CLG
l,p is the normalisation constant, L
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p [·] is the generalised Laguerre polynomial and w0

is the beam waist. LG modes are characterised by two indices namely the azimuthal (ℓ) and
radial (p) indices. When p = 0, the modes are known as OAM modes. In OAM modes, the l
parameter determines the beam propagation factor, M2, which affects the beam’s propagation
characteristics [18], and is given by

M2 = |ℓ|+ 1. (2)

The diameter of the beam increases according to the second moment radius calculated using
r2 = w0

√
1 +M2 [19]. This diameter can be normalised in the near field using the following

equation

wL =
w0√

1 +M2
(3)

where wL is the radius of a beam with the beam size normalised to the size of the Gaussian
beam within the mode set.

2.2. Atmospheric Turbulence
Atmospheric turbulence is caused as a result of the mixing of air with different temperatures
and pressures, which causes random space and time-varying changes in the refractive index.
Turbulence can be simulated by generating random phase screens using statistical models of



which the simplest is the Kolmogorov model [20]. The power spectral density of the refractive
index of air is described by

ΦK
n (κ) = 0.033C2

nκ
−11
3 . (4)

In the equation, κ is the angular spatial frequency and Cn is the refractive-index structure
parameter. Turbulence affects beams by distorting their wavefronts (and thus intensities, after
propagation). In higher order modes, this causes the spreading of energy or coupling of power
between different modes which is known as crosstalk. Crosstalk decreases the amount of power
within the transmitted mode. This attenuation is known as Mode Dependent Loss (MDL) and
is calculated as

MDLn = 1− Sn

S0
. (5)

where n represents the transmitted mode index, Sn is the intensity of mode n in the presence
of turbulence and S0 is the intensity of the mode in the absence of turbulence. The MDL is
related to the Strehl Ratio (SR) which is a simple measure for turbulence strength defined by

SR =
⟨I(0)⟩
I0(0)

, (6)

where ⟨I(0)⟩ is the average on-axis intensity of the beam with turbulence and I0(0) is the on-axis
intensity without turbulence. The angle brackets, ⟨·⟩, represent an ensemble average. The lower
the SR, the greater the turbulence strength.

2.3. Modal Decomposition
Any field, U , can be expressed as a sum of modes that form part of a complete basis, given by

U(x) =
∑
n

cnΦn(x), (7)

where x represents the transverse spatial coordinates, and Φn(x) is the mode n within the
complete basis [21]. cn is the complex expansion coefficient for mode n of a particular basis
where the amplitude of the expansion coefficient describes the degree to which the field correlates
to the basis mode. The crosstalk and MDL measurements are given by this. The phase of cn is
called the inter-modal phase.

We can determine these expansion coefficients using the inner-product between the initial
field and the modes of the complete basis. This so-called modal decomposition of the initial
field is given by an inner product

cn = ⟨Ψn|U⟩ =
∫

d2xΨ∗
n(x)U(x). (8)

where Φ∗
n(x) is the complex conjugate of Φn(x).

Figure 1. Experimental setup that is analogous to the simulation method used (SLM: Spatial
Light Modulator)



3. Methodology
One of the key performance metrics in a communication system is the signal to noise ratio. If
we assume the noise floor is some constant, the greater the received signal power the better the
signal to noise ratio. Ignoring other potential complexities which are out of scope, in this work
we strive to maximise the received power.

Due to the sheer quantity of data, the results presented here have been acquired using
an accurate simulation. We plan to re-measure and verify interesting cases using a physical
experimental setup in future. A setup that is analogous to the simulation method can be seen
in Fig. 1. In the setup, the collimated laser beam is modulated with a mode combination using
the first Spatial Light Modulator (SLM). The modes are combined such that the power within
each mode is equal. For modes with normalised beam sizes, their beam sizes are normalised by
using Eq. 3 to the size of the Gaussian beam before they are combined and used to modulate
the laser beam. Simulated turbulence with turbulence strengths ranging from SR=0.1 to 0.9
in steps of 0.1 is also added to the laser beam using the first SLM. Turbulence is simulated
using a hundred phase screens for each SR. A 4f system with an aperture is used to acquire the
first diffraction order from the SLM. Modal Decomposition is performed using the second SLM
and Fourier Lens [21]. The total received power is calculated using the modal decomposition
results. The mode combinations which provide the largest received power for a particular SR
are determined by combining all the modes two modes at a time and determining the received
power for each combination for that SR. The best combinations are then used to compare a
system with mode averaging to one without mode averaging (i.e. a single mode system).

The method used to determine the best mode combinations is computationally expensive
and, thus, only allows for a limited number of OAM modes to be studied. The studied OAM
modes have ℓ values ranging from −5 to 5 and M2 values ranging from M2 = 1 to 6.

4. Results and Discussion
In Fig. 2, the total received powers when a single un-normalised or normalised mode is
transmitted and combined with other OAM modes at different turbulence strengths are shown.
We can see that mode averaging can make a significant improvement on the received power.
In Fig. 2(a), it can be seen by taking note of the asterisks (*) that un-normalised beams with
a lower M2 are best combined with adjacent beams (adjacent ℓ values) at lower SRs. This is,
however, no longer the case for beams with a higher M2 which are best combined with Gaussian
beams as can be seen in Fig. 2(b).

At lower M2, the crosstalk between modes is able to mitigate the MDL of the transmitted
beam, however, the strength with which turbulence affects a beam is dependent on it’s size
[6]. Since the beam sizes are not normalised, turbulence will affect the beams with higher M2

and, thus, larger diameters more. As a result more crosstalk will occur when the M2 is high.
Additionally, the crosstalk of modes with a higher M2 will spread more [22]. Due to all of
this, when the M2 is high, the crosstalk of adjacent modes no longer has the ability to mitigate
the effects of MDL. Gaussian beams already have a low MDL, therefore, when the M2 of a
transmitted beam is high it becomes more favourable to combine the beam with a Gaussian
beam rather than the adjacent beam. At higher SRs, beams with a lower M2 are also combined
best with Gaussian beams (Fig. 2(a)). This is as a result of the increase in crosstalk that occurs
as the turbulence strength increases [6].

On the other hand, beams with normalised beam sizes are best combined with adjacent
beams. This is the case for all SRs and beams with any M2 as can be seen in Fig. 2(c) and
(d). Beams with normalised beam sizes are affected by turbulence similarly. This means that
the MDL of all the beams is equal at a particular SR, therefore, when mode averaging is used,
crosstalk between the beams is the only factor that will affect the total received power. Since
the most crosstalk occurs between adjacent beams, the OAM modes are best combined with



Figure 2. Total powers received when a single OAM beam is transmitted and combined with
other beams. The mode combined with the transmitted mode which provides the largest received
power is shown with an asterisk. In (a) and (c) the transmitted mode is ℓ = 3 and has a lower
M2 whereas in (b) and (d) the transmitted mode is ℓ = 5 and has a higher M2. (a) and (b)
show results for un-normalised beams whereas (c) and (d) show results for normalised beams.

adjacent beams.
Using the best mode combinations and comparing the total received power for different modes

with and without mode averaging, it was found that mode averaging does improve the total
received power. For OAM modes with un-normalised beam sizes at an SR of 0.6 it was found
that there was a maximum increase of 61% in the power. Furthermore, for OAM modes with
normalised beam sizes this increase was 23%. Un-normalised OAM modes benefit more from
mode averaging than normalised OAM modes, however, this is mainly the case for modes with
higher M2. Nevertheless, the power received for un-normalised modes is always less than the
power received for normalised modes in the case of both mode averaging and no mode averaging.

However, it must be noted that in this work, we did not take into account the divergence of
the beam and its effect on the results. Although the results show that using a normalised beam
size provides better performance than un-normalised beam sizes, this is likely to only be the case
for short transmission distances. The beams with a normalised second moment radii will diverge
to a greater extent than the beams with un-normalised radii as they have been reduced in size
[19]. Additionally, beams with different M2 will diverge at different rates. Since turbulence has
a larger effect on larger beams and the turbulence will no longer affect all the normalised beams
equally, at larger distances there is likely to no longer be an advantage to using beams with the
same radii.

5. Conclusion
Mode averaging can mitigate the effects of turbulence on the total received power if the best
mode combinations are used. When using OAM modes with un-normalised beam sizes, modes



with a higher M2 should be combined with a Gaussian beam. On the other hand, modes with
a lower M2 should be combined with its adjacent beam (adjacent ℓ values) at lower SRs and
with Gaussian beams at higher SRs. When using OAM modes with normalised beam sizes,
modes should always be combined with adjacent modes. There has been much research into the
use of OAM modes in mode averaging, however, the work presented in this proceeding, is only
preliminary work before studying the full LG basis.
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