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Abstract: Free-space optical (FSO) communication systems are acutely affected by the pointing
issues and distortions that result from mechanical instability and environmental factors such
as turbulence. These distortions have generally prevented single-mode bi-directional systems
from being deployed without adaptive optics due to high optical losses. We investigate and
compare the performance of both step and graded index multi-mode fibers for bi-directional
communications over an emulated 400 m FSO channel. We propose that OM5 graded index fiber
will simultaneously provide a near Gaussian optical transmission mode and a factor of greater
than 5 increase in the field of view compared to single-mode fiber. We demonstrate that OM5
can support an error-free throughput of 10 Gbps for low-turbulence (D/r0 = 3) and 9.1 Gbps for
high-turbulence (D/r0 = 9) using commercial bi-directional small form-factor pluggable (SFP+)
transceivers with no adaptive optical components.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Free-space optical (FSO) communication systems have the potential to provide high-speed
wireless connections with reduced infrastructure requirements compared to fiber installation,
making FSO a strong candidate for serving rural or developing communities [1,2]. However,
FSO systems generally require complex tracking systems and adaptive optics to support high
capacity communication channels due to environmental factors such as atmospheric turbulence
or mechanical instability [3–7]. Atmospheric turbulence results from the continuous variation
in temperature and pressure along a free-space path, which leads to changes in optical density
resulting in time-dependent phase changes across the wavefront of an optical beam [8]. These
distortions lead to an increased long-exposure point-spread function (PSF) at the back focal
plane of a receiver lens [9,10], preventing effective coupling into single-mode (SM) optical
fibers [11,12]. The short-exposure PSF changes continuously in reaction to the random phase
fluctuations induced by the environment, which can produce deep-fades where there is sudden
loss of received power, resulting in bit errors, a low signal to noise ratio (SNR), and packet loss
[3,4,13].

SFP (small form-factor pluggable), SFP+ and QSFP (quad small form-factor pluggable),
transceivers offer convenient high-speed (100 Mbps – 100 Gbps+) modulation with the ability to
deal with high power penalties (>30 dB). The widespread availability of transceivers with the
ability to tailor the data-rate and power budget to system requirements makes them ideal for low
complexity FSO systems. However, they are commonly designed for use with SM fiber. SM
fiber has a limited acceptance angle, which means that when used in an FSO system there is

#532749 https://doi.org/10.1364/OE.532749
Journal © 2024 Received 13 Jun 2024; revised 4 Aug 2024; accepted 21 Aug 2024; published 9 Sep 2024

https://orcid.org/0000-0002-1115-3729
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.532749&amp;domain=pdf&amp;date_stamp=2024-09-10


Research Article Vol. 32, No. 20 / 23 Sep 2024 / Optics Express 34315

generally a requirement for real-time adaptive optics to overcome the challenges of beam-wander
and changes in the PSF at the receiver [14,15].

Mitigating the impact of turbulence in FSO systems has been an active research area with
commonly considered techniques including spatial diversity schemes [16–18], MIMO digital
signal processing [19,20] and integrated photonic receivers [21]. Passive approaches have also
been considered, including fluorescent receivers [22,23], large area photodetectors [24], and
wide field of view optics [25] among others. However, these schemes commonly require custom
components not readily available for integration into deployable systems. FSO systems built
upon widely-available commercial components, such as SFPs and industry standard optical
fibers, could allow for the rapid and effective deployment of high-speed communication links.
Multi-mode (MM) fibers offer an interesting alternative, as these have a larger acceptance angle
and spatial bandwidth, allowing for the efficient coupling of a received beam with an aberrated
PSF due to turbulence [11,13,26–32], as well as increased resilience to pointing errors [33–35].
Previous works typically utilize non-commercial transceivers for use with MM fiber. SFPs are
specified for use with SM fiber, and are therefore not typically used for the reception of MM
fibers. However, 10 Gbps SFPs use 20 GHz InGaAs photodiodes, which may have active areas
with a diameter of >30 µm [36,37]. As the active areas are larger than SM Gaussian beams, the
SM fiber filters more of the systems spatial bandwidth than the photodiode. This suggests using
MM fiber for the reception of turbulent modes could improve the coupled power compared to the
use of a SM fiber. Additionally, intermodal coupling within MM fibers is commonly considered
to limit their usage as effective transmitters for FSO applications because the higher-order output
field will be considerably more divergent than an equivalent field created by an SM fiber based
transmitter.

In this work, we demonstrate the use of various industry standard MM fibers for both
transmitting and receiving optical signals through turbulent FSO channels. We assessed the
performance of a full FSO system design that uses MM fiber with commercially available SFPs,
as depicted in Fig. 1. Utilising a computational simulation and measured optical fields from MM
fibers, we analyzed the performance of these devices through representative thick turbulence
environments, allowing us to assess full system performance. We systematically investigated
the output mode quality of light coupled into short lengths (approx. 1 m) of OM1, OM2, OM3,
OM4 and OM5 fiber, determining that OM1 and OM5 provide near Gaussian fields suitable for
low-loss FSO transmission. A spatial light modulator (SLM) is then used to accurately recreate
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Fig. 1. The proposed system setup uses a bi-directional SFP+ connected to a short length of
multi-mode fiber (MM fiber). As the beam propagates throughout the channel, it experiences
phase and intensity aberrations that change the PSF, reducing coupling efficiency. In the
proposed system the SFP is placed in the head unit of the FSO system to keep the MM fiber
short to reduce intermodal coupling and minimize the impact of modal group delay.
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the phase and intensity of the received optical fields in an experimental setup, and the fields are
projected onto each MM fiber to assess their performance. Our experimental results confirm
that using OM5 fiber in combination with a dual wavelength bi-directional SFP+, can achieve a
sustained error-free throughput of 9.1 Gbps with a transmitted power margin of 8.6 dB for an
emulated channel of at least 400 m with strong turbulence. This result demonstrates a novel reuse
of widely available commercial components to construct a turbulence resilient FSO system built
utilising graded-index MM fibers without active wavefront control.

2. Theory

2.1. Turbulence background

Atmospheric turbulence results in small variations in the air temperature throughout space. These
variations result in spatial differences in the refractive index of the medium, which perturb the
transverse phase profile of a propagating beam. From Kolmogorov turbulence theory, it can be
shown that the structure function, Dn(r), of the refractive index variations is given by

Dn(r) = ⟨[n(r1) − n(r2)]
2⟩ = C2

nr2/3 (1)

where C2
n is the refractive index structure parameter, which defines the strength of the refractive

index variations [38], and n(r) is the refractive index at position r. In Kolmogorov turbulence the
structure function is homogenous and isotropic. Therefore, the structure function only depends
on the separation between two points (r = |r2 − r1 |) and not the absolute coordinates r1 and r2.

As a beam propagates through a channel the refractive index variations are accumulated. The
phase distortions result in a long-exposure PSF that is broader than the non-turbulent PSF. A
common parameter to characterize the effect of turbulence on the PSF is D/r0, where D is the
receiving lens diameter, and r0 is the Fried parameter, which is a measure of the coherence length
across the beam phase profile [9]. In the case of a channel with a constant C2

n, the Fried parameter
is given by the equation

r0 = (0.423k2C2
nL)−3/5 (2)

where k is the wavenumber of the beam, and L is the propagation distance [39]. In the condition
D/r0 ≪ 1, the system’s PSF is diffraction limited, whereas if D/r0 ≫ 1 the system is limited by
turbulence. This is an important consideration for coupling light into SM fiber, as turbulence
results in less power overlapping with the area of the core, reducing the coupled power, as shown
in Fig. 2. Conversely, the majority of the power for the high-turbulence situation is contained
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Fig. 2. The simulated long-time focal plane power distribution for a 75 mm diameter
receiving lens with a focal length of 150 mm after a 400 m channel. (a) No turbulence
throughout the channel. (b) A channel with a plane-wave D/r0 = 9 (distribution from 500
realisations). The coloured circles represent the area covered by the core of SM, OM1, and
OM5 fibers. The core diameters are 9 µm for SM, 50 µm for OM5, and 62.5 µm for OM5.
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within the area of the MM fiber cores. The combination of increased core area, larger numerical
aperture (NA), and increased spatial bandwidth, makes MM fibers significantly more resilient to
turbulence aberrations compared to SM fibers.

As the beam propagates, the phase distortions give rise to interference that causes intensity
fluctuations across the beam profile. The strength of the intensity fluctuations is given by the
Rytov variance [38]

σ2
R = 1.229C2

nk7/6L11/6 (3)

In the case that the channel is in the weak turbulence regime, where σ2
R ≪ 1, the impact of

turbulence can be modelled as a pure phase distortion. When σ2
R>1, the channel is in the strong

turbulence regime.

2.2. Clipping losses background

As a Gaussian beam propagates through a free-space channel, the beam radius will increase as
the beam diffracts. Under non-turbulent conditions the beam radius at distance z from the beam
waist, w(z), can be calculated using the equation

w(z) = w0

√︄
1 +

(︃
z
zR

)︃2
(4)

where w0 is the waist radius, and zR is the Rayleigh length. The Rayleigh length is the distance at
which the beam radius has increased by a factor of

√
2 with respect to the waist radius, and is

given by the equation
zR =

πw0n
λ

(5)

where n is the refractive index of the medium, and λ is the wavelength of the electromagnetic
wave.

If the receiving aperture diameter, D, is comparable to or less than the beam diameter, 2w(z),
there will be significant losses due to aperture clipping. By considering a Gaussian beam being
clipped by a finite circular aperture it can be shown that the received power through a finite
aperture, PR, is given by

PR = P0

(︃
1 − exp

(︃
−D2

2w(L)2

)︃)︃
(6)

where P0 is the total power of the unclipped Gaussian beam [40] is the beam waist given by
Eq. (4) after propagation through the channel of length L.

When a Gaussian beam is propagated through atmospheric turbulence, there is an additional
increase in the long-term beam radius at the receiver due to beam wander and beam spreading.
The effective long-term beam radius at the receiving plane becomes [38]

we = w(L)

√︄
1 + 1.63σ6/5

R
2L

kw(L)2
. (7)

The effective beam radius we can be used in place of w(z) in Eq. (6) to determine the mean
clipping loss over long-time scales through a turbulent channel.

An additional factor in the aperture clipping is pointing accuracy. Misalignment and mechanical
instability between the transmitting and receiving apertures will be associated with additional
losses as the Gaussian is no longer centered on the receiving lens. By considering an off-centered
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Gaussian over a circular aperture, we can determine that the power within the aperture is given by

PR = P0

∫ ρ

−ρ

∫ √
ρ2−y2

−
√
ρ2−y2

exp
(︃
−2

(x + xoff)
2 + (y + yoff)

2

w2
e

)︃
dx dy (8)

where ρ = D/2, and xoff and yoff are the Gaussian offset in the x and y coordinates, respectively.
In the situation when xoff = yoff = 0, Eq. (8) simplifies to Eq. (6). In general, there is no analytical
solution to Eq. (8), and values must be determined numerically [40].

When determining the received power for a fiber coupled system, Eq. (8) is valid under the
assumption that aperture clipping is a more significant source of loss than focal plane coupling
for a given pointing error. This assumption is not valid over short propagation lengths, as the loss
due to pointing errors is associated with significant displacement in the focal plane and variations
in the fiber-mode coupling [33–35]. However, when considering pointing errors over significant
propagation lengths of hundreds or thousands of meters, the loss is dominated by the effect of
aperture clipping rather than focal plane offset. This effect is due to the relatively small angular
offset (<1 mrad) required to move the centre of mass of an optical field by tens of millimeters in
the plane of the receiving optics.

The positional offset in the center-of-mass of the received Gaussian beam is given by
roff = L tan θ. Clearly, from this equation, the positional offset is dependent upon the propagation
distance L and the pointing error θ. In contrast, the positional offset in the focal plane of a lens
with a focal length f is given by ∆x = f tan θ, which depends upon the pointing error, but not
upon the propagation distance. For any given focal length, aperture diameter, and fiber core
radius, a, there is some propagation length at which the received center-of-mass is clipped by the
receiving aperture at a smaller pointing error than the associated focal point is clipped by the
receiving fiber core. The condition required to meet this criterion is given by

L ≥
fD
2a

. (9)
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Fig. 3. For a fixed pointing error, the propagation distance of a channel increases the loss
due to aperture clipping. This contrasts with the clipping due to changes in the focal plane
center-of-mass, which depends on the pointing error, but is independent of the channel
propagation distance. Depicted is the propagation distance required for the free-space
Gaussian center-of-mass to reach the edge of the receiving aperture at a smaller pointing
error than the focal plane center-of-mass reaches the edge of the fiber core for a 50 µm
diameter core. The two plots (a) and (b) depict the results over different ranges of aperture
diameter and focal length. The white cross indicates the parameters for the emulated system.
The white box in (b) indicates the region covered in (a).

This is valid for MM fibers that couple well to the displaced Gaussian spots across the entire
facet area, and in situations where the received beam has a focal point that covers a small portion
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of the fiber facet. Figure 3 depicts the minimum required propagation distance for Eq. (9) to be
valid as a function of aperture diameter and focal length when a = 25 µm.

3. Method

3.1. Fiber output field measurements

To simulate the performance of the MM fibers for bi-directional communication it was necessary to
determine representative transmitted optical fields for each fiber. These representative transmitted
fields were used as inputs for free space channel simulation concerning their respective fibers.
The transmitted fields from OM1, OM2, OM3, OM4, and OM5 fibers were measured as the
fibers were manipulated to give a wide range of possible intermodal coupling permutations. For
these measurements, an SM fiber was used to couple light into the MM fibers.
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Fig. 4. Intensity and phase distributions of mean bandwidth modes measured from all
observed fibers. Phase information is given by the color, and intensity information is given
by the relative brightness. Inset in each image is the measured overlap to the best fit Gaussian
mode from 100 realizations of the mean bandwidth mode.

SFP+ transceivers are specified for the power coupled into a connected SM fiber, assuming
no fiber attenuation. When an SFP+ is directly coupled into an MM fiber, there is typically
additional power coupled into higher-order fiber modes, but a power equivalent to the device
specified power will couple into the same modes as the SM fiber. We would like to note that,
in our experience, the multimode content of SFP transceivers varies quite significantly across
manufacturers, and therefore so does the total output power of a connected MM fiber.

The length of all fibers was ≤ 1 m, and the field’s phase and amplitude profiles were measured
using off-axis digital holography [41] for nine separate bends along both orthogonal polarization
axes for a total of 18 field realizations from each fiber. The captured fields for each fiber were
decomposed using singular value decomposition (SVD) [42] to determine a set of singular modes
that can decompose the transmitted field under all bends.

For each fiber, mean bandwidth modes were constructed of weighted singular modes with a
random phase-offset, as shown in Fig. 4. The weightings of the singular modes were defined
from their mean weighting across all measured field realizations. The mean bandwidth modes
are representative of the mean field that is transmitted from the fibers under reasonable bending.
To determine the fibers which have the best transmitter characteristics, the normalized overlap
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integral between 100 realizations of the mean bandwidth mode and a best-fit Gaussian was
calculated. OM1 and OM5 were determined to have the highest Gaussian content (OM1: 0.931
± 0.027, OM5: 0.929 ± 0.019), and were therefore the fibers used for further investigation.

3.2. Simulation

To determine beam fields after transmission through representative turbulent channels, a split-step
propagation simulation was performed [39,43]. The phase screens for the simulated channel were
generated using Fourier methods, enhanced with subharmonic sampling [44]. The simulation
system emulated a deployed FSO system with 75 mm diameter transmitter and receiver apertures,
both with a 150 mm focal length lens. The lens of the simulated system was chosen such that the
NA of the lens (0.24) closely matched the NA of the MM fibers (OM1 = 0.275, OM5 = 0.2).

The beam waist of a collimated SM beam can be determined by using Eq. (4), where w0 for
an SM fiber field is 5.2 µm at the facet [45]. Using this information, and the measured best-fit
Gaussian beam waists for the mean-bandwidth modes, the beam waist of all of the fibers after
collimation by a 150 mm focal length lens can be determined. After collimation, the waists of the
best fit Gaussian beams are 1.42 cm for SM, 1.21 cm for OM1, and 1.12 cm for OM5. These
beam waists were used to expand the mean-bandwidth modes of OM1 and OM5 such that the
simulated transmitted fields were representative of the fields that would be propagated from the
transmitting lens.

Five hundred simulations were performed for nine different plane-wave turbulence strengths,
D/r0 = {1, 2, . . . , 9} over 400 m, which corresponds to a C2

n = (2.70×10−14 to 1.05×10−12)m−2/3,
representing the turbulence expected over a real world terrestrial channel [46–48]. For each fiber
a representative mean bandwidth mode, as determined from the SVD, was propagated through
the same set of turbulence realizations.

It is known that the split-step propagation simulation using a single phase screen is only valid
in the weak turbulence regime. From Eq. (3) it can be calculated that for the strongest investigated
turbulence, C2

n = 1.05 × 10−12 m−2/3, the associated Rytov variance is σ2
R = 3.89, and the single

phase screen simulation does not produce accurate turbulent beam profiles. To ensure that the
simulation is accurate across the full range of turbulence strengths for the propagation distance of
400 m we divided the simulation into ten propagation steps with ten phase screens [39], with
each step having an equal C2

n. This limits the largest Rytov variance of any step in our simulation
to a value of σ2

R = 0.06, comfortably within the weak turbulence regime.

3.3. Experimental system

To experimentally replicate the received optical fields that resulted from the simulated propagation
of the fiber fields through the turbulent channel, an SLM (Meadowlark HSP1920-850-1650) was
used to shape the phase and intensity distribution of an incident optical field using first-order
diffractive holography [49], as shown in Fig. 5. By using the SLM to accurately recreate
phase-intensity profiles of the simulated fields, the system was enabled to model thick turbulence
scenarios, which could not be performed if the SLM was used for phase-only modulation [50].
For our setup the system losses from the SLM diffraction grating and back reflections from the
lenses was measured to be 2 dB. However, the efficiency of the SLM was highly dependent on
the intensity modulation pattern associated with a beam profile, and did not correspond to the
expected power coupled into the receiving aperture, as determined from the simulation results.
To correct for this discrepancy, the power coupled out from the SLM was controlled by a variable
optical attenuator (VOA) in the path of the illuminating fiber input. Some high-turbulence modes
would have very poor coupling efficiency from the SLM. To experimentally explore a wide range
of system power margins, an erbium-doped fiber amplifer (EDFA) is used such that up-to 17 dBm
can illuminate the SLM. A 50:50 beamsplitter was used to sample half of the power onto a
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Fig. 5. Experimental setup of the system. An SFP+ connected to a bit error rate tester
(BERT) transmits a 10 Gbps NRZ PRBS31 signal into a single-mode (SM) fiber. The power
of the beam is controlled using an erbium-doped fiber amplifier (EDFA) and a variable
optical attenuator (VOA), and the fiber output is collimated onto an SLM that generates the
field produced by a pre-calculated turbulent mode. A beamsplitter (BS) is used to direct
50% of the power onto a photodiode (PD) for optical power measurements. The beam is
expanded using a 2X magnifier (L4 - L5). The expanded beam is coupled into the multimode
(MM) fiber under test using a 25 mm focal length lens (L6) with a 25 mm aperture. The
fiber terminates in the BERT.

power-meter, and the VOA attenuated the power coupled out of the SLM such that it matched the
power coupled into the aperture in the beam propagation simulation.

The output of the SLM illuminated a receiving lens which coupled light into the optical fiber
under test. The initial simulation considered a receiving aperture diameter of 75 mm, which
corresponded to a 6.25 mm modelled aperture at the SLM plane after downscaling by a factor of
12. The beam was then expanded by a factor of two, such that the simulated aperture illuminating
the receiving lens was 12.5 mm in diameter. To keep the experimental system NA-matched to the
simulated FSO system, the receiving lens in the experimental system had a focal length of 25 mm.
The SLM was illuminated by a collimated SM fiber output connected to a 10 Gbps SFP+ (FS
SFP-10GZR-55 80 km) in a bit-error rate tester (BERT), which uses a non-return-to-zero (NRZ)
signal. NRZ modulation is better suited for free-space systems than return-to-zero modulation
formats, as NRZ is capable of coping with dynamic variations in the system attenuation.

To ensure that the field distribution generated from the SLM was representative of the received
simulated optical field, the intensity pattern generated from the SLM was measured using an
InGaAs camera (Allied Vision Goldeye CL-008 TEC1) that was 4f -relayed from the SLM (optical
plane of PD in Fig. 5). A normalized overlap integral was performed between the measured
and simulated intensity profiles for 30 realizations of each turbulence strength. As shown in
Fig. 6, the generated intensity profiles consistently had over 90% overlap with the simulated
turbulent modes across all values of D/r0. The overlap decreases as the turbulence strength of
the simulation increases, as the SLM cannot match the required spatial resolution of the highly
turbulent modes. The overlap integral was measured to be independent of the simulated input
fiber mode. These measurements indicate a potential 5.2 ± 2.4 % lower power coupling for high
turbulence in real-world environments compared to the experimentally replicated channel, as the
power lost from high-frequency components is redistributed amongst the unfiltered low-frequency
components that are better coupled by the receiver.

To determine the data-rate for each turbulence realization, the power-corrected beam profile
was coupled into an MM fiber through the receiving lens, and was terminated in the BERT.
The BERT was used to measure two parameters: the total number of received bits, and the bit
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Fig. 6. (a) A simulated intensity profile of an SM beam transmitted through a 400 m
turbulent channel with a D/r0 = 5. (b) The experimental intensity profile of the beam
simulated in (a), generated using the SLM. (c) Plots of the calculated overlap integral between
the simulated beam profiles and the measured beam profiles generated using the SLM.

error rate (BER) of the received bits. These measurements were taken over a 3 s period for each
turbulence realization.

In free-space optical communication systems, deep-fades due to atmospheric turbulence will
result in burst errors as there is a significant drop in the SNR throughout the duration of the
deep-fade. The deep-fade will have a duration comparable to the coherence time of turbulence,
which is several orders of magnitude longer than the duration of a transmitted data-packet
[51]. Networking solutions have been proposed that are designed to mitigate this issue by
re-transmitting lost packets [13,52,53]. In these protocols the effect of deep-fades is a decrease in
the system throughput, as multiple copies of the same packet may need to be transmitted. In this
work we investigate the error-free throughput. This is calculated using the equation

REff =

(︃
bRec
bTrans

−
bErr
bRec

)︃
RGross (10)

where REff is error-free throughput, RGross is the throughput of the SFP+, bRec is the total number
of bits received, bTrans is the total number of bits transmitted, and bErr is the number of received
errored bits.

4. Results

4.1. Measured channel throughput

Data is sent through the experimental system using a 10 Gbps NRZ SFP+ (FS SFP-10GZR-55
80 km) connected to a Viavi MTS-5800 BERT, which records the total number of received bits
and the BER. The throughput of this system in a back-to-back configuration is measured to be
10.31 Gbps. From these two parameters, the error-free throughput is calculated using Eq. (10).

By using the VOA with an additional attenuation factor, the error-free throughput is measured
as a function of the power margin with respect to the error-free noise-floor. The power margin
is the transmitted power margin, not accounting for losses due to turbulence or beam clipping.
The error-free noise floor is defined by the lowest power that achieves a BER = 0 over a 1000 s
interval in a back-to-back configuration, and is measured as −24.6 dBm for the SFP used in this
experiment. The investigated power margin covers the range of {−1.4, 0.6, . . . , 14.6} dB. The
mean overlap integral between the generated and simulated beams shown in Fig. 6(c) is used to
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Fig. 7. The measured error-free throughput as a function of D/r0 for a number of different
transmitted power margins with respect to the error-free noise floor. The throughput of the
system under ideal conditions is measured to be 10.31 Gbps.

determine an error in the measured power margin. Additionally, an error due to the difference
between the targeted and measured input beam powers is accounted for in a change in the mean
and error of the power margin values. The uncertainty in the throughput is due to the standard
error of the mean.

4.2. Pointing error

As discussed in Sec. 2.2, a beam propagated through a free-space channel will experience losses
due to pointing errors and beam divergence. Using Eqs. (6) and (9), the expected mean losses for
the mean bandwidth modes of OM1 and OM5 are investigated.

Figure 8 depicts the clipping loss associated with propagating the collimated mean bandwidth
modes from each fiber as a function of propagation length and D/r0. The receiving and
transmitting apertures have diameters of 75 mm, and the focal length of the transmitting lens
is 150 mm. This results in a collimated input best fit Gaussian radius of 1.21 cm for OM1 and
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Fig. 8. The long-term mean loss due to diffraction induced losses of the mean bandwidth
modes of each fiber for a system with a 75 mm diameter receiving aperture as a function
of propagation distance. The input beams are collimated from the respective fibers using a
150 mm focal length lens. The confidence intervals are due to the fraction of power of the
transmitted fiber mode that does not overlap with the best-fit Gaussian beam.
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Fig. 9. The mean additional coupling loss from aperture clipping when the system is
misaligned by some angular degree over a 400 m channel through different turbulence
strengths. The results are shown for (a) propagation of OM1, (b) propagation of OM5. The
confidence intervals are given by the the percentage of the power in the mean-bandwidth
mode that does not overlap with the best-fit Gaussian mode.

1.12 cm for OM5. The clipping losses are calculated by determining the loss of the best fit
Gaussian beam across the channel, and using the overlap integral to determine a confidence
interval in the clipping loss.

In addition to the clipping loss due to diffraction there will also be losses associated with
pointing errors. This additional loss, as calculated using Eq. (9), is depicted in Fig. 9 for both
OM1 and OM5 mean bandwidth modes across a 400 m channel. To determine the total clipping
loss for either fiber the values at 400 m from both Fig. 8 and 9 should be summed.

4.3. Impact of deep-fades and atmospheric coherence time

In addition to the losses during deep-fades there may be additional data-rate reductions due to
reconnection times when power is reestablished between the SFPs. To determine the expected
impact of this loss we define a reconnection loss factor that can be used to adjust the error-free
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throughput from Eq. (10). The reconnection loss factor is given by

A =

{︄
1 −

τR
τc×Sr

ifτR ≤ τc × Sr

0 otherwise
(11)

where τc is the coherence time of turbulence, τR is the SFP reconnection time, and Sr is the
mean number of turbulence realizations between deep-fades. This calculation is made under the
approximation that realizations separated by a time difference of τc can be treated as independent
realizations of turbulence. From this assumption it can be deduced that the mean time between
deep-fades is given by τc x Sr. Over prolonged time periods this factor can be used to correct
the effective throughput in Eq. (10), such that the reconnection and coherence time adjusted
throughput becomes RCoh = AREff.

SFP standards require loss of signal indicators to have a negation delay of less than 100 µs [54].
Coherence times of turbulence are typically in the range of 10 ms [55,56], which would result
in a ratio of τc/τR = 100. However, in extreme conditions, coherence times approaching 1 ms
may occur. For our device we measured a reconnection time of 3 ms. We consider the expected
performance of our device for a coherence time of 10 ms, but additional considerations would be
required for systems where the coherence time is expected to be shorter. Figure 10 shows the
reconnection loss factor for a series of τc and τR ratios as a function of D/r0 and different power
margins for an OM5 - OM5 system.
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Fig. 10. The reconnect loss factor as a function of D/r0 for OM5 - OM5. This factor
accounts for SFP reconnection times following deep-fades, and the frequency of deep-fades
to determine a correction factor for the expected throughput, REff presented in Fig. 7 using
the equation RCoh = AREff a) τR = τc/3, b) τR = τc/10, c) τR = τc/100.

5. Discussion

From the results shown in Fig. 7, it has been shown that a simplex system comprising an SM
transmitter and an OM1 receiving fiber has the highest sustained error-free throughput across all
measured transmitted power margins. The increased performance of the MM receiving fibers
over the SM receiving fiber demonstrates that the SFP photodiode couples into more of the
received MM field than the SM component (see supplementary). The benefit of using OM1
for the receiving fiber over OM5 for the same transmitted SM beam can be attributed to the
larger NA of OM1 fiber. However, in a bi-directional configuration, OM5 maintains a higher
error-free throughput than OM1 for a transmitted power margin of ≤ 1.7dB across all measured
turbulence strengths. This suggests that OM5 has superior transmission properties compared
to OM1 for use in a bi-directional system. When comparing a simplex and bi-directional OM5
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system, there is a 36 % throughput reduction at D/r0 = 9 and power margin of -1.6 dB, as shown
in Fig. 7. The higher spatial bandwidth of the transmitted OM5 beam compared to the SM beam
reduces the coupling efficiency through turbulent channels as expected. However, for higher
power margins the throughput penalty from using an OM5 bi-directional system over a simplex
system reduces, with less than a 2 % reduction in throughput at D/r0 = 9 and power margin of
14.6 dB. In turbulent conditions, a bi-directional SM system has the worst error-free throughput
across all investigated power margins, as is to be expected due to the increase in the PSF.

Fig. 10 demonstrates that the reconnection loss factor is small for high power margins, and
when the reconnection time is significantly shorter than the average time between deep-fades.
The reconnection time of SFPs could be as small as 100 µs, which is significantly shorter than
typical atmospheric coherence times. However, this must be considered when designing the FSO
system if there is expected to be a significant proportion of deep fades.

Figure 8 demonstrates that, for a 400 m channel, there are no significant diffraction related
losses across all turbulence strengths. However, this figure only analyzes the mean losses. As the
mean losses increase with turbulence, it can be deduced that the increase in loss is associated
with beam-wander, and is likely to result in deep-fades. The diffraction related losses increase
with propagation distance, with significant losses only occurring above 400 m. These increases
can be mitigated by increasing the receiving aperture size accordingly, whilst also changing the
focal length to keep an NA match between the MM fibers and the lens system.

Figure 9 suggests that higher turbulence strengths are less sensitive to pointing misalignments.
This can be understood by considering Eq. (9), which demonstrates that a larger turbulence
strength will have a larger long-term received beam radius. Due to the beam wandering, a system
that is misaligned in a non-turbulent environment may ‘wander’ into alignment in turbulent
situations, resulting in a higher effective throughput.

Both Figs. 8 and 9 investigate the mean coupling losses through the turbulent channel, and the
instantaneous loss may significantly exceed the presented values, particularly in highly turbulent
environments. However, the proposed packet transmission system is designed to cope with
prolonged burst errors associated with turbulence induced deep-fades. It is therefore a reasonable
approximation to assume that the mean reduction in the received power will be associated with a
reduction in the power margin of the system, reducing the throughput in accordance with Fig. 7.

In addition to turbulence and clipping induced losses, there will also be losses due to atmospheric
attenuation, which are highly dependent on visibility conditions and optical wavelength [4,57,58].
Using expected losses due to clipping and atmospheric attenuation, an expected power margin
through the channel can be determined. Using Fig. 7, this power margin can be used to determine
an expected system throughput for different levels of turbulence, under the assumption that Eq. (9)
is true.

In this work, the transmitted mean bandwidth modes from the MM fibers are determined using
an SM fiber input. When coupled to an SFP+ laser, there is likely to be additional coupling
into higher-order modes within the MM fiber. However, SFP+ devices are rated by the power
coupled into a SM fiber. This SM coupling portion of the SFP+ output will couple into the
MM fiber and experience intermodal coupling equivalent to the intermodal investigated in Sec.
3.1. The additional power coupled into higher-order modes of the MM fiber will not reduce this
low-order coupling power transmitted by the fiber. However, there is a possibility that it may
increase the power received through the turbulent channel, as some of the additional coupled
power may increase the power in low-order modal components of the MM fiber. This suggests
that the performance demonstrated if Figs. 7(c)–(d) may actually improve, as there are additional
transmitted field components that have not been accounted for in this work.

From this work it has been demonstrated that using OM5 fibers for bi-directional communication
will result in a data-rate of ≥ 9.1 Gbps over the 400 m channel across all measured turbulence
strengths with an assumption of an optical alignment error of 20 arcseconds and a transmitted
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power margin of ≥ 14.8 dB above the system error-free noise floor. The system is designed to
have a short length of MM fiber between the optical system and the SFP to reduce intermodal
coupling and the impact of modal group delay. The loss due to pointing errors has been analyzed,
and can be used to determine the appropriate level of mechanical tracking required for real world
system deployment.

By accounting for changes in the clipping loss and alignment error, as presented in this work,
the Fried parameter of the channel can be used to determine reasonable performance expectations
of the system at longer distances. For instance, using Eqs. (7) and (9), it can be determined that
for a 1 km channel with D/r0 = 9 and a pointing error of 20 arcseconds the expected loss due
to aperture clipping in the proposed system is 12.8 dB. As variations in the fiber coupling are
dominated by the Fried parameter, this value can be used to determine an expected throughput
for a provided power margin using Fig. 7(e). A transmitted power margin of 14.8 dB would result
in a received power margin of 2 dB (neglecting atmospheric attenuation which can be included as
an additive loss), which translates to a received throughput of approximately 5 Gbps.

6. Conclusion

In this paper we show that graded index multi-mode fibers can be used as a method to provide
increased turbulence resilience for a bi-directional FSO communication system utilizing SFP+
transceivers. It is observed that for an accurately aligned system with a transmitted power margin
of 8.6 dB above the error-free noise floor the measured error-free throughout drops from 10 Gbps
to 9.1 Gbps for a channel with D/r0 = 9. The impact of pointing errors on the power margin
requirements has also been considered. We have demonstrated that in the proposed configuration
pointing error of 20 arcseconds results in an additional power penalty of 4 dB over a 400 m
channel. We believe these findings will support the development of future low-complexity FSO
communication systems.

7. Supplementary information
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Fig. 11. The mean coupling loss between the power in the aperture and the power measured
on the SFP as a function of the measured turbulence strength. The errorbars represent the
standard error of the mean.

The use of SFPs designed for SM coupling for improved coupling is reliant on the photodiode
capturing light with a higher spatial bandwidth than the SM fiber. Figure 11 presents the
measured mean coupling loss between the power in aperture and the measured SFP received
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power as a function of turbulence for SM, OM1, and OM5 fibers. SM fiber is significantly below
both MM fibers, which can be interpreted as the SM fiber limiting the spatial bandwidth of the
system more than the photodiode width. This is justified by the widespread availabilty of 20 GHz
photodiodes with active area diameters >30 µm, significantly larger than a SM core. For modes
with significant coupling losses the SFP does not provide accurate power readings, which may
result in an underestimation of the coupling loss at high turbulence strengths.
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