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Abstract:
Light beams can carry orbital angular momentum (OAM)
associated to the helicity of their phasefronts. These OAM modes can be
employed to encode information onto a laser beam for transmitting not
only in a fiber link but also in a free-space optical (FSO) one. Regarding
this latter scenario, FSO communications are considered as an alternative
and promising mean complementing the traditional optical communications
in many applications where the use of fiber cable is not justified. This
next generation FSO communication systems have attracted much interest
recently, and the inclusion of beams carrying OAM modes can be seen as
an efficient solution to increase the capacity and the security in the link.
In this paper, we discuss an experimental demonstration of a proposal for
next generation FSO communication system where a light beam carrying
different OAM modes and affected by M turbulence is coupled to the
multimode fiber link. In addition, we report a better and more robust
behavior of higher order OAM modes when the intermodal dispersion is
dominant in the fiber after exceeding its maximum range of operation.
© 2015 Optical Society of America
OCIS codes: (010.1330) Atmospheric turbulence; (290.5930) Scintillation; (060.1155) Alloptical networks.
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1.

Introduction

In the last few years, free-space optical (FSO) communication systems have attracted considerable research efforts mainly due to their inherent potential transmission capacity, much higher
than that offered by radio transmission technologies. Concretely, FSO systems can be applied
for metro-access network extension, last mile access, enterprise connectivity and, additionally,
it presents interesting applications in the development of trunk links in metropolitan area networks (MAN). Such systems are also used in hybrid radio on free-space optical (RoFSO) or in
all-optical hybrid fiber communication systems [1, 2]. Considering their narrow beam widths
and its inherent license-free operation as compared with microwave systems, FSO systems are
appropriate candidates for secure, high-data-rate, cost-effective, wide-bandwidth communications.
The next-generation FSO systems [1, 3] can provide even a higher data-rate and capacity.
Those types of systems are based on transmitting an optical beam over an atmospheric link
that, afterwards, it will be directly coupled into an optical fiber core. In particular, we present in
this paper a 850 nm hybrid fiber-FSO system as one plausible realisation of this next-generation
FSO links, where signal is emitted directly to free space from a fiber termination point, whilst
in the receiver side, the light is focused directly into the fiber core. Hence, the need to convert
the optical signal from electrical to optical formats or vice versa for transmitting or receiving
through the atmospheric medium is removed. As a direct consequence, extremely high data
rates of 1 Tb/s and beyond are feasible to achieve [4, 5]. Additionally, it is possible to achieve
a higher efficiency in terms of bandwidth when a multimode fiber (MMF) is employed so that
the FSO beam can be coupled into it [6].
However, FSO links do not take advantage of the available spectra. In this regard, and thanks
to its inherent orthogonality, orbital angular momentum (OAM) of light can mitigate this aspect
when multiplexing various information channels, where each mode of light carries different
information. Therefore, the inclusion of OAM modes in these systems can increase the level
of security [7] and the capacity associated to the FSO link in a remarkable manner [8–10].
The OAM of light beam is the component of angular momentum dependent on the field spatial
distribution, and not on the state of polarization, and hence unrelated to the spin of individual
photons. Furthermore, those OAM of light beams are called ‘vortex beams’ with vortex defining
an integer number, the topological charge, depending on the number of times the light twists
around its axis of travel in one wavelength.
On another note, we can distinguish both an internal and an external OAM. The first one is
an origin-independent angular momentum of a light beam associated with a helical or twisted
wavefront. Accordingly, the external OAM denotes the origin-dependent angular momentum
that can be obtained as the cross product of the light beam position (center of the beam) and
its total linear momentum [11]. The OAM modes form an infinite-dimensional Hilbert space so
that multiple light beams can coexist within the same space without interfering to each other
(OAM beams with different azimuthal OAM states are mutually orthogonal). Consequently, as
we said before, that behavior achieves an effective increase in the channel information capacity
through higher data transmission rates, constituting a key motivation for including these OAMcarrying pulses in a next-generation FSO system.
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However, turbulence-induced fading introduces a loss of information in the OAM modes, not
seen as a pure decoherence process because the information is not transferred to the medium,
but to a part of the same Hilbert space since it is scattered into many other different OAM
states [12]. Higher-order modes are even more susceptible to this effect [13] as we have checked
in this paper. Nevertheless, we report in this manuscript that those higher-order OAM modes
present a more robust behavior when the intermodal dispersion is dominant in the fiber, i.e.,
after exceeding the maximum distance (300 m in our case) required for a 10 Gigabit Ethernet transmission can be run. We must say we are not transmitting a superposition of OAM
modes but different OAM modes in separated transmissions. For the first case, we would be required to distinguish those modes with different techniques as for instance, holograms [14] or,
more recently, directly observing the unambiguous mode-intensity pattern and using a pattern
recognition algorithm to that end [15]. In our case, we consider OAM modes of orders 1 to 3
independently transmitted with the purpose of providing its performance through a all-optical
system for different turbulence regimes and, additionally, to report the higher robustness shown
by higher-order OAM modes in the intermodal dispersion range.
2.

Hybrid fiber-FSO communication link operating at 850 nm

Hybrid fiber-FSO communication systems has been developed to overcome some limitations
presented in conventional FSO systems as, for instance, the necessity of converting the signal from electrical to optical formats or vice versa for transmitting or receiving through the
atmosphere. An all-optical hybrid fiber-FSO system is represented in Fig. 1.

DISTORTED
WAVEFRONTS

Fig. 1. Principle of a hybrid fiber-FSO system. Beams emitted by the vertical cavity surfaceemitting laser (VCSEL) are directly coupled into a multimode fiber (MMF) and transmitted
through the atmospheric channel. The distorted beam is then focused directly on the core of
a new optical fiber, and the optical signal propagates to the proper detector (a photodiode,
PD, in this case). Finally, the data is stored at digital storage oscilloscope (DSO).

There, the optical signal is emitted by a vertical cavity surface-emitting laser (VCSEL) and
guided by an optical multimode fiber (MMF) to collimating optics. In this paper, the VCSEL is
operating at 850 nm. From a market point of view, that wavelength of 850 nm is a wavelength
standardized for short range communication purposes. After that, the optical beam is directly
transmitted to an atmospheric channel from the fiber termination point. The atmosphere will
distort the optical wavefront with more or less impact depending on the intensity of the turbulence. In the receiver side, the received optical beam is directly focused on the core of a second
MMF.
As it is straightforward to see, those types of systems are based on transmitting an optical
beam over an atmospheric link that, afterwards, will be directly coupled into an optical fiber
core. Hence, unlike conventional FSO systems, these hybrid fiber-FSO communication links do
not require costly electro-optical and opto-electrical converters neither additional amplifications
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stages before transmitting or receiving through the atmospheric channel.
Thus, in the receiver side, the received optical signal propagates down the MMF to the detector, in our case, a 850 nm commercially available photodiode (PD) since a direct detection procedure is implemented. Finally, the signal is then stored at digital storage oscilloscope
(DSO) for further analysis.
We can indicate several advantages associated to these hybrid fiber-FSO systems. First, it is
a robust low-cost technology due to the fact that no electro-optical or opto-electrical conversion
processes are required. Second, its inherent simplicity providing fast deployments. And third,
transceivers are not required to be placed together with other electronics in one main unit, but
they can be located remotely.
One of the objectives associated to this hybrid fiber-FSO technologies is to establish communications using the 10 Gigabit Ethernet (GbE) standard, mostly applied in Local Area Networks
(LAN). Among the attractive applications involving these systems, we can remark their use to
extend broadband connectivity to under-served areas, but also they can be employed for metro
network extension, last mile access, enterprise connectivity, access technology for providing
broadband heterogeneous wireless services, or as an extension of Radio over Fiber into atmospheric links [16].
3.

Experimental setup

We present here a system using on-off keying (OOK) intensity modulation over a combined
atmospheric channel – multimode fiber measured for various OAM modes. To keep the system
complexity low, direct detection was used [8] just after the information was propagated through
both the FSO link and the MMF. In this regard, our experiment employs those pulses transporting OAM modes to increase the capacity or the reach without requiring to utilize mode division
multiplexing (MDM) in the fiber side and, accordingly, without increasing the complexity in

Fig. 2. Experimental setup for the transmission of beams carrying OAM modes over MMF.
The signal coupled into the fiber will be affected by turbulence generated by computer in
order to emulate the effect of the turbulence atmosphere.
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the system.
Figure 2 shows the experimental setup implemented in this paper. First of all we have the
vertical cavity surface emitting laser (VCSEL) operating at 850 nm since these types of lasers
are widely extended due to their low power consumption and its inherent small footprint. The
laser is biased at 8 mA and directly modulated with a pseudo-random bit sequence of 215 − 1
samples generated by a pulse pattern generator (PPG) at two different rates: 10 Gbps or 11 Gbps
[17]. The choice of those bit-rates are coincident with the 10 Gb/s Ethernet without and with
forward error correction (FEC), respectively. Nevertheless, the main purpose in this experiment
is to research the performance associated to analog signal transmission over OAM in FSOMMF links.
Then the modulated optical beam is transmitted to free-space and collimated when passing
through lens L1. The frequency response of the optical channel implemented in this work is
described in more detail in [17]. After that, and still in free-space, the polarization beam splitter
(PBS) acts as a controllable variable attenuator so that we can obtain different bit error rate
curves by directly varying the level of the transmitted power. Then, the resulting beam light
passes through a half-wave plate which shifts the polarization direction of the beam. At this
point we have a linearly polarized Gaussian beam. Then, the optical beam reaches the spatial
light modulator (SLM). The SLM is used to form the OAM modes. We must remark that the
combination of VCSEL and OM4 (and also OM3) multimode fiber is the typical core of the
short-range links widely used in commercial data center infrastructures.
Next, the signal is directly coupled to a MMF OM3 fiber standard patch cord 3 meter long,
ensuring that a perfect alignment was achieved to obtain a maximum level of received power,
requiring a readjust for each of the OAM modes transmitted. Hence, the free-space section is
completed at this point. The full length of that free-space link is fixed to 1.5 meters but we vary
the pattern of the received intensity in the MMF patch cord by generating different computerassisted turbulence regimes. Accordingly, a sequence of normalized scintillation following a
Málaga distribution [18, 19] was employed to model those different turbulence intensities from
a very weak one up to a moderate turbulence regime in a manner similar to [20].
At this point we illustrate the resulting distorted modes M0 to M3 that were captured with the
camera and displayed in Fig. 3 for a very weak turbulence. Due to the existence of a phase singularity of OAM modes, there is no intensity at their centers (Fig. 3(b)–3(d)). In addition, some
particles of dust in the camera under the glass at the top of the lens can be also distinguished in
that Fig. 3.
Next the OM3 patch cord that was employed to couple the signal from the free-space link
is then connected to a multimode fiber spool using for this purpose the fiber connector. In this
paper, two different multimode fiber standards were utilized: a 100-meter OM3 in addition to a
400-meter OM4 special fiber (Max-CAP-OM4) manufactured by Draka [21]. Their respective
losses are below 0.5 dB for the OM3 and 0.97 for the Draka OM4.
Finally, the signal transmitted through the fiber link is captured by a 850 nm photodiode with
25 GHz bandwidth and recorded at a digital oscilloscope with 14 GHz bandwidth.
3.1.

Prospects for a real FSO reach

In a future, we are planning to implement a real link covering the distance between Building
358 and Building 403, both in the DTU Lyngby Campus, as indicated in Fig. 4. Such a distance
is 423 m. Hence, with this perspective in mind, we included a turbulence generated by computer
in the experimental setup described above, where it was assumed that propagation path length
of 423 m. Then, four turbulent scenarios were established: very weak, weak, weak-to-medium
and moderate turbulence. Table 1 summarizes the values characterizing each turbulence regime,
following a Málaga propagation model [18, 19].
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Table 1. Generation of different turbulence regimes from the M distribution model.

Turbulence
regime
Very Weak
Weak
Weak-to
medium
Moderate

σI2

Ω

ρ

α

β

0.01
0.04
0.1

Cn2
(×10−15 )
1.81
4.82
12

0.98
0.9
0.833

0.98
0.877
0.82

143
140
50

140
120
49

0.406

48.96

0.8

0.75

10

5

In Table 1, σI2 represents the scintillation variance, with Cn2 being the atmospheric refractiveindex structure parameter [22], with Ω, ρ , α and β denoting the inherent parameters of the
Málaga or M distribution [18]. Thus Ω is the line-of-sight (LOS) average optical power
whereas the ρ denotes the amount of scattering power coupled to the LOS component. In
addition, α is a positive parameter related to the effective number of large-scale cells of the
scattering process [23]; and β is associated to the total effective small-scale cells. When β ∈ N,
the M model can be physically interpreted as the superposition of β optical sub-channels cor-

(a)

(b)

(c)

(d)

Fig. 3. Different orbital angular momentum modes captured with the camera after the beam
light was affected by the SLM and distorted by a very weak turbulence: (a) mode M0, (b)
M1, (c) M2, (d) M3.
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responding, each one, to a different physical optical path, as detailed in [24].
As a remarkable comment, and although any OAM mode is strongly axis-dependent, the
effect of misalignment fading on the transmitted pulses [25] is not considered here for the
sake of simplicity. That assumption is justified since misalignment has an impact similar to
that of weak turbulence, as indicated in [26], this latter effect being completely modeled in
our emulated FSO link. In this regard, we can state that all the conclusions we derive through
this paper are maintained in a real link. Moreover, and for the sake of clarity, we have not
included the effect of rain, fog or snow in our emulated atmospheric channel. Although these
hydrometeors affect the transmission of optical beams and limit the maximum range of the link,
nevertheless their effect is seen as a deterministic attenuation of the optical wave that can be to
some extent solved by increasing transmitting power or using amplifiers [27].
4.

Results and discussions

Figures 5-7 shows the behavior of the system in terms of bit error rate (BER) for the different
turbulent conditions indicated in Table 1, and for three different types of fiber: first, a transmission over 1 meter (m) of OM3 MMF that, in this paper, we denote as back to back (B2B)
transmission, is shown in Fig. 5; second, a transmission over a 100 m OM3, displayed in Fig. 6;
and third, a transmission over a OM4 Draka fiber with a length of 400 m, represented in Fig. 7.
During the measurement the coupling from the free-space through the L2 is realigned for each
mode to reach the highest coupling efficiency. As an important feature, those three figures of
results (Figs. 5-7) were built by recording 107 symbols per BER point. Afterwards, errors are
counted.
For the case of both B2B and 100 m OM3 represented in Figs. 5 and 6, we measured a
3-dB bandwidth of the system of 22 and 18 GHz, respectively, as shown in [17]. Since the

Fig. 4. Distance between Building 358 and Building 403 at Lyngby Campus, Denmark
Technical University.
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10 0
M0
M1
M2

Bit error rate (average)

10 -1

10 -2

10 -3

10 -4
-14

Moderate turbulence regime
Weak-to-moderate turbulence
Weak turbulence
Very weak turbulence
No turbulence

-13

-12

-11

-10
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-8
-7
Received power (dBm)

-6

-5

-4

Fig. 5. Bit error rate (BER) versus received optical power measured for back to back and
two OAM modes: M1 and M2. Conventional multimode M0 is provided as a reference.
10 0
M0
M1
M2

Bit error rate (average)

10 -1

10 -2

10 -3

10 -4
-14

Moderate turbulence
regime
Weak-to-moderate
turbulence
Weak turbulence
Very weak turbulence
No turbulence

-13

-12

-11

-10
-9
-8
-7
Received power (dBm)

-6

-5

-4

Fig. 6. Bit error rate (BER) versus received optical power measured for 100m OM3 MMF
and two OAM modes: M1 and M2. Conventional multimode M0 is provided as a reference.
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Fig. 7. Bit error rate versus received optical power measured for 400m OM4 Draka MMF
and three OAM modes: M1, M2 and M3. Conventional multimode M0 is given as a reference.

transmission rate was established at 11 Gbps in both cases, the aforementioned bandwidths are
sufficient for ensuring a transmission without remarkable penalty. Nevertheless, we can observe
almost the same behavior in both B2B and 100 m OM3 cases for all the turbulence regimes
under study. The reason is simple to understand: no intersymbol interference is produced for
this system operating at 11 Gbps through a solely 100 m-length OM3 fiber (the B2B case is,
certainly, even more benevolent), still far away from its maximum range (around 300 m) of
operation. Thus, the system is not limited by the length of the MMF at all. Considering that
we had generated pure Laguerre-Gaussian vortex beam [13] with uniform amplitude within the
transmitting aperture and characterized by having helical phase fronts with a phase singularity
at their center, then we can assume that the transmitted field can be written, from [28] as:
r
exp ( jmθ ),
(1)
A(r) = A0W
R
with A0 representing the field amplitude, with W (x) denoting the aperture function, with R
being the radius of aperture, whereas r and θ are the radial and azimuthal coordinates and m
is the OAM quantum number. It is straightforward to check that, since the information of the
OAM mode is included in the azimuthal phase of the complex electric field, then the irradiance,
calculated as I = |A(r)|2 , is not affected by m. Results shown in Figs. 5 and 6 verify this fact
because it is obtained identical behavior for modes M0, M1 and M2 and a same turbulence
regime, analogous to the results showed by Djordjevic [9] in his Fig. 7 for direct detection.
Furthermore, we can notify an important degradation of the system when the atmospheric
channel presents a turbulent behavior different to the ideal situation of free-space propagation.
For instance, a degradation of 3.2 dBm in the received power is observed for a BER of 10−3
when comparing the case of very weak turbulence with respect to the ideal case of no turbu-
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lence. That feature is completely aligned with the results shown in (Fig.6(a) and [ [29]], where
a single OAM mode was solely transmitted. And the worsening is more pronounced when the
intensity of the turbulence increases. Concretely, direct detection schemes can operate properly
in weak turbulence regime, while in strong turbulence regime they exhibit error floor phenomena [9] that can be solved by using coherent detection schemes or adaptive optics [30].
On another note, the case displayed in Fig. 7 is completely different. There, a MMF OM4
link of 400 m was used in which the intermodal dispersion is dominant as the limit length of
the fiber to guarantee the highest quality in the transmission was exceeded. The measured 3-dB
bandwidth was reduced to solely 4.9 GHz [17]. Its associated impact is a loss in the received
power of, at least, 2 dB, even although we have realigned all the transmitted modes so that we
can reach the highest coupled power.
Notwithstanding, although the system bandwidth is seen as a limiting factor, the inclusion
of OAM with higher order modes introduces the most remarkable improvement in the BER
performance. For instance, for a same received power of −4 dBm, the corresponding BERs for
the modes M0 - M3 are, respectively, 1.15 · 10−3 , 1.68 · 10−3 , 2.8 · 10−3 , 4.26 · 10−3 for the ideal
case of no turbulence in the link. However, for the case of σI2 = 0.01, the associated measured
BER are 10−2 , 1.5 · 10−2 , 1.79 · 10−2 and 2.3 · 10−2 , respectively for the modes M0 - M3.
Hence, an increasingly improved performance can be apparently observed by shifting vortex
modes to higher order, compared to the Gaussian mode M0 when the fiber links are approaching
to the dispersion limits. We can assume that it results from higher tolerance of vortex modes
to modal dispersion in MMF, with such analysis being part of our future work. Light with
Gaussian mode seems to lose power faster by transferring power to side modes and being
interfered later by modal dispersion [10]. Yet, such effects of higher order vortex with minimum
level of power in its center and spiral energy distribution are not as obvious as the former
one, which makes the higher order vortex modes more resistant. This might explain why the
performance in shorter fibers is approximately the same, but remarkable different in longer
links.
Moreover, the concurrence of the state in OAM modes must be taken into account [31].
Concurrence is, in fact, a measure of the quantum entanglement although in a fragile manner
since photons are weakly interacting. For the case of no atmospheric turbulence, it is observed
from Fig. 7 that modes with higher OAM retain their entanglement for longer distances than
those with lower OAM, verifying the conclusion derived in [32].
However, when atmospheric link is included in the system, the beam waist of the beam
must be considered. Higher order OAM modes will present a better robustness regarding their
entanglement if the beam waist is much smaller than the turbulence coherence length given by
the Fried parameter [33]. Fried parameter, r0 can be expressed as:
r0 = (0.16Cn2 k2 L)−3/5 ,

(2)

as shown in [22], with Cn2 being the atmospheric refractive-index structure parameter, with k
being the wave number of the beam wave, whereas L denotes the propagation path length. It
is straightforward to see that for the case of no turbulence, Cn2 tends to 0 and, accordingly,
r0 → ∞. For that particular case, the beam waist associated to the transmitted light is always
much smaller than the Fried parameter and, according to [32], since higher OAM modes retain
their entanglement better than lower OAM modes for longer distances, then the case of no
turbulence shown in Fig. 7 is justified, as indicated above.
However, since that condition is not valid in general when beam waves are propagated
through a turbulent atmospheric medium, then the resulting effect is that higher-order mode
beams can be more susceptible to scintillation due to their wider intensity distributions [13], the
same effect that we are reporting in Fig. 7. Thus, for instance, in the case of moderate turbulence
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(σI2 = 0.406), behaviors associated to each mode are almost the same whereas, for the case of
very weak turbulence ((σI2 = 0.01), a remarkable improvement in BER is reported (around 4
dBm between OAM M3 and OAM M0 for an error probability of 2 · 10−2 ), as a direct consequence of a faster divergence, a larger delay and a beam spreading [34] suffered by higher-order
OAM modes. Consequently, although all OAM modes are subjected to increased attenuation
with increased turbulence strength, however higher-order modes are more strongly affected,
being also consistent with Anguita’s work [26]. Concretely in that work, and for a propagation
path of 1 km, it was studied the existence of a turbulence-induced channel crosstalk. In particular, crosstalk is modeled as an independent Gaussian noise source that adds to the receiver
noise, verifying that among OAM modes increases with increased turbulence strength, and with
its effect becoming more relevant for higher OAM modes. This effect is completely consistent
with the explanation detailed here and, consequently, it is enhanced when OAM modes have
suffered some intermodal dispersion range, as it is shown in Fig. 7.
5.

Concluding remarks

As a final conclusion, we have experimentally confirmed that the transmission of beams carrying OAM modes are very sensible to the presence of atmospheric turbulence, as presented on
Figs. 5–7 even though the system bandwidth is not considered as a limiting factor (Figs. 5 and
6).
In addition, higher order modes are more robust to mitigate the degradation introduced by the
system in terms of bandwidth of the system when the operating mode of the MMF is exceeding
the dispersion limit length, as shown in Fig. 7. As we commented above, beams carrying higherorder OAM modes are able to retain their entanglement for longer distances confirming the
conclusion derived in [32]. From our results, we expect better BER curves for modes M4 –
M6 in that particular scenario, being an attractive alternative to mitigate imperfections and
microfolds in the fiber. Nevertheless, the presence of the turbulence tends to equalize those
differences in behavior. In this respect, the inclusion of adaptive optics, coherent detectors [8,
9], or efficient coding techniques and memory [35] allowing to transmit narrower pulses can
compensate the degradation induced by the composed atmospheric-fiber channel.
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