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ABSTRACT
In this work, we present a statistical model for the turbulent atmospheric channel, which we study using the
Monte Carlo method: With the help of the symmetric split-step method, we simulate the effect of the turbulent
channel on the complex amplitude of a beam of light before considering the coupling to different single- and
multi-mode fibers. Repeating these steps for numerous numerical realizations of the channel yields statistics
on the coupling loss observed when detecting different numbers of modes at the FSO receiver. To verify the
predictions of this channel model in the lab, we use off-axis digital holography to capture the complex amplitudes
of light after traversing a turbulent atmosphere emulated in an optical turbulence generator (OTG). Investigating
the coupling loss statistics obtained from these captures for the same fibers shows that the experimental data on
the coupling loss reductions agrees with the predictions of our statistical model.
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1. INTRODUCTION
With the increasing need for capacity in telecommunication networks, future sixth-generation (6G) wireless
networks are expected to feature high-capacity point-to-point links operating at much higher carrier frequencies
than conventional radio-frequency links.1 In this context, coherent free-space optical (FSO) communication
links are a promising technology, offering similar transmission capacity as fiber without requiring expensive
deployment. Furthermore, they allow the direct integration into existing fiber infrastructure without intermediate
electro-optic conversion.2 The possibility to transmit independent signals over multiple wavelengths, polarizations,
and fiber modes enables virtually arbitrary scaling of the transmission capacity. However, FSO systems are
susceptible to atmospheric phenomena such as turbulence. This phenomenon, in particular, distorts the wavefront
of light traversing the link. Hence, atmospheric turbulence impairs the coupling to a single-mode fiber (SMF)
typically used in coherent fiber communications. Among others, Zheng et al.,3 Fontaine et al.,4 Arikawa,5 and
Krimmer et al.6 demonstrated that mode-diverse reception, e.g., implemented by coupling the received light
to a few-mode fiber (FMF), significantly decreases the outage probability because higher-order modes can be
excited by the distorted wavefront. Hence, recombining the fiber modes either digitally3 or optically7 by means of
coherent recombination mitigates the impact of atmospheric turbulence on FSO links. The principal question of
both approaches is the number of modes required for a reliable high-capacity transmission system. So, a rigorous
channel model matching the experimental observations is essential for a well-engineered mode-diverse FSO system
design.

Whereas in6,8 we investigated the coupling loss reductions achievable by detecting multiple demultiplexed
modes in the FSO receiver by means of numerical simulation, we now use emulated turbulence in combination with
off-axis digital holography to show that the experimental data agrees with the numerical predictions, continuing
the work described in.9,10
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2. SIMULATION OF TURBULENT ATMOSPHERE AND FIBER COUPLING
The turbulent motion of the atmosphere leads to a temporally and spatially varying refractive index profile.11

Consequently, beyond diffraction, we have to consider refraction at the turbulence-induced index fluctuations to
investigate light propagation through the atmosphere and its effect on coupling to a fiber-based mode demultiplexer.
To simulate how these phenomena affect a beam of light, we apply the symmetric split-step method. With the
propagation path along the z-axis (step size ∆z/2), this method relates the complex amplitude of the beam

¯
u in

planes z = zk and z = zk+1 with the following operators: The paraxial operator D∆z/2 represents the diffraction of
the complex amplitude traveling a distance ∆z/2. The refraction operator Rk modulates the complex amplitude’s
phase to take the refractive index fluctuations accumulated between the planes zk and zk+1 into account. These
two operators link the complex amplitudes

¯
uk =

¯
u(z = zk) and

¯
uk+1 =

¯
u(z = zk+1) by12,13

¯
uk+1 = D∆z/2 Rk D∆z/2 ¯

uk . (1)

Following Kolmogorov’s statistical theory of turbulence,14 we can consider the refractive index fluctuations as
random. Since light traversing the atmospheric channel passes through a large number of these index variations,
we refer to the central limit theorem and describe the resulting phase fluctuations by a Gaussian random field.11

To generate realizations of this random field (hereinafter referred to as phase screens) with low computational
effort, we apply the method presented in15 and use the classical Kolmogorov model as accurate information on
the inner and outer scale parameters of turbulence for the corresponding experimental setup is unavailable. Since
the optical path in the experiment is shorter than or similar to the Rayleigh length, we deem a single phase screen
- or equivalently, a single propagation step - to be sufficient. To finally model the free-space-to-fiber coupling, we
assume a thin lens focusing the collected light into the receiving fiber without introducing aberrations. On this
basis, we compute the coupling efficiency η`m from the overlap integrals between the focused complex amplitude
of the field

¯
uf and the propagating scalar fiber mode

¯
ψ`m

η`m =
∣∣∫∫

F ¯
uf ψ`m d2r

∣∣2∫∫
F |

¯
uf|2 d2r

∫∫
F |ψ`m|2 d2r

, (2)

with
∫∫

F
d2r referring to the integration over the focal plane. Thereon, we define the per-mode coupling loss L`m

and the total coupling loss L

L`m = −10 log10 (η`m) L = −10 log10

(∑
`m

η`m

)
. (3)

3. TURBULENCE EMULATION AND MEASUREMENT
The propagation of light through a turbulent free-space optical channel is emulated in a laboratory environment
using an optical turbulence generator (OTG).9 Figure 1 shows the design of the OTG. In this device, naturally
evolving turbulence is created in a controlled manner through the mixing of two air flows featuring an adjustable
temperature difference ∆T . Since the strength of the resulting turbulent layer depends on ∆T , we can adjust the
air flows’ temperatures to control the state of turbulence. Indicating the turbulence strength through the Fried
parameter r0 (which is proportional to the coherence length), the emulated turbulence strength is expressed by
the ratio of the 1/ e beam diameter and this parameter, i.e., 2w/r0.16 Figure 2 shows the experimental setup
used in this work. First, an optical signal S is coupled from an SMF to free-space and collimated using a lens
with focal length f = 8.0 mm, resulting in a beam with 2w = 1.58 mm. This beam then traverses a variable
beam expander (Thorlabs BE02-05-C), leading to an expansion by a factor M ranging from 2-5. Subsequently, S
traverses the OTG where it is distorted by the turbulent atmosphere. An identical beam expander is then used
to demagnify the beam by the same factor M , before it is captured using a CCD (CAM) running at 344 fps. To
be able to measure the complex amplitude of S, as opposed to the intensity only, an off-axis digital holography
measurement setup is employed.17 Here, two orthogonally-polarized reference beams RX and RY featuring flat
phasefronts beat with S on the camera sensor, creating an interference pattern. Due to the different incidence
angles of RX and RY , the beating frequencies of the interference patterns differ. Hence, it is possible to extract
both the amplitude and phase of S for the two polarizations using digital signal processing (see Figure 2 right).
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Figure 1: Design of the OTG (opened). (A): mixing chamber, (B): (hot-)air blowers, (C): metal mesh structure to
laminarize air flows, (D): laser window panels.
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Figure 2: Setup employing the optical turbulence generator (OTG), beam expanders, and optical off-axis digital holography
setup. S: beam distorted by the OTG, RX and RY : reference beams, ECL: external cavity laser, PMF: polarization-
maintaining fiber, PBS: polarization beam splitter, (I)FFT: (inverse) fast Fourier transform.

4. OUTAGE STATISTICS COMPARISON: EXPERIMENTAL VS. SIMULATION DATA
To compare the coupling data obtained from the simulations and the experiment, we first need to estimate
the strength of the turbulence-induced refractive index fluctuations C2

n within the OTG. According to,9 the
temperature difference between the flows ∆T is the key parameter for controlling the turbulence strength and the
following empirical function allows to determine C2

n from ∆T for this specific OTG

C2
n(∆T ) = 2.73 × 10−15∆T 2 + 4.40 × 10−13∆T + 1.17 × 10−12 . (4)

With this information at hand, we can now run simulations matching the transmission through the OTG. To
this end, we assume a Gaussian beam with a beam waist of w0 = 0.79 mm and a wavelength of λ = 1550 nm.
We neglect any aberrations and assume that the two beam expanders magnify and demagnify the beam by a
factor of five. Between these two, we propagate the beam in a single step across a distance of 43 cm. After the
second beam expander, we consider an unperturbed free-space propagation over 86 cm to represent the distance
to the camera. Finally, we numerically model the free-space-to fiber coupling for both the experimentally and the
numerically obtained complex amplitudes. For this purpose, we analytically compute the propagating modes in
the following fibers: an SMF with a core radius a = 4.1 µm and a mode field diameter (MFD) 10.4 µm, an FMF
with a = 9 µm and MFD = 15.6 µm (FMF3) carrying the LP01 and the two LP11 modes, and finally another
FMF with a = 12 µm,MFD = 18.2 µm (FMF6) guiding the LP01, LP02, and the two LP11 and LP21 modes.18

To investigate the potential of mode-diverse reception in the various turbulence scenarios, we investigate the
coupling loss statistics of the different fibers and the propagating modes therein. Since the phase perturbations
on the channel can be considered random, the coupling loss L`m associated with the LP`m mode and the
total coupling loss L are both random variables with probability density functions (PDFs) fL`m

(L) and fL(L),
respectively. Figure 3a shows the estimated PDFs fL`m

(L) for the modes of the FMF6. Since the turbulence is
rather weak, i.e., D/r0 = 2w0/r0 ≈ 0.5, most of the power goes into the fundamental LP01 mode. Nevertheless,
we observe a trend: the higher the mode-order, the lower the contribution to the total receive power.
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Figure 3: Visualization of the coupling loss statistics obtained from simulation (5000 iterations) with the beam expanders
set to five-fold magnification and D/r0 ≈ 0.5, which corresponds to the OTG operating at ∆T = 270 K and 100 %
airflow. (a) The filled curves represent the PDFs fL`m (L) for each mode of the FMF6 determined using kernel density
estimation (KDE). The two degenerate LP11 and LP21-modes are subsumed. (b) Outage probability of the three fibers
under investigation as a function of the coupling loss threshold. The dotted vertical lines highlight the threshold losses
Lth,1 % for an outage probability below 1 %.

In the design process of an FSO communication system, the link reliability is critical. Hence, we employ the
outage probability, i.e., the probability that the coupling loss L exceeds a given threshold Lth

Pout(Lth) = Pr(L > Lth) =
∫ ∞

Lth

fL(L) dL = 1 −
∫ Lth

−∞
fL(L) dL . (5)

as the performance metric indicating the robustness against atmospheric turbulence of the considered fiber.
Consequently, computing Pout reduces to determining the complementary cumulative distribution function.
Figure 3b shows an exemplary plot of the outage probabilities for the fibers under investigation. Similar to
the results demonstrated in,6,10 we observe significant reductions in the loss threshold when coupling to an
FMF instead of an SMF. To analyze this behavior at different turbulence strengths, we focus on the coupling
performance at an outage probability of 1 % associated with the threshold value Lth,1 %. To avoid comparing the
statistics at different focii, we numerically collimated the complex amplitudes obtained from the simulation and
the experiment before focusing onto the fiber facets. Since we observed that the coupling loss statistics do not
significantly depend on polarization, we assume that the generated turbulence is isotropic and average over the
coupling losses obtained for the two polarizations hereafter.

Since the wavefront distortions of the beam traversing the OTG or the simulated turbulent link increase
with increasing turbulence strength, we expect Lth,1 % to grow with increasing ∆T (compare (4)). Figure 4a
confirms exactly this behavior: The larger the temperature difference ∆T between the two flows in the OTG
(and hence D/r0), the higher Lth,1 %. However, the data obtained experimentally predicts thresholds that are
up to 2.2 dB (SMF at ∆T = 270 K) larger than the numerically retrieved counterparts. This behavior might be
caused by the beam expanders introducing additional aberrations not covered by the numerical simulations. In
the strongest turbulence scenario, the difference is particularly large: Since the beam expanders are set to their
largest magnification, the wavefront distortions occurring along the channel could deform the beam such that it
either suffers from even more aberrations or becomes cropped at the demagnifying expander. To overcome this
influence, we compare the gains introduced by the FMFs over an SMF in Figure 4b. Besides for the ∆T = 270 K
case, where the beam distortions are particularly pronounced, the differences between simulation and experiment
are less than 1 dB. For ∆T = 0 K, the experimentally obtained loss thresholds are lower than the numerically
predicted ones, also when considering the gains in Figure 4b. This behavior might be caused by an overestimation
of C2

n in the function (4).
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Figure 4: Comparison of the coupling loss statistics obtained from the simulation and the experimental data. (a) The
coupling loss threshold for an outage probability of 1 % Lth,1 % vs. the airflow temperature difference ∆T . (b) Coupling
loss threshold reduction provided by the few-mode fibers compared to the SMF.

5. CONCLUSIONS
We show that the reliability improvements predicted by the numerical model for a coherent FSO link under
atmospheric turbulence agree well with the experimental data. For the turbulence conditions considered, we
observe that the coupling loss threshold for a 1 % outage probability at D/r0 ≈ 0.5 could be lowered by about
5 dB when coupling to a six-mode FMF instead of an SMF.
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