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Abstract: Free space optical (FSO) systems were usually designed according to the link
budget analysis. However, the previous link attenuation estimations for fog channel were not
precise. The link budget would be distorted, and resulting in the robustness degeneration of
FSO system. Therefore, it is necessary to establish an accurate link attenuation model of fog
channel. The previous models were mainly adopted by the Beer-Lambert law, or by classical
Monte Carlo simulation combined with the fog drop size distribution. Unfortunately, the
estimation deviation was eventually not fall within the acceptable range for FSO link budget
analysis. We established a link attenuation model based on Monte Carlo simulation and Kim
formula. Our model took the influence of multiple scattering and receiving parameters into
consideration, and without the measurement of the fog drop size distribution and scattering
cross-sections. The fog experiment was set up to verify the analysis results. And the
experiment results revealed that the estimation deviation RMSE (root mean square error)
<1, which validated the accuracy of link attenuation model. The link attenuation model can
be used to strengthen the link budget analysis of FSO system and guide the parameter
design of future FSO communication system under fog channel.

Index Terms: Link attenuation model, fog channel, monte carlo simulation, laser transmis-
sion, receiving parameters.

1. Introduction

With the development of high data rate optical communication systems in atmospheric trans-
mission channels, the attenuation problem brought by visibility-limiting weather has hampered
the free space optical communication systems [1]. One of the challenges of free-space optical
communications is its susceptibility to attenuation by fog [2]. Especially in many military and civilian
applications, the transmittance of laser beam in fog is a very important process [3]. FSO systems
were usually designed according to the link budget analysis. However, The link margin is usually not
abundant for satellite-to-earth laser communication due to the limited power and weight in satellite.
According to the link budget analysis for optical links between ground station and OICETS(Optical
Inter-orbit Communications Engineering Test Satellite), the uplink and downlink margin was 9.5 dB
and 16.9 dB without considering the attenuation brought by fog, respectively [4]. In order to
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guarantee the robustness of the FSO communication system, the link budget should be analyzed
precisely. Therefore, it is necessary to establish an accurate link attenuation model of fog channel.

In the telecommunications industry, the Beer-Lambert law was typically developed to quantify
the relationship between visibility and optical attenuation [1], [5]-[7]. The advantage of this method
is the convenient in visibility measurement and simple calculation. However, this method has two
disadvantages: Firstly, this method is limited to single scattering scenes with small attenuation
length Lyt (Lat = o x L, L is the link distance, o is the attenuation coefficient) [8]; Secondly, the
influence of receiver parameters is not considered. For small field-of-view and small aperture
situations, the estimation has few deviations since the multiple scattering signal has been blocked
by the receiver. However, this method would lead to large deviations for large field-of-view and large
aperture situations. Three empirical formulas were used to predict the link attenuation in paper [9],
and the experimental data was more significant than the empirical formulas predicted data. This
is because the effects of receiving parameters and multiple scattering process are not taken into
account, and resulting in the RMSE greater than 20 for all the empirical models.

The laser signal would suffered from multiple scattering during dense fog transmission, which
needs to be took into consideration for link attenuation. The the multiple scattering can be regarded
as a statistical result of random collisions between a large number of photons and scattered parti-
cles. Monte Carlo simulation is a very effective method to solve the problem of random distribution
for laser transmission. However, there are two problems using classical Monte Carlo model to
estimate the link attenuation in fog channel: Firstly, some papers used the fog drop size distribution
and scattering cross-sections to calculate attenuation coefficient [8], [10], [11], but neither the fog
drop size distribution nor scattering cross-sections of channel can be measured easily in practice,
so this simulation method is not highly practical. Secondly, the influence of receiving parameters
on link attenuation has not been analyzed which made the estimation deviations were eventually
not fall within the acceptable range for link budget analysis [8], [10]-[13].

The multiple scattering process will cause the spot space to expand, the divergence angle to
diffuse and the time domain to expand for the pulse signal. Different receiving parameters, such
as receiving aperture and receiving field-of-view, will cause different link attenuation [14]. In a
real communication scenario, the visibility information of fog is easily obtained from commercial
visibility meters. Therefore, we established the relationship between visibility and attenuation
coefficient based on Kim formula [1], and took the receiving parameters into consideration in the
link attenuation model. The purpose of this paper is to establish an accurate link attenuation model
of laser transmission in fog channel. The link attenuation model can be used to strengthen the link
budget analysis and guide the parameters design of FSO communication system.

The content of this paper was arranged as follows. In Section 2, we established the link attenua-
tion model for laser transmission in fog channel based on Monte Carlo simulation and Kim formula.
In section 3, the influence of receiving aperture and receiving field-of-view on link attenuation were
simulated and analyzed. In section 4, the experimental analysis for fog transmission with different
receiving parameters was carried out to verify the influence of receiving parameters and test the
accuracy of the link attenuation model.

2. The Link Attenuation Model in Fog Channel

Monte Carlo simulation can be used to calculate multiple laser scattering in random distribution,
and is one of the commonly used numerical methods in laser transmission research [15]-[17].
The characteristics of laser signal through fog transmission are simulated by Monte Carlo method,
which uses statistical method to describe the transmission law of photon, including the probability
distribution of photon motion between two scattering points and the probability distribution of
divergence angle. In Monte Carlo simulation, light is considered as a group of virtual photons or
photon packets, and their propagation paths are generated to obtain accuracy results. The Monte
Carlo method simulates the trajectories of a large number of emitted photons and obtains the
transmission process and energy distribution of laser pulses [18]-[20].
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Fig. 1. The tracking process of Monte Carlo simulation.

The tracking process of Monte Carlo simulation is shown in Fig. 1. The laser emission position
is determined as the origin, and the global coordinate system o-xyz is established with the laser
transmission direction along z-axis. The initialization parameters include initial energy E(0), initial
position (X, y, z) and transmission direction (uy, wy, it2) of photon packet, where piy, uy, 1, represent
the cosine of photon transmission direction between X-axis, Y-axis and Z-axis respectively. The
energy is sampled according to the gaussian distribution n(0, §2), where n(u, §%) is the gaussian
distribution of mean u and standard deviation §. Each photon packet propagates along the trans-
mission direction 75 = (1x, 1y, 1t2), arrives at scatter point when transmitted to distance /g (random
step length). Random step length Ir is calculated by Eq. (1),

lr = —=In(xr)/o (1)

Where xg is a random number satisfying uniform distribution «(0, 1), and o is the attenuation
coefficient. o can be calculated by the fog drop size distribution and scattering cross-sections
[21], [22]. However, these parameters are not easy to be obtained at any given time, making it
unpractical to determine the attenuation coefficient by using fog drop size distribution and scattering
cross-sections. A more pragmatic approach relies merely on visibility - Kim formula is derived [1].
The relation between attenuation coefficient o and visibility V is calculated by Eq. (2),

3.91 A -9
7Ty (550nm> @

where the A is the wavelength of laser. q is determined by the size of scattered particles, and is
dependent on visibility, as shown in Eq. (3). After scattering, energy loss is calculated according to

Ea. (4),

1.6, V > 50 km
1.3, 6 km < V <50 km
g=10.16V +0.34, 1km <V <6km (3)
V —0.5, 0.5km <V <1km
0, V <0.5km
E(L)post = @E(L) pre (4)

where E(L) e and E(L)pest are the photon package energy before and after scattering at distance L,
respectively. w is the albedo ratio. Previous studies have proved that the scattering in fog belongs
to molecular scattering, the absorption coefficient can be ignored, and the attenuation coefficient
is approximately equal to the scattering coefficient, so the albedo ratio w is set to 1 [17], [23].
The scattering angle 6 and azimuthal angle ¢ are calculated according to the Henyey-Greenstein
function, as shown in Eqs(5)[24]. After scattering process, the transmission direction of photon
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Fig. 2. The influence of the receiving FOV for the link attenuation (D = 50 mm).

packet will be updated to (u,. i,. 1) according to Eq. (6).

{ 0 = arccos (zlg (1 +F - (ﬁ)z» (5)

@ =2mx;
1" st/ T =12 —py /T = 1% i) [sin(6) cos(e)
Hy | = | iy T =12 /T =12 py | | sin()sin(e) (6)

1ty —JT— 2 0 1Ly cos(6)

Let (k. Iy, I,) represent the location of receiver system, R denotes the receiver radius and 6y, is
the field-of-view. When the photon packet arrived at the receiving plane(z equals to link distance),
the energy of photon packet can be accumulated in receiver system when it satisfies Eqg. (7). The
link attenuation can be measured by counting the total energy of the photon packet entering the
receiver.

(x — lx)2 +(y— ly)2 < R?
Wz > COS(Ofy)

(7)

3. The Influence of Receiving Parameters

Considering the influence of multiple scattering process, the laser spot will be expanded and
the divergence angle will be diffused with the increment of attenuation length. Different receiving
parameters, such as receiving aperture and the field-of-view, will cause different link attenuation.
The analysis of the influence of receiving parameters for the link attenuation would be necessary.
The simulation steps were established in section I, the initial divergence angle 6; is set to 0.5 mrad
and the wavelength is set to 532 nm. The link attenuation g is defined as Eq. (8), where P is the
transmitted laser energy, and F, is the received laser energy.

p
ﬂ=10bmo(§) @)

In studying the influence of the receiving field-of-view for the link attenuation, we set the receiving
diameter D to 50 mm, and simulated the link attenuation for different receiving field-of-view 6,, and
different attenuation length L. The result is shown in Fig. 2. In the examination of the influence
of the receiving diameter for the link attenuation, we set the receiving field-of-view 6y, to 15° and
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Fig. 3. The influence of the receiving diameter for the link attenuation (FOV = 15°).

TABLE 1
The Link Attenuation Estimation by Empirical Formula Combined With the Beer-Lambert Law

Latt 1 2 3 4 5
B(dB) -4.34 -8.68 -13.03 -17.37 -21.71

simulate the link attenuation for different receiving diameter D and different attenuation length L.
The outcome is demonstrated in Fig. 3.

According to the empirical formula combined with the Beer-Lambert law as shown in Eq. (9) [1],
[7], the link attenuation estimation for L, = 1 to Ly = 5 is shown in Table 1. For the situation when
01, = 1° in Fig. 2 and D =10 mm in Fig. 3, the link attenuation is consistent with the empirical
formula combined with the Beer-Lambert law from attenuation length Ly = 1 to Ly = 5. Since the
scattering photons has been blocked by narrow field-of-view or small aperture, the received laser
energy is the part that did not experience scattering. These results reveal that the link attenuation
estimation by empirical formula combined with the Beer-Lambert law is valid in narrow field-of-view
or small aperture situation.

B = 10logo(exp(—Latt)) 9)

For the situation when Ly = 1 in Fig. 2 and Fig. 3, the simulation result tends to be a horizontal
line. But for the situation when Ly =2 to Ly =5, the link attenuation will decrease with the
increment of receiving FOV or receiving diameter. Ignoring the influence of receiving FOV or
receiving diameter will result in huge simulation deviations. For example, in Fig. 2 when Ly = 5, the
link attenuation for 0y, = 23° is —19.33 dB, but the link attenuation for 6;,, = 1° is —21.75 dB, the
deviation is 2.62 dB. And in Fig. 3 when Ly = 5, the link attenuation for D = 670 mm is —12.03 dB,
but the link attenuation for D = 10 mm is —21.19 dB, the deviation is 9.16 dB. These results reveal
that receiving parameters can not be ignored in link attenuation estimation, especially in high
attenuation length situation.

With the increment of the receiving field-of-view or receiving diameter, more scattered photons
enter the receiver and the link attenuation gradually decreases. When the receiving field-of-view or
receiving diameter increases to a certain point, the link attenuation saturation does not decrease
further. If we defined a saturation point for receiving field-of-view Sy, and receiving diameter Sy
which can make receiver receive 90% scattered light energy as shown in Eq. (10) and Eq (11),
the received saturation points at different attenuation lengths can be obtained as shown in the
Table 2. It shows that Sy, and Sy increase with the attenuation length. This result reveals that
increasing the receiving field-of-view or receiving diameter improves the robustness of free space

Vol. 12, No. 4, August 2020 6100910



|IEEE Photonics Journal Link Attenuation Model Based on Monte Carlo Simulation

TABLE 2
Saturation Point for Receiving Field-of-View and Receiving Diameter

Latt 1 2 3 4 5

Sfon(®) 1 8 15 18 23

Sgq (mm) 220 330 420 540 670
- — Fog laboratory

Link Distance = 20 m

|
|

’ Black box
|

Laser

[Mounting Base

Tripod 2

Fig. 4. Schematic diagram of fog experimental testing.

laser communication system for dense fog channel.

Brov(Stov) = 0.9 x B (90°) (10)
Bo(Ss) = 0.9 x Bp(1000) (11)

4. Experimental Testing
4.1 Experimental Scheme

A fog experiment is designed to verify the effect of receiving parameters on link loss and the
accuracy of the link attenuation model. The visibility in the fog laboratory can be adjusted from 1 m
to 1 km. The experimental space is 3 m x 3 m x 22 m, which leads the experimental attenuation
length Ly can be varied from 0.08 ( 20 m x 0.004/m ) to 78.2 (20 m x 3.91/m ) according to Eq.
(2) and Eq. (3).

The schematic diagram of the experiment is shown in Fig. 4. The laser was installed outside
the laboratory chamber and transmitted laser to the laboratory chamber through a small hole.
The receiver consisted of a convex lens and a detector. The tripod is used to adjust the height of
detector and lens, in order to keep all the optical link in the same height. The lens and detector
are shaded by black box. The receiving parameters can be adjusted according to the lens and
distance between lens and detector. The link distance L is fixed to 20 m. Visibility in the chamber
can be controlled at the external operating terminal of the laboratory, as shown in Fig. 5. The
controllable stable time is 10 minutes and the visibility control deviation is less than 1 m.

In order to analyze the influence of receiving parameters for the link attenuation, we set receiving
diameter D to 50 mm, and three different field-of-view (6, = 1°, 6, = 15°, and 65, = 30°) were
tested for the influence brought by receiving field-of-view experiment. And we fixed receiving
field-of-view 6y, to 15°, and three different receiving diameter (D =10 mm, D =50 mm, and D =
100 mm ) were tested for the influence brought by receiving diameter experiment. The parameters
of receiver are shown in the Table 3 and the parameters of transmitter are shown in the Table 4.
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Fig. 5. Operation terminal.

TABLE 3
Receiver Parameters

Wavelength range 0.19 ~ 15um
Beam Diameter 8.5 mm
Maximum average power density 1.5kW/cm?
Equivalent noise power 10pW
Linearity +0.5%
Power range 10puW ~ 5W
Uncertainty (k=2) +2%
Response time ( 0 ~ 90% ) <ls
Receiving field-of-view 01, (°) 1,15, 30
Receiving diameter D (mm) 10, 50, 100
TABLE 4

Transmitter Parameters

Wavelength 532 + Inm
Operating mode Ccw
Output power 1W

Beam divergence 0.5mrad
Beam diameter at the aperture 2 mm

M? factor 1.2

Power stability < 1%

4.2 Experimental Results

According to the Eq. (2), the visibility was adjusted from 8 m to 78 m, this range of visibility is
correspond to attenuation length Ly varying from 1 to 10(Lyt = o x L, L = 20 m). The comparison
between experimental results and simulation results for different 6, and D were shown in Fig. 6
and Fig. 7, respectively. From the experimental results, we can get three conclusions as follows:

1) For small field-of-view and small aperture situations as shown with the red line in Fig. 6 and
Fig. 7, the link attenuation is consistent with the empirical formula combined with the Beer-Lambert
law. Therefore, for small field-of-view and small aperture situations, the empirical formula is still
applicable.
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Fig. 7. Comparison between experimental results and simulation results for different D.

2) For low attenuation length, the receiving field-of-view and receiving aperture have little effect
on link attenuation. With the increment of attenuation length, the link attenuation of large field-of-
view and large aperture is significantly smaller than that of small field-of-view and small aperture.
The influence of receiving parameters on link attenuation increases with the rise of attenuation
length. The experimental results are consistent with the simulation analysis in section 3.

3) The experimental data was compared with the simulation data, the root mean square error
(RMSE) was used to evaluate the accuracy of the link attenuation model. The RMSE was calculated
according to Eq. (12),

RMSE — it (ﬂex,;}) — Bue.i)?

(12)

Bme.i is simulated specific link attenuation by link attenuation model, Be ; is experimental measured
link attenuation data, and n represents the total number of observations in Fig. 6 and Fig. 7. The
RMSE between simulation results and experimental results for different receiving parameters were
shown in the Table 5. It can be seen from the table that the RMSE of the link attenuation model for
all the parameters were less than 1. This result reveals that the link attenuation model is accurate.
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TABLE 5
The RMSE Between Simulation Results and Experimental Results

Receiving Ofop = 1° Ofop = 15° 0ov = 30° Ofop = 15° Ofop = 15°
parameters D = 50mm D = 50mm D = 50mm D = 10mm D = 100mm
RMSE 0.732 0.783 0.694 0.829 0.682

5. Conclusion

We established a link attenuation model based on Monte Carlo simulation and Kim formula. It
took the influence of multiple scattering and receiving parameters into consideration, and without
the measurement of the fog drop size distribution and scattering cross-sections. The results of
simulation and experiment validated that the link attenuation is consistent with the empirical formula
combined with the Beer-Lambert law for small field-of-view, small aperture situations and low
attenuation length situations. But the estimation deviation of classical methods increased with the
increment of field-of-view and aperture or attenuation length, which made them invalid to estimate
the link attenuation of fog channel. However, our model maintained the estimation accuracy since
the deviation RMSE < 1 for different receiving parameters situations during the fog experiment.

This result revealed that the link attenuation model can estimate the attenuation brought by fog
channel precisely. And it can be used to strengthen the link budget analysis of FSO system and
guide the parameter design of future FSO communication system under fog channel.
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