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Abstract 
Free-space optical (FSO) communication requires a line-of-sight connection 
between a transmitter and a receiver in which the information signal is mod-
ulated by an optical carrier that propagates in free space. The FSO channel is 
greatly affected by weather conditions such as fog, rain, and snow. In the lite-
rature, several adaptive techniques, such as power control (PC), have been 
suggested to mitigate channel link degradations. In this paper, we investigate 
the effects of snow and rain attenuation on the bit error rate (BER) of the FSO 
system using two types of modulations, the on-off keying (OOK) modulation 
and the pulse-position modulation (16-PPM). The effect of PC on the per-
formance of FSO communications is also examined in this study. We eva-
luated the system’s performance with two types of snow, wet snow and dry 
snow, as well as with different rain regions. Results show that PC improves 
the BER of the FSO system; a high rate of improvement is found for wet snow 
and rain. PC has almost no effect with dry snow because of the high attenua-
tion and the limitations on transmitted power. The BER for 16-PPM is better 
than that for OOK modulation.  
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1. Introduction 

The increasing demand for high-speed Internet and high-capacity services has 
resulted in great pressure on communication systems and technologies. This has 
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prompted researchers to seek solutions, including Free-space optical (FSO) 
communications technology. FSO communication is a line-of-sight technology 
that transmits an information signal by laser light through an atmospheric 
channel instead of fiber cables. It has several advantages, such as a license-free 
spectrum, large bandwidth, high data rate, easy installation, high security, and 
low power requirements [1] [2]. 

In general, the FSO system supports a binary modulation format such as 
on-off keying (OOK) modulation owing to its high-power efficiency and sim-
plicity. OOK modulation is deployed with intensity modulation with direct de-
tection; in the transmitter, the electrical signal is converted to an optical signal 
by modulating the intensity of a laser source using the OOK modulation scheme. 
At the receiving end, a photodiode converts the optical intensities into the cor-
responding photocurrent. The PPM scheme is another popular modulation for-
mat used in FSO systems; it is more power efficient than OOK modulation but 
has less band width efficiency and increased demodulation complexity. Howev-
er, the FSO link performance and availability, as well as the link range, is highly 
dependent on the weather and atmospheric conditions. FSO wireless channels 
are adversely affected by different atmospheric conditions, such as fog, heavy 
rain, snow, dust, and haze; they increase the power loss and cause the BER to 
deteriorate. In order to mitigate fading of the channel, several parameters can be 
varied at the transmitter, such as the type of modulation, power, coding rate, and 
combinations of adaptation parameters. In one study [3], the author looked at 
the effect of snow attenuation on the transmission of FSO communications at 
different wavelengths without finding even a suggestion of a solution for alle-
viating the problem. In another study [4], the authors applied a PC algorithm to 
reduce the average power consumption; they regulated the transmitter gain from 
the erbium doped fiber amplifier given channel state information, but they did 
not study its effect on the BER of the system. 

In [5] we are studying the FSO system using selective diversity to compensate 
for rain attenuation. Results show that selective diversity can improve the BER 
for high rain rates. Our contribution in this paper will come from our study of 
the effect of PC on the performance of an FSO channel during snow or rain at-
tenuation using two different modulation techniques. 

The rest of the paper is organized as follows: In Section II, the system model is 
described. In Section III, the results are presented for the two scenarios and for 
different types of modulations, and the effect of PC is also presented. In Section 
IV, conclusions are drawn. 

2. System Model 

We are studying an FSO system with a link channel that functions during several 
types of weather conditions, such as snow and rain. The snow particles are mid-
way in size between the fog particles and the rain particles. Therefore, the level 
of attenuation due to snow is between the levels due to rain or fog. The level is 
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higher than with rain but lower than with fog. In this case, the attenuation is 
comparable to that of fog and ranges between 30 and 350 dB/km. This level can 
significantly reduce the link availability of the FSO system [6]. 
 Snow Attenuation: 

Snow attenuation varies according to whether the snow is dry or wet. The ef-
fect of dry snow is different than the effect of wet snow on the quality and 
strength of the received signal. Dry snow affects a channel when the rate of 
snowfall is low, whereas wet snow appears to affect a channel when the rate of 
snowfall is high. The attenuation is determined at a defined distance and meas-
ured in dB/km. The specific attenuation, or αsnow for snow rate S in mm/h is giv-
en as follows [7]: 

snow
baSα =                            (1) 

where the values of parameters a and b in dry and wet snow are 
Dry snow: a = 5.42 × 10−5λ + 5.49, b = 1.38, 
Wet snow: a = 1.02 × 10−4λ + 3.78, b = 0.72. 

 Rain Attenuation: 
Specific attenuation due to precipitation is observed in the optical and infra-

red ranges. It can be referred as rain attenuation and measured in dB/km. In 
FSO system, rain attenuation is particularly severe and greatly dependent on 
various models of raindrop-size distribution. The most commonly used rain-
drop-size distributions have been proposed by Marshal and Palmer [8]. The spe-
cific attenuation due to rain for a wireless optical link is given by  

( )dB km ba Rγ = ⋅                       (2) 

where R is the rain rate in mm/h, a and b are power law parameters. These pa-
rameters depend on frequency, raindrop-size distribution, and rain temperature. 
Due to the assumption that raindrops have a spherical shape a and b are inde-
pendent of polarization [9]. The modeling of rain attenuation prediction is done 
using empirical methods proposed by the International Telecommunication 
Union Radio communication Sector (ITU-R) for FSO communications. The 
specific rain attenuation γ (dB/km) for an FSO link is delineated in the studies 
given by [10] [11] [12]. 

( ) 0.67dB km 1.076 Rγ = ⋅                    (3) 

Carbonneau’s model proposed values to predict a and b based on measure-
ments done in France [13]. The measurements were for very low rain intensities 
compared with the rain intensities in tropical regions, however. In the study by 
[11] the author gives the rainfall rate, Rp (mm/h), exceeded for a given percen-
tage of the average year, p, and for any location. In this study, we will focus on 
rain regions in Canada, as shown in Table 1.  

In FSO communications, the received power, Pr has the following expression: 

( )
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Table 1. Rain rates in Canada. 

Canada Rain Regions Rain Rate (mm/h) 

B 12 

C 15 

E 22 

 
where Pt is the transmitted power, txτ  and rxτ  are the transmitter and receiver 
efficiency, respectively, D is the receiver diameter, θ is the divergence angle, and 
L is the link distance. 

The signal-to-noise ratio (SNR) for the optical communications system using 
an avalanche photodiode (APD) detector is 

( )
( )

2
0

2
0

SNR
2 2 4

r
x

r D L eq

R P M
qBM R P I qI B kTBF R+=

+ + +
         (5) 

where R0 denotes the primary sensitivity of the APD, M is the APD gain, x is the 
excess noise factor, ID is the bulk dark current, IL is the surface leakage current, q 
is the electron charge, k is the Boltzmann constant, B is the equivalent noise 
bandwidth, Req is the equivalent circuit resistance, F is the noise figure, and T is 
the system temperature in kelvins. 

The measured SNR is compared with the desired level (γth = 30 dB). The dif-
ference between these two values is quantized by the power command decision, 
and a power command is transmitted to the user through the feedback channel. 

1i iP P C+ = − ⋅∆                          (6) 

1 if
1 if

th

th

C
γ γ
γ γ

− ≤
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where C is the PC command and ∆ is the step size [14]. 
The performance of the FSO system will be measured by the BER for two 

types of modulation, OOK modulation and N-PPM, as shown below [15] 

OOK
1 1BER SNR
2 2 2

erfc  =  
 

                (7) 

( )N-PPM 2
1 1BER SNR log
2 22 2

Nerfc N
 

= ⋅ ⋅  
 

          (8) 

3. Simulation Results 

In this section, we will study the effects of PC on an FSO system in two weather 
conditions: snow and rain. Also, we will evaluate the performance of the FSO 
system using different types of modulation techniques. The parameters assumed 
in this simulation are shown in Table 2.  

Figure 1 shows the rain and snow attenuation for two types of snow at dif-
ferent rates in mm/h. Dry snow has a higher attenuation than wet snow for all 
snow rates. Also, we noticed that snow attenuation is higher than rain attenuation  
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Figure 1. Snow and rain attenuation for different rates. 

 
Table 2. Simulation parameters. 

Parameters Value 

Wavelength 850 nm 

Transmitter power 50 - 100 mw 

Transmitter divergence angle 2 mrad 

Tx/Rx efficiency 0.5 

Receiver diameter 0.1 m 

Bulk dark current 0.05 nA 

APD gain 100 

PC step size 5 mw 

Excess noise factor 0.5 

Bandwidth 25 MHz 

 
due to the large size of snow particles. For example, at a rate of 10 mm/h, wet 
snow attenuation is more than rain attenuation by 6 dB. 

We compared the received power versus the link distance for wet snow with 
and without attenuation, as shown in Figures 2(a)-(c). The effect of the PC was 
also studied. In Figure 2(a) and Figure 2(b), one can see that wet snow attenua-
tion can reduce the received power by 15 dBm at a link distance of 1 km. Figure 
2(c) shows that using PC has no effect on the received power for a low snow rate 
of 1 mm/h, but with a high snow rate, PC has more of an effect on thereceived 
power, especially with an increased link distance.  

Figure 3(a) and Figure 3(b), and Figure 3(c) shows the SNR with and with-
out PC during wet snow for two snowfall rates of 1 mm/h and 6 mm/h. Using 
PC improves the SNR for a rate of 6 mm/h, but it has no effect on a low snow 
rate of 1 mm/h. The improvement is obvious after a link distance of 0.4 km and  
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(a) 

 
(b) 

 
(c) 

Figure 2. (a) Received power for wet snow without PC; (b) Received 
power for wet snow with PC; (c) Received power for wet snow. 
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(a) 

 
(b) 

 
(c) 

Figure 3. (a) SNR without PC for wet snow; (b) SNR with PC for wet 
snow; (c) SNR for wet snow. 
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reaches 3 dB at L = 1 km. In Figure 4, the effect of PC on the BER for OOK 
modulation was investigated. At a link distance of 1 km, the BER for a snow rate 
of 6 mm/him proves from 9 × 10−3 to 6 × 10−3. The BER for a low snow rate is 
better than that for a higher snow rate. In Figure 5 we compared the BER for 
OOK modulation versus 16-PPM modulation for a snow rate that equals 6 mm/h. 
The PC improves the BER for both16-PPM and OOK modulation, especially at a 
link distance larger than 0.6 km. The performance of PPM is better than that of 
OOK modulation. 

Figure 6 shows the SNR for dry snow at rates of 1 mm/h and 6 mm/h. The PC 
has no effect on the SNR for the low snow rate, but at a high snow rate, the PC 
improves the SNR slightly. The dry snow has more attenuation than the wet 
snow. In Figure 7, we show the effect of PC with OOK modulation for dry snow  
 

 
Figure 4. BER for OOK modulation. 

 

 
Figure 5. BER for OOK and PPM modulation. 
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Figure 6. SNR for dry snow. 

 

 
Figure 7. BER for OOK modulation with dry snow. 

 
at snow rates of 1 mm/h and 6 mm/h. The improvement in the BER with PC for 
the high snow rate is not significant, and no effect was shown for the low snow 
rate. In Figure 8, we show the effect of PC step size with OOK modulation for 
wet snow using a snow rate of 6 mm/h. For the PC, we use three-step sizes of 1, 
5, and 10 mw. As shown in the figure, increasing the step size will improve the 
BER. In Figure 9, we show that PC improves the received power under rain at-
tenuation by 1 dBm for both rain rates at L = 1 km. Also, Figure 10 shows the 
improvement in the SNR with PC for both rain rates. In Figure 11, the BER for 
OOK modulation under rain attenuation is shown, with an improvement from 
3.6 × 10−3 to 2.6 × 10−3 at L = 1 km. Figure 12 shows that 16-PPM outperforms 
the OOK modulation. 
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Figure 8. BER for OOK modulation with different PC step size for wet snow. 

 

 
Figure 9. Received power with rain. 

 

 
Figure 10. SNR with rain. 
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Figure 11. BER for OOK modulation with rain. 

 

 
Figure 12. BER for OOK and PPM modulation with rain. 

4. Conclusion 

The FSO communications system is an evolving technology that promises to re-
lieve the bottleneck at the last mile of bandwidth. Weather conditions such as 
snow and rain will severely attenuate the channel link and degrade the system’s 
performance, however. Different adaptation scenarios have been suggested to be 
used in FSO communications, and one of them is transmitter PC. In this paper, 
we investigated the transmitter PC effect on the BER for OOK modulation and 
PPM during snow and rain attenuation. Results show that PC can improve the 
BER with high rates of wet snowfall, but it has no effect on the performance of 
FSO communications with dry snowfall. PC also improves the channel link and 
BER during high rates of rainfall. Finally, the BER for PPM is better than that for 
OOK modulation. 
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