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I. INTRODUCTION

Recently, free-space optical (FSO) communication has 

been considered a promising alternative solution to 

conventional transmission techniques, such as fiber optics 

and RF transmission. This is due to its ability to provide 

high data rates, high optical bandwidth, and use of the 

license-free spectrum. Despite these advantages, the 

performance of an FSO link depends greatly on weather 

conditions, such as fog, rain, snow, haze, and dust, which 

may limit performance and reliability. Another major 

impairment is the fading induced by atmospheric turbulence, 

which causes irradiance fluctuations in the received optical 

signal, and leads to poor performance.

The performance of an FSO link under various effects or 

conditions was studied in [1-8]. In [3] and [4], the atmo-

spheric turbulence was modeled as a log-normal distribution, 

where the FSO link was evaluated under the effect of 

irreducible error floors caused by using demodulation with 

fixed detection thresholds. A similar turbulence model was 

used in [5] to study the performance of retroreflector free- 

space optical systems. [6] and [7] proposed two techniques 

to improve the performance of FSO links under log-normal 

turbulence by exploiting source-information transformation 

and spatial diversity. In [8], the probabilistic behavior of 

an FSO channel in fog was investigated, and a new 

statistical model for signal attenuation developed.

Relay-assisted transmission has also been proposed to 

mitigate weather conditions and turbulence-induced fading. 

In [9], an FSO communication system with amplify-and- 

forward (AF) relaying was investigated over log-normal 

turbulence channels, in terms of outage probability. The 

results showed a significant gain improvement over direct 

transmission. In [10], the performance of a two-way relay- 

assisted FSO communication system over atmospheric- 

turbulence-induced fading channels was considered. In [11], 

a dual-hop AF mixed FSO/RF transmission system was 

investigated, assuming a gamma-gamma distribution for the 
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FSO link and an distribution for the RF link. Later, [12] 

extended the work of [11] by assuming a Rician distribution 

for the RF link and a Malaga distribution for the FSO 

link. In [13], a triple-hop multiuser mixed RF/FSO/RF 

communication system was studied, where the first and 

third RF links were modeled as a Rayleigh distribution, 

while the second FSO link was modeled as a gamma- 

gamma distribution.

The combination of FSO and RF transmissions is another 

technique for enhancing FSO performance, where the two 

links can operate in a complementary manner. In [14], a 

hybrid FSO/RF communication system was investigated, 

assuming that the system switches between direct FSO and 

RF links using a predefined threshold. To avoid frequent 

on/off transitions of the FSO link, dual FSO thresholds 

were proposed in [15]. Numerical results showed that dual 

FSO thresholds achieve a similar performance to that of the 

single FSO threshold. Another hybrid FSO/RF communi-

cation system was proposed in [16], assuming that the 

receiver receives the same information from the two links; 

thus selective combining (SC) or maximal-ratio combining 

(MRC) is used. The results illustrated that MRC provides 

better performance than SC does. From another perspective, 

a hybrid FSO/RF communication system with adaptive 

combining was presented in [17], where the RF link is 

activated under the condition that the FSO link’s quality is 

low, in which MRC is used to combine the received signals 

from both FSO and RF links. The results indicated that the 

considered system outperforms an FSO-only or RF-only 

setup. In [18], the outage probability was investigated for 

different multihop hybrid FSO/RF scenarios, considering 

log-normal turbulence and various weather conditions.

In this paper, we aim to improve the performance of the 

FSO system against path loss and atmospheric turbulence 

(1) by exploiting relay-assisted transmission, not only as an 

efficient technique to reduce the turbulence effect, but also 

to ensure the line-of-site requirement in FSO transmission; 

and (2) by employing an RF backup link, to improve 

transmission reliability when FSO links experience an 

outage. Specifically, a dual-hop FSO transmission is used 

if the target quality is achieved, else the system will 

activate the RF link. We consider a channel model with 

both path loss and atmospheric turbulence, modeled by a 

log-normal distribution for the FSO links and a Rayleigh 

distribution for the RF backup link. Furthermore, we 

investigate the effects of weather on the performance of 

the considered system for the most common deterrent 

conditions, fog and rain, and compare it to a dual-hop 

FSO system. Mathematical expressions for the probability 

density function (PDF) and cumulative distribution function 

(CDF) for the end-to-end signal-to-noise ratio (SNR) are 

obtained. Then, closed-form expressions for the outage 

probability, average BER, and average ergodic capacity are 

derived. We believe that the derivation of PDF and CDF 

of the end-to-end SNR will help researchers in optical 

communication, either in the physical or upper layers, to 

evaluate the system further from a different angle, or to 

modify the system to introduce a new scheme. Furthermore, 

the derived expressions for the performance metrics as 

functions of path loss and weather conditions will provide 

an additional evaluation of the system by changing, for 

instance, the distance, or the weather-condition parameter.

The remainder of the paper is organized as follows: The 

system and channel models are presented in section II. 

Statistical characteristics, including the end-to-end PDF and 

CDF of the considered dual-hop FSO system with RF backup 

link, are provided in section III. Based on these expressions, 

closed-form expressions for the outage probability, average 

BER, and average ergodic capacity are derived in section 

IV. Numerical results are discussed in section V. Finally, 

the paper is concluded in section VI.

II. SYSTEM AND CHANNEL MODELS

In this work, we consider a dual-hop FSO communication 

system using the AF relaying protocol and supported by 

an RF backup link, as shown in Fig. 1. The dual-hop FSO 

link is the primary link for transmission, which is used if 

its SNR FSO
γ  is larger than a predefined threshold 

.FSO th
γ . 

Otherwise the RF link is activated, if its SNR RF
γ  is 

larger than a certain threshold 
.RF th

γ  as well. If both links 

are below both thresholds, the system is under outage.

2.1. Dual-hop FSO Link

The FSO link is assumed to employ binary phase-shift 

keying (BPSK) subcarrier intensity modulation (SIM) [19]. 

The electrical subcarrier signal ( )m t  is DC biased to 

become non-negative. Then the transmitted signal from 

source to relay can be given as

(1 ( ))
S S S

x P m tµ= +  (1)

FIG. 1. AF Dual-hop FSO communication system with backup 

RF link.
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where S
P  is the average transmitted optical power, and 

S
µ (0 1

S
µ< < ) is the modulation index, used to avoid over 

modulation-induced clipping. The received signal at the 

relay node can be written as

1 1R S
x h x n= +  (2)

where 1
n  is additive white Gaussian noise (AWGN) with 

zero mean and variance 
22

1 1
E[ ],nσ =  where E[.] represents 

the mathematical expectation operation. 
1 11 pl ath h h=  is the 

fading coefficient of the source-relay link, which consists 

of path loss 
1plh , and atmospheric turbulence 1at

h . The 

received signal at the relay node is then amplified and 

forwarded to the destination node. The received signal at 

the destination node can be written as

2 2

1 2 2 1 2
1

D

S S

R
x Gh n

Gh h P µ m t Gh n n

x

+ +

+

+=

=

 (3)

where 2
n  represents AWGN with zero mean and variance 

22

2 2
E[ ]nσ = , and 2 22 pl ath h h=  is the fading coefficient 

of the relay-destination link, which is a function of the path 

loss 2plh  and the atmospheric turbulence 2ath . G represents 

the relay gain, given by

2 2 2 2

1 1

R

S S

P
G

h P μ σ

=

+

 (4)

where R
P  is the average transmitted optical power of the 

relay node. The received signal, after blocking the DC 

signal in Eq. (3), becomes

1 2 2 1 2
( )

D S S
x Gh h P m t Gh n nµ= + +  (5)

2.1.1. Channel path loss

The path loss of the optical signal along the atmospheric 

channel can be given by the Beers-Lambert law [20] as

exp( ), 1, 2
ipl i ih L iα= − =  (6)

where 
iplh  denotes the path loss for the ith hop, i

L  is the 

distance of the FSO link (in km), and i
α  is the attenuation 

coefficient (in km-1), which depends on the weather 

conditions, such as fog and haze, and which can be 

calculated as [21]

3.912
( )
550

i
V

ε
λ

α
−

=  (7)

where V  is the visibility range (in km), λ  is the operating 

wavelength (in nm), and ε  is a parameter related to the 

visibility, given by the Kruse model as 1.6 if 50V >  km, 

1.3 if 6 50V< <  km, and 1/3
0.585 if 6V V <  km [22]. For 

rainy weather conditions, i
α  is given by 

0.671.076
i rain

Rα =  

(dB/km), where rain
R  denotes the rain rate (in mm/h) [23].

2.1.2. Turbulence statistical model

We consider atmospheric turbulence in which the intensity 

fluctuation’s PDF is modeled using a log-normal distribution. 

Let the channel’s fading amplitude exp(2 )
iat i

h x=  follow 

a log-normal distribution with PDF expressed as [24]

( )
2

22

ln( ) 21
( ) exp

88

i

ati

i
i

x

h

xx

h
f h

h

μ

σπσ

⎛ ⎞− −⎜ ⎟
= ⎜ ⎟

⎜ ⎟
⎝ ⎠

 (8)

where i
x  represents a Gaussian-distributed random variable 

with mean ix
μ  and variance 

2

ix
σ . To make sure the 

average power is not attenuated or amplified due to 

fading, the amplitude of fading needs to be normalized as 

E[ ] 1
iat

h = . This implies 
2

i ix x
μ σ= − . In this case, Eq. (8) 

can be rewritten as

( )
2

2

22

ln( ) 21
( ) exp

88

i

ati

i
i

x

h

xx

h
f h

h

σ

σπσ

⎛ ⎞
− +⎜ ⎟

= ⎜ ⎟
⎜ ⎟
⎝ ⎠

 (9)

where the variance 
2

ix
σ  is given by [25]

2 7/6 11/6 2
0.30 ,7

i ix i n
k L Cσ =  (10)

where 2 /k π λ=  is the optical wave number, and 
2

in
C  is 

the index of refraction structure parameter.

2.1.3. SNR statistics

Based on Eq. (5), the dual-hop FSO link’s SNR can be 

written as

2 2 2 2 2

1 2 1 2

2 2 2 2

1 22 1 2
1

S S

FSO

h G P h

h G

μ γ γ
γ

γ γσ σ

= =

+ ++

 (11)

where 
1

2 2 2 2 2

1 1 1 1
/

S S at
P h hγ μ σ γ= =  and 

2 2

2 2 2
/

R
P hγ σ= =

2

2

2 at
hγ  are the per-hop SNRs, 

1

2 2 2 2

1 1
/S S plP hγ μ σ=  and 

2

2 2

2 2
/R plP hγ σ=  are the average SNRs for the 1st and 

2nd hops respectively. For the simplicity of derivation, Eq. 

(11) can be approximated by its upper bound [26]

1 2
min( , )

FSO
γ γ γ≤  (12)

Based on Eq. (9) and Eq. (2.3) of [27], the PDF of i
γ  

can be expressed as
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2

2

22

ln( ) 4
1

( ) exp
3232

i

i

i
i

x

i

xx

f
γ

γ
σ

γ
γ

σπσ γ

⎛ ⎞⎛ ⎞
⎜ ⎟− +⎜ ⎟
⎜ ⎟⎝ ⎠= ⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

 (13)

Integrating Eq. (13) with respect to γ , the corresponding 

CDF can be obtained as

2ln( ) 4
1

( ) 1 erfc
2 32

i

i

i

x

i

x

F
γ

γ
σ

γ
γ

σ

⎛ ⎞
+⎜ ⎟

⎜ ⎟= −
⎜ ⎟
⎜ ⎟
⎝ ⎠

 (14)

2.2. RF Backup Link

For the RF link (i.e. source-destination link), the BPSK- 

modulated signal is up-converted using a 60-GHz carrier. 

The received signal at the destination is given by

  ,
D RF RF RF

x h x n= +  (15)

where 
RF

x  represents the transmitted symbol with average 

power of 
2E[| | ]

RF RF
x P= , RF

n  is AWGN with zero mean 

and variance 2 2E[| | ]
RF RF

nσ = , and RF
h  is the RF channel’s 

gain, factorized as 
RFRF pl fh h h= . Here 

RFplh  denotes 

the RF channel’s path loss, and fh  represents the fading 

coefficient. The noise variance of the RF link is given by 

[16] as 2

RF RF o FB N Nσ = + + , where BRF is the bandwidth, 

o
N  is the noise’s power spectral density, and F

N is the 

receiver’s noise figure.

2.2.1. Channel path loss

The path loss of the RF channel is given as [18]

10

4
20log ,

RFpl t r oxy rain
RF

L
h G G L L

π
α α

λ

⎛ ⎞
= + − − −⎜ ⎟

⎝ ⎠
 (16)

where t
G  and 

r
G  denote the gains of transmitter and 

receiver respectively, L is the distance between source and 

destination, RF
λ  is the RF wavelength, and oxyα  and rain

α  

represent the attenuation factors due to absorption and rain 

scattering respectively.

2.2.2. Fading statistical model

In this paper, we consider the Rayleigh fading model 

for the RF channel, where the PDF can be given by [27]

2

2

2

2
( ) s

f

h

h

s

h
f h e

σ

σ

−

=
 (17)

where s
σ  is the root mean square of the received signal.

2.2.3. SNR statistics

Based on Eq. (15), the RF link’s SNR can be written as

2

2

2

RF RF
RF RF f

RF

P h
hγ γ

σ

= =  (18)

where 
2

/
RFRF RF pl RFP hγ σ=  is the average SNR. The PDF 

of RF
γ  can be written as

1
( ) RF

RF

RF

f e

γ

γ

γ
γ

γ

−

=  (19)

and its CDF can be obtained as

( ) 1 RF

RF
F e

γ

γ

γ
γ

−

= −

 (20)

III. END-TO-END STATISTICAL 

CHARACTERISTICS

In this section, the CDF and PDF of the end-to-end 

SNR of the AF dual-hop FSO system with RF backup link 

are obtained.

3.1. Cumulative Distribution Function

For a dual-hop FSO link using AF relaying, the CDF of 

the received SNR can be defined as

1 2
( ) 1 (1 ( ))(1 ( ))

FSO
F F F
γ γ γ

γ γ γ= − − −  (21)

where 
1
( )F

γ
γ  and 

2
( )F

γ
γ  are the CDFs of the 1st and the 

2nd FSO hops respectively. Substituting Eq. (14) into Eq. 

(21), ( )
FSO

F
γ

γ  becomes

1 2

1 2

2 2

1 2

ln( ) 4 ln( ) 4
1

( ) 1 erfc erfc .
4 32 32FSO

x x

x x

F
γ

γ γ
σ σ

γ γ
γ

σ σ

⎛ ⎞ ⎛ ⎞
+ +⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎜ ⎟= −
⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

(22)

The CDF of the end-to-end SNR can be defined as

2
( ) ( ) ( )

FSO RFe e
F F F

γ γ
γ γ γ=  (23)

Substituting Eqs. (20) and (22) into Eq. (23), a closed- 

form expression for 2
( )

e e
F γ  can be obtained.

3.2. Probability Density Function

The PDF of the SNR of the AF dual-hop FSO system 

can be found by differentiating Eq. (21) with respect to γ , 

that is
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1 2 1 2 1 2
( ) ( ) ( ) ( ) ( ) ( ) ( ),

FSO
f f f f F F f
γ γ γ γ γ γ γ

γ γ γ γ γ γ γ= + − −  (24)

where 
1
( )f

γ
γ  and 

2
( )f

γ
γ  are the PDFs of the 1st and 2nd 

FSO links respectively. Substituting Eqs. (13) and (14) 

into Eq. (24), ( )
FSO

f
γ

γ  becomes

2

1

2

2
21
21

2

1 1 2

2

2
22
12

2

2 2 1

ln( ) 4
ln( ) 41 1

( ) exp erfc
2 32 32 32

ln( ) 4
ln( ) 41

exp erfc .
32 32

FSO
f

γ

γ

γ

γ

γ

γ
σ

σγ
γ

σπ γ σ σ

γ
σ

σγ

σ σ σ

⎧ ⎛ ⎞⎛ ⎞⎪ ⎜ ⎟− +⎜ ⎟ ⎛ ⎞+⎪ ⎜ ⎟⎪ ⎝ ⎠ ⎜ ⎟= ⎨ ⎜ ⎟ ⎜ ⎟⎪ ⎜ ⎟ ⎝ ⎠
⎪ ⎜ ⎟
⎪ ⎝ ⎠⎩

⎫⎛ ⎞⎛ ⎞ ⎪⎜ ⎟− +⎜ ⎟ ⎛ ⎞+ ⎪⎜ ⎟ ⎪⎝ ⎠ ⎜ ⎟+ ⎬⎜ ⎟ ⎜ ⎟⎪⎜ ⎟ ⎝ ⎠
⎪⎜ ⎟
⎪⎝ ⎠ ⎭

(25)

The PDF of the end-to-end SNR can be also found by 

differentiating Eq. (23) with respect to γ , which can be 

given as

2
( ) ( ) ( ) ( ) ( )

FSO RF FSO RFe e
f f F F f

γ γ γ γ
γ γ γ γ γ= +  (26)

2
( )

e e
f γ  can be obtained by substituting Eqs. (19), (20), 

(22), and (25) into Eq. (26).

IV. PERFORMANCE ANALYSIS

In this section we derive closed-form analytical expressions 

for the outage probability, average BER, and ergodic 

capacity, based on the expressions derived in the previous 

section.

4.1. Outage Probability
The outage probability of the considered system is defined 

as the probability that the instantaneous SNRs FSO
γ  and 

RF
γ  both fall below their respective thresholds .FSO th

γ  and 

.RF th
γ . Setting 

.RF th
γ γ=  in Eq. (20) and 

.FSO th
γ γ=  in Eq. 

(22), and assuming that the FSO links are symmetric (i.e. 

1 2
γ γ γ= =  and 

1 2x x
σ σ σ= = ), the outage probability 

can be obtained as

.

. .

2.

2

( ) ( )

ln( ) 4
1

1 erfc 1
4 32

FSO RF

RF th

RF

FSO th RF th

FSO th

OP F F

e

γ γ

γ

γ

γ γ

γ
σ

γ

σ

−

=

⎡ ⎤⎛ ⎞
+ ⎛ ⎞⎢ ⎥⎜ ⎟

⎜ ⎟⎢ ⎥⎜ ⎟= − −
⎜ ⎟⎢ ⎥⎜ ⎟
⎝ ⎠⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
(27)

4.2. Average BER

The average BER of the considered system can be 

expressed as

. .

.

( )

1

FSO th FSO RF thFSO th
ber F ber

BER
OP

γ γ γ
γ+

=

−

 (28)

where 
.FSO th

ber
γ  and 

.RF th
ber

γ  are given by

.

.

( | ) ( ) d ,
FSO th FSO

FSO th

ber P e f
γ γ

γ

γ γ γ

∞

= ∫  (29)

and

.

.

( | ) ( ) d
RF th RF

RF th

ber P e f
γ γ

γ

γ γ γ

∞

= ∫  (30)

where ( | )P e γ  is the BER of the AWGN channel, which 

for the case of BPSK modulation can be given as 

( | ) 0.5erfc( )P e γ γ=  [27]. For symmetrical FSO links, 

.FSO th
ber

γ  can be obtained by substituting Eq. (25) into Eq. 

(29) as

.

.

2

2 2

2

ln( ) 4 ln( ) 4
erfc( )

exp erfc d
2 32 32 32FSO th

FSO th

ber
γ

γ

γ γ
σ σ

γ γ γ
γ

π γσ σ σ

∞

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟− + +⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎜ ⎟= ⎜ ⎟
⎜ ⎟⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎝ ⎠
⎝ ⎠

∫

(31)

Using the erfc  function’s series expansion erfc( )x =

2 1

0

2 ( 1)
1

!(2 1)

n n

n

x

n nπ

∞ +

=

−
−

+
∑ , Eq. (31) can be written as

.

.

2

2

( 0.5)

2
0

2 1
2

0

ln( ) 4
2 ( 1) 1

1 exp
!(2 1) 2 32 32

ln( ) 4
2 ( 1)

1 d .
!(2 1) 32

FSO th
FSO th

n n

n

m

m

m

ber
n n

m m

γ
γ

γ
σ

γγ

π π γσ σ

γ
σ

γ
γ

π σ

∞ +
∞

=

+

∞

=

⎛ ⎞⎛ ⎞
⎜ ⎟− +⎜ ⎟⎛ ⎞− ⎜ ⎟⎝ ⎠= −⎜ ⎟ ⎜ ⎟⎜ ⎟+⎝ ⎠ ⎜ ⎟
⎜ ⎟
⎝ ⎠

⎛ ⎞⎛ ⎞
⎜ ⎟+⎜ ⎟−⎜ ⎟⎜ ⎟× −⎜ ⎟+ ⎜ ⎟
⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∑∫

∑

(32)

Applying change of variable 

2
ln( / ) 4

32
t

γ γ σ

σ

+
=  Eq. 

(32) can be expressed as

.

1 2 3 4FSO th
ber I I I I

γ
= − − +  (33)

where

2

1

1
d

2

t
I e t

φπ

∞

−

= ∫  (34)

2

2
( 0.5) 4 ( 0.5)

32 ( 0.5)
2

0

1 ( 1)
d

!(2 1)
 

n n n

t n t

n

e
I e t

n n

σ
σ

φ

γ

π

∞ + − +
∞

− + +

=

−
=

+
∑ ∫

(35)
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2
2 1

3

0

1 ( 1)
d

!(2 1)

m

t m

m

I e t t
m m φπ

∞
∞

− +

=

−
=

+
∑ ∫  (36)

and

2

2
( 0.5) 4 ( 0.5)

(2 1) 32 ( 0.5)
4 3/2

0 0

2 ( 1) ( 1)
d

!(2 1) !(2 1)

n n n m

m t n t

n m

e
I t e t

n n m m

σ
σ

φ

γ

π

∞ ∞+ − +
∞

+ − + +

= =

− −

=

+ +
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where 
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I  can be written in terms 

of the erfc function as
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I  can be calculated using Eq. (2.326) of [29] as
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3
I  can be solved by using the exponential function’s 

series form 
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=∑  in Eq. (36); then

2 2 2

3

0 0

1 ( 1) ( 1) ( 1 )

!(2 1) 2 ! 2 2 2

m k m k

m k

m
I

m m k m k

φ

π

∞ ∞ + +

= =

⎡ ⎤⎛ ⎞− Γ + −
= −⎢ ⎥⎜ ⎟⎜ ⎟+ + +⎢ ⎥⎝ ⎠⎣ ⎦

∑ ∑

(40)

where 
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Γ = ∫  is the standard gamma function. 

Using Eq. (3.462) of [29], 4
I  can be obtained as
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where ( )
v

D q  is the parabolic cylinder function. For the 

RF link, using Eq. (19) in Eq. (30), 
.RF th
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γ  is given by
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Using the erfc function’s series expansion and Eq. (3.351) 

of [29], 
.RF th
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γ  can be given as
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4.3. Ergodic Capacity

The ergodic capacity of the considered system can be 

written as

. .

.
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where 
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γ  is the capacity contribution of the dual-hop 

FSO link, which is given by
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and 
.RF th
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γ  is the capacity contribution of the RF link, 

which is given by
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where FSO
B  is the bandwidth of the dual-hop FSO link, 

and RF
B  is the bandwidth of the RF link. Using Eq. (25) 

in Eq. (45), and applying the well-known approximation 

ln(1 ) ln( )γ γ+ ≈  [15], the capacity of the dual-hop FSO 

link 
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γ  can be expressed for the symmetrical hops as

.

.

2 2 1

2 2

2 2

0

ln( ) 4 ln( ) 4
2 ( 1)

log ( ) exp 1 d
!(2 1)32 32 3

 
2FSO th

FSO th

n

n

FSO

n

B
C

n n
γ

γ

γ γ
σ σ

γ γ
γ γ

π γσ σ π σ

+

∞
∞

=

⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟− + ⎜ ⎟+⎜ ⎟ ⎜ ⎟−⎜ ⎟⎝ ⎠ ⎜ ⎟⎜ ⎟≈ −⎜ ⎟⎜ ⎟+ ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠⎝ ⎠

∑∫
 

(47)

Applying change of variable 
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can be expressed as
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Using the basic rules of logarithms in Eqs. (49) and 

(50), and using the exponential function’s power-series 

representation in Eq. (50), 1
J  and 2

J  can be solved as
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Eq. (46), the capacity of the RF link can be given by
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Using integration by parts and the approximation 

ln(1 ) ln( )γ γ+ ≈ , Eq. (53) can be expressed as
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= ∫  is the exponential integral.

V. RESULTS AND DISCUSSION

In this section we provide numerical results for the 

outage probability, average BER, and ergodic capacity of 

the dual-hop FSO system with RF backup link. The 

performance is evaluated under clear, rainy, and foggy 

weather conditions. The performance of the considered 

system is compared to that of the FSO system without an 

RF backup link. Table 1 contains the FSO and RF channel 

parameters, which are extracted from [16], [28], [30], [31].
Figure 2 shows the outage probability of the dual-hop 

FSO system, with and without RF backup link, versus the 

transmitting power S
P , for various weather conditions. It 

can be observed that, at low values of S
P , the outage 

probability of the considered system in foggy weather is 

lower than that under rainy conditions. For example, at 

10
S

P = −  dBm, the outage probability is on the order of 

10-2 and 10-1 under conditions of fog and rain respectively. 

That is, due to the fact that at low S
P , with poor FSO link 

quality, the system relies mainly on the RF link, which is 

more affected by rain than fog. However, as S
P  increases, 

the quality of the FSO links increases, and the system 

starts to rely more on the FSO links for transmission.

As can be seen from Fig. 2, at moderate values of S
P  

the performance becomes better in rainy weather. For 

example, at 20
S

P =  dBm, the outage probability is on the 

order of 10-5 and 10-3 under conditions of rain and fog 

respectively. This is because fog is a major degrading factor 

for FSO links. In comparison to the dual-hop FSO system, 

the importance of using an RF backup link is obvious in 

clear and foggy weather, but not in rainy weather. In fact, 

at a target outage probability of 10-4, a performance gain 

of 10 dB is achieved in clear and foggy weather, while in 

rainy weather around 3 dB of gain is observed.

TABLE 1. Parameters of the FSO and RF links

Symbol Definition Value

FSO 

links

 Wavelength 1550 nm

 FSO hop distance 1 km


 Modulation index 1


 Noise variance  10-14 A2


 Threshold SNR 10 dB


 Output power at R 





RF 

link

 Carrier frequency 60 GHz

 Link distance 2 km

 Transmitter antenna gain 44 dBi

 Receiver antenna gain 44 dBi

 Oxygen attenuation 15.1 dB/km


 Threshold SNR 5 dB


 Transmitting power 50 mW


 Bandwidth 250 MHz

 Noise power spectral density -114 dBm/MHz


 Receiver noise figure 5 dB

FIG. 2. The outage probability of the dual-hop FSO system 

with and without RF backup link versus the transmitted 

power PS.
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Figure 3 shows the average BER of the considered 

system and the dual-hop FSO system against the transmitted 

power S
P , for various weather conditions. It can be seen 

that at low values of S
P  the considered system provides 

better performance in foggy weather compared to rainy 

weather, while for higher values of S
P  the performance 

becomes better in rainy weather. We can also observe that 

the average BER improves as S
P  increases. Moreover, 

considerable performance gain is achieved when compared 

to the dual-hop FSO system. For example, at a target BER 

of 10-6, the average BER is improved by 9 dB, 18 dB, 

and 19 dB in rainy, clear, and foggy weather, respectively. 

However, this gain decreases as the value of S
P  increases, 

due to less dependence on the backup link.

Figure 4 shows the capacity of the considered system 

and the dual-hop FSO system versus the transmitting 

power S
P , for various weather conditions. It can be seen 

that, for low values of S
P , the capacity of the considered 

system is better in foggy weather than in rain. However, at 

higher values of S
P , the performance becomes better in 

rainy weather. In addition, it can be observed from Fig. 4 

that, at low and moderate values of S
P , the capacity under 

foggy conditions is limited to the capacity of the RF link. 

This is due to the lack of dependence on FSO links. We 

can also observe that the quality of the FSO links 

increases as S
P  increases, and thus the overall capacity 

performance becomes better. In comparison to the dual-hop 

FSO system, it can be seen that the performance gain is 

mainly achieved in foggy weather, and decreases with 

increasing S
P . For example, when S

P  increases from -10 

dBm to 10 dBm, the performance gain is reduced by 71%. 

However, less improvement is achieved in clear and rainy 

weather. This is because under these conditions, as 

mentioned previously, the system is less dependent on the 

RF link than it is in foggy weather.

VI. CONCLUSION

In this work, a dual-hop FSO system with AF relaying 

protocol and an RF backup link was considered. Expressions 

for the CDF and the PDF of the end-to-end signal-to-noise 

ratio were obtained, and the performance of the considered 

system in terms of outage probability, average BER, and 

ergodic capacity under different weather conditions were 

derived. The results showed a significant performance gain, 

achieved by exploiting the RF backup link, especially at 

low and moderate FSO link quality. That gain is superior in 

foggy weather, as compared to clear and rainy conditions.
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