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Abstract: This paper investigates the impact of cooperative spectrum sharing policy on the perfor-
mance of hybrid radio frequency and free space optical wireless communication networks, where
primary users and secondary users develop a band of the same spectrum resource. The radio fre-
quency links obey Nakagami-m distribution with arbitrary fading parameter m, while the free space
optical link follows gamma-gamma distributed atmospheric turbulence with nonzero pointing error.
Because the secondary users access the spectrum band without payment, their behavior needs to be
restricted. Specifically, the power of the secondary users is dominated by the tolerable threshold of
the primary users. Considering both heterodyne and intensity modulation/direct detection strategies
in optical receiver, the performance of optical relaying networks is completely different from that of
traditional networks. With the help of bivariable Fox’s H function, new expressions for cumulative
distribution function of equivalent signal to noise ratio at destination, probability density function,
outage probability, ergodic capacity and symbol error probability are built in closed forms.

Keywords: FSO; decode and forward; gamma-gamma distribution

1. Introduction

The introduction of optical communication technology into a relaying system to form
an optical relaying network is one of the current research hotspots. By combining the advan-
tages of both radio frequency (RF) and optical communication technologies, higher rate and
lower delay can be achieved by seamless connections. The construction of asymmetrical
hybrid RF and optical communication links fills the connection gap between the RF circuit
and the optical fiber backbone network. For example, a multihop decode and forward (DF)
based free space optical (FSO) network was investigated in [1] employing differentially
M-ary phase shift keying constellation over an exponential Weibull distributed atmospheric
turbulence channel. According to the transition probability matrix in multihop scenario,
the authors of [1] derived an average transition probability in an arbitrary differentially
M-ary phase shift keying constellation. The optical communication idea was introduced
into an unmanned aerial vehicle based wireless network in [2], where two aerial platforms
in a low altitude acted as two relay stations to support air to ground communication links.
The optical communication process was assumed to take place between these two relays.
In terms of the closed form outage probability, the authors of [2] derived the optimal
altitude of the aerial platforms. A Markov chain analysis method was applied in [3] in FSO
communications in the context buffer aided serial relays to derive average packet delay,
which offered clear insight on the selection of the buffer size and diversity gain. A low
density parity check coded method was used in [4] in a DF relaying based FSO network.
By Gauss Laguerre quadrature rule, the average bit error rate was achieved in double
generalized gamma fading environments. Through professional simulation software Op-
tiSystem 11, the effects of incident background radiation and spontaneous emission noise
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on the all optical relaying systems at a data rate of 5 Gb/s were considered in [5] for on off
keying and differential phase shift keying constellation. A similar optical link construction
was considered in a millimeter wave scenario [6], where a fluctuating two-ray fading model
was established in millimeter wave link. A visible light communication (VLC) technology
was proposed in a full duplex bidirectional relaying network employing adaptive physical
layer network coding [7].

On the other hand, due to the lack of sufficient spectrum resources and high purchase
prices, spectrum sharing technology has been proposed as one of the effective ways for
the alleviation of the scarcity of spectrum resource. For example, an asymmetric RF and
FSO cooperative network with spectrum sharing technology was presented in [8], where a
direct RF link was added between source and destination. The authors of [8] provided
a partial relay selection strategy and demonstrated the diversity order in the presence
of outdated channel state information. Similarly, the imperfect channel information was
considered in [9] in a multiple input multiple output RF/FSO cooperative system. A unique
aspect in [9] was proportional transmission power at secondary users to ensure the quality
of service of primary users. A diversity multiplexing trade off analysis was studied
in [10] in FSO spectrum sharing networks, where the trade off was proved independent
of the primary users. Orthogonal space time block coded transmission was used in [11]
in FSO communications for underlay spectrum sharing scenarios. Dominant receive
interference cancellation and adaptive receive interference cancellation were incorporated
in [12] in FSO cooperative networks for outage probability analysis, which was used to
obtain power allocation approach. Although the above public works study the impact
of spectrum sharing policy in optical communication networks, they only focus on the
interference imposed on the primary users and neglect the interference imposed on the
secondary users. This assumption is obviously not applicable to interference limited
networks. The secondary users may be subject to transmission interference from primary
and cochannel interferer through RF links.

Inspired by the above observations and considering the shortcomings of the existing
literature, this paper pursues a detailed spectrum sharing based hybrid RF and FSO DF
relaying networks. The main difference between our paper and previous works is that
we consider not only the interference level suffered by the primary user, but also the
interference level suffered by the secondary user. In a cognitive radio scenario, most works
pay more attention to whether the interference on the primary user is within a reasonable
range and whether his quality of service is satisfied, while little attention is paid to the
interference suffered by the secondary user. But the primary user is often less restrictive
in transmission behavior and owns sufficient transmission power to ensure his quality of
service requirements. In this scenario, the influence of interference on the secondary user
cannot be simply ignored. Although this problem has been studied in the traditional RF
link environment, there is a lack of research specifically aimed at optical communications
due to the complex channel model affected by atmospheric turbulence and pointing errors.
One exception appears in [12], where only simple Rayleigh channel model is assumed in
RF link and only one performance metric outage probability is observed. A comparison of
previous works is summarized in Table 1.

The main contribution of this paper lies in the following aspects. (1) A hybrid RF/FSO
relaying configuration is constructed for spectrum sharing environment, where the im-
posed interference on the primary users stipulates the power constraint strategy of the
secondary users, while the imposed interference on the secondary users deteriorates the
performance, which is often ignored in existing literature; (2) Atmospheric turbulence
and pointing errors are incorporated into the optical channel model, which follows a
gamma-gamma distribution. Additionally, both heterodyne detection and intensity mod-
ulation/direct detection (IM/DD) are considered in a uniformed form; (3) closed form
expressions are built for cumulative distribution function, probability density function,
outage probability, ergodic capacity and symbol error probability (SEP) in hybrid RF and
optical communication channels.
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Table 1. A comparison of different works

References Link Model Spectrum Sharing Interference Suffered by Secondary User

[1] FSO × ×
[2] RF / FSO × ×
[3] FSO × ×
[4] FSO × ×
[5] FSO × ×
[6] RF / FSO × ×
[7] VLC × ×
[8] RF / FSO

√
×

[9] RF / FSO
√

×
[10] RF / FSO

√
×

[11] RF / FSO
√

×
[12] RF / FSO

√ √

The remainder of the paper is organized as follows—the system model is presented in
Section 2. Then the exact performance analysis is derived in Section 3. Simulation results
under various scenarios and discussion are provided in Section 4, followed by conclusion
in Section 5.

2. System Model

Consider a hybrid RF/FSO relaying network in a spectrum sharing environment,
where a primary network and a secondary network coexist, as shown in Figure 1. The pri-
mary network consists of a pair of transmitter PS and receiver PD, and the secondary
network is composed of a secondary source SS, a DF relay station SR, and a secondary desti-
nation SD. In order to ensure that the communication quality of the primary network is not
affected, the transmission power of the secondary source SS has to be limited to QN0/

∣∣hp
∣∣2,

where Q is the tolerable threshold of the primary receiver, hp is the instantaneous channel
coefficient of SS → PD link and N0 is noise variance. Moreover, the relay station SR is
assumed to suffer from interference not only from the primary transmitter, but also from I
cochannel interfering signals. Neglecting the influence of noise, the instantaneous signal to
interference ratio at the relay station SR is given by [8]

γsr =
Q|hs|2N0∣∣hp

∣∣2(∑I
i=0 pI,i|hI,i|2

) , (1)

where hs means the channel coefficient of SS→ SR link, pI,i and hI,i denote the transmission
power and channel coefficient of the ith cochannel interferer, respectively (i = 0 denotes
the interference from the primary transmitter). Since the FSO link has the advantage of line
of sight communication, the work is concentrating on studying the impact of interference
level on the RF link. Because the RF link obeys Nakagami-m fading, the above random
variables |hs|2,

∣∣hp
∣∣2 and |hI,i|2 obey the gamma distribution.

On the other hand, the SR→ SD link is a FSO channel with atmospheric turbulence
and pointing error, whose probability density function is given by [13]

fγrd(z) =
ξ2

rΓ(a)Γ(b)z
G3,0

1,3

[
hab
(

z
µr

) 1
r ξ2 + 1

ξ2, a, b,

]
(2)
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where G(·) is the Meijer’s G function ([14], Equation (9.301)) Γ(·) is the gamma function
(ref. [14], Equation (8.310)) γrd denotes the instantaneous electrical signal to noise ratio
(SNR) received at SD, h = ξ2/

(
ξ2 + 1

)
, r defines the type of detection techniques, that

is, r = 1 represents heterodyne detection and r = 2 represents IM/DD, the quality ξ is the
ratio between the equivalent beam radius at the receiver and the pointing error displace-
ment standard deviation at the receiver. The detailed differences between the two detection
techniques are provided in [1,6]. The parameter µr denotes the electrical SNR of the FSO
link defined as [13]

µr =

E(γrd) r = 1
E(γrd)abξ2(ξ2+2)
(a+1)(b+1)(ξ2+1)2 r = 2,

(3)

where E(·) is expectation operation. The quantities a and b are large scale and small
scale scintillation parameters, respectively, which are decided according to the Rytov
variance [15]. Then the cumulative distribution function of the instantaneous SNR of
SR→ SD link γrd is given by [16]

Fγrd(z) =
ξ2

Γ(a)Γ(b)
G3,1

2,4

[
hab
(

z
µr

) 1
r 1, ξ2 + 1

ξ2, a, b, 0

]

=1− ξ2

Γ(a)Γ(b)
H4,0

2,4

[
(hab)r z

µr

(1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r),

]
(4)

where H(·) is the Fox’s H function ([17], Equation (1.1.1)).

PS

SR

SS

SD

...

PD

Interference

hI,1 hI,I

RF link

Interference link

FSO link

hs

hp

hI,0

hr

Figure 1. System model.

3. Performance Analysis

In this section, we first discuss the cumulative distribution function and probability
density function of the equivalent SNR received by the destination. Then based on the
derived cumulative distribution function, we calculate the outage probability, ergodic
capacity and SEP of the optical relaying system.

3.1. Outage Probability

According to the DF strategy, the equivalent SNR received by the destination SD is
γ = min(γsr, γrd). From γ, the cumulative distribution function of γsr has to be derived
first. Denote V = Q|hs|2/

∣∣hp
∣∣2, and then cumulative distribution function of V is given by
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Fv(z) =
∫ +∞

0

∫ yz

0
fQ|hs |2(x) f|hp|2(y)dxdy

=1−
β

ms,2
s,2 Γ(ms,1 + ms,2)

(βs,1z)ms,2 Γ(ms,1)Γ(1 + ms,2)
2F1

[
ms,2, ms,1 + ms,2; 1 + ms,2;− βs,2

βs,1z
,
]

(5)

where fx(·) is the probability density function of the variable x, ms,1 and ms,2 are the
respective fading parameters of the two variables Q|hs|2 and

∣∣hp
∣∣2, βs,1 and βs,2 are the

corresponding scale parameters, 2F1(·) is the Gauss hypergeometric function defined in
(ref. [14], Equation (9.100)). The probability density function of a typical gamma distribu-
tion can be easily found in [8]. Differentiating Fv(z) yields the probability density function
of V given by

fv(z) =
Γ(ms,1 + ms,2)β

ms,2
s,2 (βs,1z)ms,1

Γ(ms,1)Γ(ms,2)z(βs,1z + βs,2)
ms,1+ms,2

. (6)

For the convenience of analysis, assume that all cochannel interferences experience
independent and identically distributed Nakagami-m fading. It is worth noting that if
the interferences obey independent and differently distributed Nakagami fading, then the
sum of all interferences can still be approximate Nakagami distribution in terms of [18].
Following a similar procedure in V, the cumulative distribution function of γsr is given by

Fγsr (z) =1−
H2,2

3,2

[
βs,1z

βs,2βs,3

(1−ms,2, 1), (1−ms,3, 1), (1, 1)
(0, 1), (ms,1, 1)

]
Γ(ms,1)Γ(ms,2)Γ(ms,3)

=

H1,3
3,2

[
βs,1z

βs,2βs,3

(1−ms,2, 1), (1−ms,3, 1), (1, 1)
(ms,1, 1), (0, 1)

]
Γ(ms,1)Γ(ms,2)Γ(ms,3),

(7)

where ms,3 = (I + 1)mI , mI denotes the fading parameter of cochannel interference links,
and βs,3 refers to the corresponding scale parameter. Then the probability density function
of γsr is given by

fγsr (z) =
H1,2

2,1

[
βs,1z

βs,2βs,3

(1−ms,2, 1), (1−ms,3, 1)
(ms,1, 1)

]
zΓ(ms,1)Γ(ms,2)Γ(ms,3).

(8)

The cumulative distribution function of equivalent SNR γ = min(γsr, γrd) is given by

Fγ(z) =1− [1− Fsr(z)][1− Frd[z]]

=1−
ξ2H2,2

3,2

[
βs,1z

βs,2βs,3

(1−ms,2, 1), (1−ms,3, 1), (1, 1)
(0, 1), (ms,1, 1)

]
Γ(ms,1)Γ(ms,2)Γ(ms,3)Γ(a)Γ(b)

(9)

× H4,0
2,4

[
(hab)r z

µr

(1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r).

]
The probability density function of γ is written by
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fγ(z) =

ξ2H1,2
2,1

[
βs,1z

βs,2 βs,3

(1−ms,2, 1), (1−ms,3, 1)
(ms,1, 1)

]
H4,0

2,4

[
(hab)r z

µr

(1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r)

]
zΓ(ms,1)Γ(ms,2)Γ(ms,3)Γ(a)Γ(b)

+

ξ2G3,0
1,3

[
hab
(

z
µr

) 1
r ξ2 + 1

ξ2, a, b

]
H2,2

3,2

[
βs,1z

βs,2 βs,3

(1−ms,2, 1), (1−ms,3, 1), (1, 1)
(0, 1), (ms,1, 1)

]
rΓ(ms,1)Γ(ms,2)Γ(ms,3)Γ(a)Γ(b)z.

(10)

Finally, the outage probability is defined as the probability that the SNR falls below
a preset threshold [8]. Using the cumulative distribution function of equivalent SNR γ
evaluated at a predefined threshold, the outage probability is written by

Pout = Pr(γ ≤ γth) = Fγ(γth), (11)

where γth is a predefined threshold.

3.2. Moments of SNR

The high-order moment of SNR is used to evaluate the level of SNR received by the
destination. By using ([17], Equation (2.8.4)), the nth order moment is given by

E(γn) =
∫ +∞

0
n[1− Fγ(z)]zn−1dz

=
nξ2µn

r
Γ(ms,1)Γ(ms,2)Γ(ms,3)Γ(a)Γ(b)(hab)nr

× H2,6
7,4

[
βs,1µr

βs,2βs,3(hab)r

(1−ms,2, 1), (1−ms,3, 1), (1− n, 1),
(
1− ξ2 − nr, r

)
, (1− a− nr, r), (1− b− nr, r), (1, 1)

(0, 1), (ms,1, 1), (−n, 1),
(
−ξ2 − nr, r

)
.

]
(12)

3.3. Ergodic Capacity

The ergodic capacity is defined as the maximum allowable transmission rate supported
by a communication link under which errors are recoverable and is one of the important
metrics to measure the communication transmission rate [6]. The ergodic capacity is
given by

E
[

1
2

log2(1 + cγ)

]
=

c
2 ln 2

∫ +∞

0

1− Fγ(x)
1 + cx

dx, (13)

where c = 1 for heterodyne detection and c = e/(2π) for IM/DD. Unfortunately, the tra-
ditional integration method cannot get the result of Equation (13) due to the product of
two Meijer’s G functions in the cumulative distribution function of γ. We prepare to
try the currently prevailing Fox’s H function to derive Equation (13). In terms of ([17],
Equation (2.9.5)), 1/(1 + cx) is rewritten as

1
1 + cx

= H1,1
1,1

[
cx (0, 1)

(0, 1).

]
(14)

By using the integral table ([19], Equation (2.5.1)), the closed formula of ergodic
capacity is given by

E
[

log2(1 + cγ)

2

]
=

cξ2µr H
2 ln 2Γ(ms,1)Γ(ms,2)Γ(ms,3)Γ(a)Γ(b)(hab)r , (15)
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where

H =H4,2,1,2,1
4,(3:1),2,(2:1)

 βs,1µr
βs,2βs,3(hab)r

cµr
(hab)r

(1, 1),
(
ξ2 + r, r

)
, (a + r, r), (b + r, r)

(1−ms,2, 1), (1−ms,3, 1), (1, 1); (0, 1)
(2, 1),

(
ξ2 + r + 1, r

)
(0, 1), (ms,1, 1); (0, 1),

 (16)

where H(x, y) is the bivariable Fox’s H function.

3.4. Average Symbol Error Probability

Regarding the error probability, there are generally two expressions. One involves
incomplete gamma function for binary modulation, and the other involves Gaussian
function for multi-ary modulation. We first set out to start with the binary modulation
constellation [1], whose error probability is given by

Pe =
Γ(p, qγ)

2Γ(p),
(17)

where p and q are modulation parameters. For instance, p = 0.5, q = 0.5 are for coherent
binary frequency shift keying (BFSK) and p = 0.5, q = 1 are for coherent binary phase shift
keying (BPSK) modulation schemes and so on. According to the characteristics of the DF
protocol, the bit error probability is related to the decoding operation at the relay station
and the destination. At the relay station, the average bit error probability of the RF link is
given by

P̄e1 =
qp

2Γ(p)

∫ +∞

0
e−qxxp−1Fγsr (x)dx

=
1
2
−

H2,3
4,2

[
βs,1

βs,2βs,3q
(1−ms,2, 1), (1−ms,3, 1), (1− p, 1), (1, 1)

(0, 1), (ms,1, 1)

]
2Γ(p)Γ(ms,1)Γ(ms,2)Γ(ms,3).

(18)

Similarly, by using ([14], Equation (7.811.4)), the average bit error probability of optical
communication link is given by

P̄e2 =
qp

2Γ(p)

∫ +∞

0
e−qxxp−1Fγrd(x)dx

=
1
2
−

ξ2H4,1
3,4

[
(hab)r

µrq
(1− p, 1), (1, 1),

(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r)

]
2Γ(p)Γ(a)Γ(b).

(19)

Finally, the average bit error probability is given by P̄e = P̄e1 + P̄e2 − 2P̄e1P̄e2 [20].
Next, we turn to the study of multi-ary modulation. In [21], the average SEP of general

order rectangular MI ×MQ quadrature amplitude modulation (QAM) is given by

Pe,QAM =2
(

1− 1
MI

)
Q(
√

q1γ) + 2
(

1− 1
MQ

)
Q(
√

q2γ)

− 4
(

1− 1
MI

)(
1− 1

MQ

)
Q(
√

q1γ)Q(
√

q2γ), (20)

where Q(·) is the Gaussian Q function, MI and MQ are the dimensions of the in phase and
the quadrature components. The qualities q1 and q2 is defined as

q1 =
6

M2
I − 1 +

(
M2

Q − 1
)

r2
QI

(21)
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q2 =
6r2

QI

M2
I − 1 +

(
M2

Q − 1
)

r2
QI

, (22)

where rQI is the quadrature to in phase decision distance ratio.
At the relay station, the average SEP of the RF link involving a single Gaussian Q

function is given by

Eγsr [Q(
√

qγ)] =
1
2
−

H2,3
4,2

[
2βs,1

βs,2βs,3q
(1−ms,2, 1), (1−ms,3, 1),

(
1
2 , 1
)
(1, 1)

(0, 1), (ms,1, 1)

]
2
√

πΓ(ms,1)Γ(ms,2)Γ(ms,3).
(23)

Using the identity in ([19], Equation (2.5.1)), the average SEP of the RF link involving
the product of two Gaussian Q functions is given by

Eγsr [Q(
√

q1x)Q(
√

q2x)] =
∫ +∞

0

√
q2e−

q2 x
2 er f c

(√
q1x

2

)
+
√

q1e−
q1 x

2 er f c
(√

q2x
2

)
4
√

2πx
Fγsr (x)dx

=
1

2π

[
arctan

(√
q1

q2

)
+ arctan

(√
q2

q1

)]
− 1

4πΓ(ms,1)Γ(ms,2)Γ(ms,3)

×


H1,0,2,2,2

1,(1:3),0,(2:2)


q1
q2

2βs,1
βs,2 βs,3q2

(
1
2 , 1
)

(1, 1); (1−ms,2, 1), (1−ms,3, 1), (1, 1)

−(
1
2 , 1
)

, (0, 1); (0, 1), (ms,1, 1)



+H1,0,2,2,2
1,(1:3),0,(2:2)


q2
q1

2βs,1
βs,2 βs,3q1

(
1
2 , 1
)

(1, 1); (1−ms,2, 1), (1−ms,3, 1), (1, 1)

−(
1
2 , 1
)

, (0, 1); (0, 1), (ms,1, 1).




(24)

Combining the two results in Equations (23) and (24), the average SEP of RF link is
expressed as

P̄e1,QAM =2
(

1− 1
MI

)


1
2
−

H2,3
4,2

 2βs,1
βs,2 βs,3q1

(1−ms,2, 1), (1−ms,3, 1),
( 1

2 , 1
)
(1, 1)

(0, 1), (ms,1, 1)


2
√

πΓ(ms,1)Γ(ms,2)Γ(ms,3)



+ 2
(

1− 1
MQ

)


1
2
−

H2,3
4,2

 2βs,1
βs,2 βs,3q2

(1−ms,2, 1), (1−ms,3, 1),
( 1

2 , 1
)
(1, 1)

(0, 1), (ms,1, 1)


2
√

πΓ(ms,1)Γ(ms,2)Γ(ms,3)


− 4
(

1− 1
MI

)(
1− 1

MQ

){
1

2π

[
arctan

(√
q1

q2

)
+ arctan

(√
q2

q1

)]
− 1

4πΓ(ms,1)Γ(ms,2)Γ(ms,3)

×

H1,0,2,2,2
1,(1:3),0,(2:2)


q1
q2

2βs,1
βs,2 βs,3q2

( 1
2 , 1
)

(1, 1); (1−ms,2, 1), (1−ms,3, 1), (1, 1)

−( 1
2 , 1
)
, (0, 1); (0, 1), (ms,1, 1)



+H1,0,2,2,2
1,(1:3),0,(2:2)


q2
q1

2βs,1
βs,2 βs,3q1

( 1
2 , 1
)

(1, 1); (1−ms,2, 1), (1−ms,3, 1), (1, 1)

−( 1
2 , 1
)
, (0, 1); (0, 1), (ms,1, 1).






(25)
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Similarly, the average SEP of the optical communication link involving a single Gaus-
sian Q function is given by

Eγrd [Q(
√

qx)] =
∫ +∞

0

√
qe−

qx
2

2
√

2πx
F(x)dx

=
1
2
−

ξ2H4,1
3,4

[
2(hab)r

µrq

(
1
2 , 1
)

, (1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r)

]
2
√

πΓ(a)Γ(b).
(26)

The average SEP of the optical communication link involving the product of two
Gaussian Q functions is given by

Eγrd [Q(
√

q1x)Q(
√

q2x)] =
∫ +∞

0

√
q2e−

q2 x
2 er f c

(√
q1x

2

)
+
√

q1e−
q1 x

2 er f c
(√

q2x
2

)
4
√

2πx
F(x)dx

=
1

2π

[
arctan

(√
q1

q2

)
+ arctan

(√
q2

q1

)]
− ξ2

4πΓ(a)Γ(b)

×


H1,0,0,2,4

1,(1:2),0,(2:4)


q1
q2

2(hab)r

µr q2

(
1
2 , 1
)

(1, 1); (1, 1),
(
ξ2 + 1, r

)
−(

1
2 , 1
)

, (0, 1); (0, 1),
(
ξ2, r

)
, (a, r), (b, r)



+H1,0,0,2,4
1,(1:2),0,(2:4)


q2
q1

2(hab)r

µr q1

(
1
2 , 1
)

(1, 1); (1, 1),
(
ξ2 + 1, r

)
−(

1
2 , 1
)

, (0, 1); (0, 1),
(
ξ2, r

)
, (a, r), (b, r).




(27)

Combining the two results in Equations (26) and (27), the average SEP of optical
communication link is expressed by

P̄e2,QAM =2
(

1− 1
MI

){
1
2
− ξ2

2
√

πΓ(a)Γ(b)
H4,1

3,4

[
2(hab)r

µrq1

(
1
2 , 1
)

, (1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r)

]}

+ 2
(

1− 1
MQ

){
1
2
− ξ2

2
√

πΓ(a)Γ(b)
H4,1

3,4

[
2(hab)r

µrq2

(
1
2 , 1
)

, (1, 1),
(
ξ2 + 1, r

)
(0, 1),

(
ξ2, r

)
, (a, r), (b, r)

]}

− 4
(

1− 1
MI

)(
1− 1

MQ

){
1

2π

[
arctan

(√
q1
q2

)
+ arctan

(√
q2
q1

)]
− ξ2

4πΓ(a)Γ(b)

×

H1,0,0,2,4
1,(1:2),0,(2:4)


q1
q2

2(hab)r

µrq2

(
1
2 , 1
)

(1, 1); (1, 1),
(
ξ2 + 1, r

)
−(

1
2 , 1
)

, (0, 1); (0, 1),
(
ξ2, r

)
, (a, r), (b, r)



+H1,0,0,2,4
1,(1:2),0,(2:4)


q2
q1

2(hab)r

µrq1

(
1
2 , 1
)

(1, 1); (1, 1),
(
ξ2 + 1, r

)
−(

1
2 , 1
)

, (0, 1); (0, 1),
(
ξ2, r

)
, (a, r), (b, r).



 (28)

Finally, combining the results in Equations (25) and (28), the average SEP is approxi-
mately as P̄e,QAM = P̄e1,QAM + P̄e2,QAM − 2P̄e1,QAM P̄e2,QAM.

So far we have completed the entire performance analysis process. Although our for-
mulas look a bit complicated, the calculation is simple if the idea is clear. First, the integral
region is divided according to the decode and forward protocol, and then the cumulative
distribution function and probability density function of the equivalent SNR are calculated
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in terms of integral table. According to the obtained cumulative distribution function,
the corresponding performance expressions are further obtained. Because all formulas are
closed, the results can be obtained directly by substituting the corresponding parameter
values. Finally, a flow chart is shown in Figure 2 for the purpose of clarity and search.

Start

Initialization, given channel state 
information, fading parameters, scintillation 

parameters, pointing error, etc. 

Calculate cumulative distribution function in 
eq.(9) and  probability density function in 

eq.(10)

Calculate outage probability in eq.(11)

Calculate moments of SNR in eq.(12)

Calculate ergodic capacity in eq.(15)

 Binary 
modulation

Calculate bit error probability in eqs.(18)-
(19)

Y

Calculate symbol error 
probability in eqs.(25) 

and (28)

N

End

Figure 2. The flow chart of performance analysis procedure.

4. Simulation Results and Discussion

The obtained results above are used to verify the influence on the performance of
the hybrid RF/FSO in distinct atmosphere turbulence conditions and fading parameters.
Assume that the fading parameters of the RF channels hs, hp and hI,i are ms,1 = 2.2,
ms,2 = 1.1 and mI = 0.5, respectively. The number of cochannel interferences is set to I = 2
and all channel gains are normalized to unit one. The prevail simulation software Matlab is
used to generate simulation results, which are averaged over 6,250,000 independent samples.
The design of the simulation experiments refers to the high quality references [8–13], which
provide a general method for FSO communication simulation.

The influence of various atmospheric turbulence and pointing error conditions on the
probability of outage is shown in Figure 3. The turbulence and pointing error parameters
are taken from [16,22] for different atmospheric conditions. As expected, the simulation
curves perfectly coincide with the theoretical values, which proves the correctness of the
outage probability formula in terms of the Fox’s H function in Equation (10). It can be seen
from Figure 3 that the strong atmosphere turbulence (smaller values of a and b) condition
increases the outage probability. The reason is that the SNR received by the optical receiver
is relatively small due to the severe atmosphere turbulence.
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Figure 3. Outage probability under different turbulence and pointing error conditions with
IM/DD detection.

Next, the impact of the tolerable interference level of the primary network on the
outage probability is illustrated in Figure 4. Unlike the traditional cooperative strategy
without spectrum sharing, the outage probability in the cognitive environment does not
always decrease with the the increasing SNR value. Due to the limitation of interference
level of the primary network, the transmission power cannot be increased continuously at
the source. So the outage probability always depends on the SNR quality of the worse link.

Average SNR of FSO link(dB)
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Figure 4. Outage probability under different interference threshold levels with heterodyne detection.

The first order moment of equivalent SNR is plotted in Figure 5. As the tolerable
interference level increases, the first order moment also rises. Furthermore, according to
Equation (12), the second moment can be drawn similarly. Then the well known amount of
fading can be easily obtained as E

(
γ2)/E2(γ)− 1.

Figure 6 shows the ergodic capacity versus average SNR of FSO link, where the
interference level is Q = 5dB. It is easy to observe that good channel quality contributes
to the increase in ergodic capacity. But when the SNR exceeds a certain level, the growth
rate of ergodic capacity slows down. The reason is that when the SNR of the optical link is
relative low, the FSO link dominates the capacity and the source has relatively sufficient
transmission power. Conversely, when the SNR of the optical link is high, the RF link limits
the capacity improvement.
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Figure 5. The first order moment of SNR under different interference threshold levels with heterodyne
detection.
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Figure 6. Ergodic capacity under different turbulence and pointing error conditions with
IM/DD detection.

The influence of the primary network on the ergodic capacity is drawn in Figure 7. It is
clear from Figure 7 that when the SNR of the FSO link exceeds a certain value, the ergodic
capacity reaches a saturated state. For example, when the primary network can accept the
interference level of no more than 0 dB, the ergodic capacity plateaus at about 20 dB of the
FSO link. As the interference level increases, the SNR of the saturation state also raises,
indicating the limiting effect of the primary network on the secondary network.

The theoretical error probability formula of coherent BPSK modulation format is
shown in Figure 8. Other modulation constellations can be simulated similarly. The rela-
tively small pointing error (large value of ξ) improves the error probability performance.
But in the high SNR region, the average error probability curve is not a straight downward
line like in traditional cooperative networks. Therefore, the average error probability
decreases very slowly, even in the area of high SNR ratio.
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Figure 7. Ergodic capacity under different interference threshold levels with heterodyne detection,
where a = 2.064, b = 1.342 and ξ = 1.1.

Average SNR of FSO link(dB)

0 5 10 15 20 25 30

A
v
e

ra
g

e
 b

it
 e

rr
o

r 
p

ro
b

a
b

ili
ty

0.05

0.1

0.15

0.2

0.25

0.3

0.35

a=3.134,b=2.8376,ξ=1.1

a=2.296,b=1.822,ξ=1.1
a=2.064,b=1.342,ξ=1.1

a=3.134,b=2.8376,ξ=6.7

a=2.296,b=1.822,ξ=6.7

a=2.064,b=1.342,ξ=6.7

theoretical

Figure 8. Average bit error probability under different turbulence and pointing error conditions with
IM/DD detection, where Q = 5dB.

Finally, the influence of interference level on average bit error probability is plotted in
Figure 9. An error floor can been clearly seen from each curve, indicating that the average
error probability cannot always be reduced all the time. This is the cost of secondary
network accessing unpaid spectrum.

Discussion: At present, the scarcity problem of RF spectrum is becoming increasingly
serious due to the growing number of users, wireless access equipment and applica-
tions. This has directly led to the widespread application of spectrum sharing technology,
making it possible for the majority of secondary users to access the authorized spectrum,
as long as the interference generated is within a reasonable range that the primary user
can withstand. But the traditional RF link performance has been close to its limit. In this
context, the birth of FSO communication has become one of the potential means to enhance
wireless capacity due to its high rate characteristic. More importantly, in the cognitive
radio environment, FSO communication is more attractive than the RF link because it does
not introduce any additional interference to the primary user on the RF link. Therefore,
FSO technology is an ideal choice to avoid interference and allow simultaneous communi-
cation at primary and secondary users without influence on each other. Based on the above
mentioned advantages of FSO communication in spectrum sharing environment, this paper
considers a hybrid RF and FSO cooperative communication networks. We are committed
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to obtaining precise formulas for common performance to help us accurately grasp the
behavior of hybrid cooperative communication networks and avoid a large number of
complex repeated experiments.
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Figure 9. Average bit error probability under different interference threshold levels with heterodyne
detection, where a = 2.064, b = 1.342 and ξ = 1.1.

On the other hand, although the spectrum sharing technology has been studied
in the traditional RF environment, there is still less discussion in FSO communications.
Some references on hybrid RF and FSO cognitive radio cooperative networks tend to ignore
the interference received by secondary users [8–11]. The advantage of this assumption
is obvious: the SNR received by the secondary user has a simpler form, which lays the
foundation for subsequent performance analysis. But we consider a more general scenario
and derive more representative and extensive performance formulas. If the interference
experienced by the secondary user is not considered as before, the interference amount is
just set to zero.

5. Conclusions

This paper has investigated the performance of cooperative hybrid RF/FSO relaying
network with spectrum sharing policy in detail. The novel closed-form expressions
for cumulative distribution function, probability density function, outage probability,
moments of equivalent SNR, ergodic capacity and average SEP are built in terms of Fox’s
H function. Simulation results demonstrate our theoretical analysis and show the impact
of different atmospheric turbulence and pointing error conditions on system performance.
Due to the existence of the interference threshold, the relevant performance of the secondary
network always reaches a saturated state at high SNR region of FSO link.
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