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Abstract: In this paper, we study the outage performance of multiuser mixed underlay radio
frequency (RF)/multidestinations free-space optical (FSO) links. For RF links, we consider
a secondary network with multiple users that can communicate with multiple destinations
through a relaying node. The relay is equipped with an antenna array at the RF side,
and it uses the amplify-and-forward (AF) protocol. The primary users (PUs) are equipped
with multiple antennas at transmit and receive nodes. The RF link is subjected to the
aggregate PUs interference effect on the secondary network. To reduce the effect of PUs
interference on secondary network at the relay node, two interference cancellation (IC)
schemes are adopted, which vary in terms of complexity and achieved performance. On
the other hand, the multidestination FSO links can be exploited to further enhance the
quality of the second hop, and their associated channel models account for pointing errors,
intensity modulation/direct detection, and heterodyne detection. For the aforementioned
system model, we obtain exact and asymptotic closed-form expressions for the end-to-
end outage probability. To further enhance system performance, optimal power allocation
between the two hops is obtained based on the derived asymptotic outage probability
expressions.

Index Terms: Cognitive radio, multiple-input multiple-output (MIMO), radio frequency (RF),
amplify-and-forward (AF) relaying, free-space optical (FSO), interference reduction, spec-
trum sharing, outage analysis.

1. Introduction
Free-space optical (FSO) communications have gained increasing interest due to their advantages,
including higher bandwidth and higher capacity, as compared to traditional radio frequency (RF)
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wireless communications [1]–[3]. Also, since similar optical transmitters and detectors are used for
FSO and fiber optics, similar bandwidth capabilities are achievable. It is also a promising technology
as it offers many benefits, including full-duplex Gigabit Ethernet throughput in certain applications,
a huge license-free spectrum, a certain immunity to interference, and a high level of security [1],
[2]. These benefits of FSO communications can resolve the issues that RF communications face
due to the expensive and scarce spectrum.

A part from the promising benefits of FSO communications, these systems are subjected to
many real challenges. For instance, the atmospheric turbulence effect may lead to a significant
degradation in the performance of FSO systems [1]–[3]. Moreover, thermal expansion, dynamic
wind loads, and weak earthquakes result in the building sway phenomenon causing vibration of
the transmitter beam thereby leading to a misalignment between FSO transmitter and receiver
(also known as pointing errors). It is worthy to learn that intensity modulation/direct detection
(IM/DD) is the main mode of detection in FSO systems, but coherent communications have also
been proposed as an alternative detection mode. Among these, heterodyne detection is a more
complicated detection method, but it can overcome the thermal noise effect (see [4] and references
cited therein). In this paper, we consider the effect of pointing errors, as well as the aforementioned
detection schemes for the FSO links.

For RF links, cognitive relaying networks (CRNs) are considered as one of the promising solutions
for radio spectrum limitations. They can significantly improve the spectral efficiency of wireless
networks by intelligently sharing spectrum resources [5]–[7]. A standard approach in spectrum
sharing network is the underlay cognitive radio model in which the secondary user (SU) is allowed to
share the spectrum with the primary user (PU) simultaneously under an interference limit constraint,
which is expected to maintain a reliable communication between PUs nodes. Due to its simplicity,
spectrum sharing relay networks with underlay approach has gained much attention in recent years
(see [8]–[12] and references therein).

Recently, some research has been devoted toward mixed CRNs and FSO relaying [13], [14]. In
[13], the outage performance analysis of a dual-hop relaying system composed of an RF channel
cascaded with FSO link was presented. Therein, the RF link was considered as an underlay spec-
trum sharing network, and FSO link accounted for pointing errors as well as heterodyne and IM/DD
techniques. The paper presented the end-to-end signal-to-noise ratio (SNR) outage probability. The
work in [13] is extended to [14] by including comprehensive statistical and performance measures.
While the preceding works have significantly improved our understanding on the dual-hop relaying
with mixed underlay RF and FSO systems, they all assume single-antenna RF system and single
FSO link. Also, for RF link, these works assumed that the PU transmitters are located far enough
away so as not to impinge any significant interference on the SU relay.

In this paper, we adopt generalized and involved system models as compared to those in [13],
[14]. Specifically, we treat multiuser selection in underlay dual-hop mixed RF/FSO relaying where
multiple RF users communicate with multiple FSO links through a single AF relay that is equipped
with multiple antennas. We consider an RF MIMO configuration that can exploit multi-user diversity
and at the same time mitigate the effect of PUs interference at the relay node. In this regard,
when the receive antennas at the relay are insufficiently spaced due to space constraints, the
use of receive antennas to provide diversity becomes a waste of processing and performance as
degraded or no diversity gain becomes feasible. Moreover, to achieve the target of reducing the
effect of PUs interference on the secondary network relay, receive interference mitigation schemes
become of a great interest to be exploited. Specifically, with the use of sophisticated null-steering
techniques, the receive array radiation pattern at the relay can be shaped to place deep nulls in the
directions of some resolvable PUs interference sources, while providing a maximum array gain in
the direction of the desired signal from the served SU transmitter. This interference cancellation can
have real applications in RF CRNs as the mitigation of interference on the secondary network is
of prime importance when PUs heavily use the spectrum resources. Two interference cancellation
algorithms were proposed in [15]–[17], namely dominant receive interference cancellation (DRIC)
[15], [16] and adaptive receive interference cancellation (ARIC) [17]. In this paper, we incorporate
these two algorithms into the problem formulations for the outage analysis of the mixed underlay
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RF MIMO and FSO links and present detailed analytical analysis for both of them to quantify their
usefulness and drawbacks in the context of the adopted system models herein.

The main contributions of this work can be summarized as follows:
1) We develop new analytical results of dual-hop AF relaying with mixed underlay RF MIMO

and FSO multi-destination network. We consider multiuser selection at the source and the
destination for the RF and FSO links, respectively. To mitigate the interference imposed by
PUs at the relay, we adopt two ICs algorithms, which are the DRIC and ARIC. The RF links
are assumed to follow Rayleigh fading model, whereas the FSO links follow Gamma-Gamma
fading model, including the effect of pointing errors. The end-to-end signal-to-interference-
plus-noise ratio (SINR) outage probability is obtained in tight closed-form expressions. Also,
simple expressions for the end-to-end SINR outage probability at the high SNR are derived
and based on that the diversity and coding gains are characterized.

2) We further enhance the end-to-end performance by finding the optimal solutions for the power
allocations to minimize the outage probability under constraints of transmit power of secondary
transmitters, interference limit on the primary network, and the total end-to-end powers.

3) Our results reveal that under weak atmospheric turbulence conditions, the end-to-end system
performance is dominated by RF channel. Hence, the achieved diversity gain depends on the
value of the interference power limit QI . When QI is proportional to the maximum transmit
power QP , the achievable diversity gain is N S for DRIC and ARIC schemes. However, when
the interference power limit is fixed, an outage floor appears, hence zero diversity gain for
both ICs schemes. In addition, the results indicate that DRIC outperforms ARIC under a deep
effect of interference from PUs, but this is obtained with increased complexity and degraded
operation efficiency.

4) The FSO channel dominates the achieved results under severe atmospheric turbulence condi-
tions. Therefore, the achievable diversity gain is a result of the minimum value of the turbulence
fading and pointing error parameters.

The rest of the paper is organized as follows. The adopted system and channel models are
discussed in Section II. Section III addresses the end-to-end outage probability for the two IC
algorithms, which are then followed by their respective asymptotic analysis in Section IV. Section V
discusses the proposed power allocation approach, and Section VI presents some numerical results
that are supported by simulations. Finally, Section VII contains concluding remarks.

Mathematical Notations: The notations used herein are as follows. Bold lower/upper case symbols
denote vectors/matrices, respectively, (·)T for transpose, (·)H for conjugate transpose, and | · | and
‖ · ‖F are used for the absolute value and the Frobenious norm of vectors/matrices, respectively.
The term fβ(x) is the PDF of random variable (RV) β, F β(x) is its CDF, and Re{t} is the real part of
a complex quantity t. The function �(·, ·) is the upper-incomplete gamma function, which is defined
as �(z, x) = ∫∞

x tz−1e−tdt, and γ(z, x) = ∫ x
0 tz−1e−tdt is the lower incomplete gamma function.

2. System and Channel Models
We consider a dual hop mixed RF/FSO relay network with multiple RF users. The relay unit R
contains multiple receive antennas and an RF receiver on one side, and a photo-aperture transmitter
that can potentially serve a specific destination from multiple FSO destinations D on the other side.
This implies that the source can communicate with the relay node through RF links, and the relay
can transfer data to a specific destination through an FSO link. The relaying system operates in a
half-duplex mode over two phases. In the following subsections, we present the signal models of
RF and FSO links as shown in Fig. 1.

2.1 Signal Model of Underlay Cognitive RF Links

In the first phase, the secondary network contains a total of N S users and a single relay R that is
equipped with N R antennas. The primary network consists of L PU transmitters (T1, . . . , TL ), with

Vol. 9, No. 2, April 2017 7902722



IEEE Photonics Journal Outage Analysis of Mixed Underlay Cognitive RF MIMO

Fig. 1. Adopted system model.

each of which is equipped with N T antennas, and N PU receivers (J 1, . . . , J N ), where each station
is equipped with N P antennas.

The channel notations adopted can be summarized as follows: the channel gains on the first
hop of the secondary network are denoted by h ij, for i ∈ {1, . . . ,N S} and j ∈ {1, . . . ,N R }. Moreover,
the channel gains from the i th user of the relay node R in the secondary network to the n th PU
receive station are referred to as gi n = {gi n1, . . . , gi nN P } for i ∈ {1, . . . ,N S} and n ∈ {1, . . . ,N }. In
addition, the channel gains of interference sources observed from the L PU transmit stations at
the jth receive antenna of the relay node R are referred to as flq = {f lq1, . . . , f lqN R }, for l ∈ {1, . . . , L }
and q ∈ {1, . . . ,N T }. Perfect channel estimation of all associated channel gains are assumed at the
secondary network as well as at the PU stations, and they are normalized to have independent and
identical complex-valued Gaussian distributions (i.i.d). This assumption can be relaxed but at the
expense of more involved analytical treatments.

In this paper, the best user from N S users is selected (i.e., opportunistic scheduling) to maximize
the received SNR at R . The receive antennas at R are used to implement an IC scheme to alleviate
interference from PUs transmitters. With the use of the time division multiplexing, the SU node R
receives a faded signal from its previous source node and L faded interference signals from L PU
transmitters. Therefore, the received signal at R is given by

y =
√

P�h hx +√
Pp�f

L∑

l=1

flx̂ + n (1)

where P is the allocated transmission power at S node, x is the SU transmitted data symbol of
normalized power, Pp is the transmission power for all PU transmitters, x̂ is L × 1 PU data symbols
vector, h = {h1, . . . , h N S} is N S × 1 complex channel vector between the i -th SU user at S and the
N R receive antennas at R , and �h is the average fading power associated with the desired user at
S. We further denote fl = {f f l1, . . . , f lN T } as the N T × 1 channel matrix between the l-th PU transmitter
and the SU R and �f is the average fading power associated with interfering PU sources. The term
n is N S × 1 uncorrelated additive white Gaussian noise (AWGN) samples at S where each of which
has zero mean and σ2 average power. All the transmitted symbols for both PU and SU networks
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are with zero mean and unity variance. Transmission interval is assumed to be equal for all time
slots.

According to the underlay spectrum sharing model in [5]–[7], the interference power at the N PU
receivers originated from the SUs must not exceed a threshold level I P . Therefore, the SUs must
transmit with a maximum allowable power at each node that is given by

P = min
(

Ps,
I P

λg

)

(2)

where I P is the PU maximum permissible interference power, Ps is the peak transmission power at
all secondary nodes, and λg = ‖gn∗ i ∗‖2 = max1≤n≤N ‖{gi ∗n , . . . , gi ∗n }‖2 is the largest channel vector
from selected i -th user at S to the N PU receivers with average fading power �g . To this end, the
end-to-end SINR can be expressed as

γ1 = min
(

QP ,
QI

λg

)
λh

1 + γI,tot
(3)

where QP = Ps
σ2 , QI = I P

σ2 , and λh = max1≤i≤N S ‖h i ∗‖2 is the SU SNR, and γI,tot is the residual
interference-to-noise ratio (INR) following IC at the relay.

For channel gains that are distributed as i.i.d. complex-valued Gaussian random variables, the
distributions for the squares of channel gains, namely λg and λh , are

1) The CDF and the PDF of the RV λg are given by

F λg (x) =
⎛

⎝1 − e− x
�g

L P∑

p =1

1
�(p )

(
x
�g

)p −1
⎞

⎠

N S

(4)

= 1 −
N S∑

k1=1

(
N S

k1

)

(−1)k1−1�(k1 + 1)

×
∑

|cp|=k1

μp

(
x
�g

)λp

exp
(

−k1x
�g

)

(5)

and

fλg (x) = N S

�(L P )�g

N S−1∑

k4=0

(
N S − 1

k4

)

(−1)k4�(k4 + 1)

×
∑

|cn|=k4

μn

(
x
�g

)λn +L P −1

exp
(

− (k4 + 1) x
�g

)

(6)

where L P = N N P , cn = (c1, . . . , cN R ) ∈ N N R is a multi index N R -tuple vector of nonnegative integers
of length |cn| = ∑N R

n=1 cn = k4, �g is the average fading power associated with the desired user,
μn = 1

∏N R
n=1 �(cn +1)�(n)cn

, and λn = ∑N R
n=1 cn (n − 1).

Proof: The derivations of (4) and (6) are obtained by applying the binomial expansion in [29,
Eq.1.111] and the power sum expansion of [28, Eq. 9]. �

2) The CDF and the PDF of the RV λh are given by

F λh (x) =
(

1 − exp
(

− x
�g

))N S

=
N S∑

k1=0

(
N S

k1

)

(−1)k1 exp
(

−k1x
�h

)

(7)
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and

fλh (x) = N S

�h

N S−1∑

k1=0

(
N S − 1

k1

)

(−1)k1 exp
(

− (k1 + 1)x
�h

)

. (8)

2.2 Receive IC Schemes

This part outlines the two receive IC schemes at the relay. Moreover, it briefly presents the statistics
of the residual INR, γI,tot.

2.2.1) DRIC Scheme: This technique requires the discrimination of different PUs interference
powers and then ordering them according to their levels. Apparently, the associated processing
increases the complexity of shaping the receive array pattern. Moreover, the effect of imprecise
ordering of PUs interference power levels has to be addressed. It will be shown in the sequel
that statistical ordering imperfectness can diminish the expected performance advantage from
accurately eliminating the most dominant set of PUs interfering signals. Then the best scenario
is to eliminate as many of arbitrarily chosen PUs interfering signals, according to the size of the
operating receive array at the relay node.

Now, we define |γ(1),I|2 < |γ(2),I|2 < . . . < |γ(L ),I|2 as the order statistics obtained by arranging
{|γl,I|2}L

l=1 in an increasing order of magnitude and we assume that the receiver attempts to
eliminate the most effective N R − 1 interfering powers. Then, the total residual INR becomes
γI,tot = γI

∑L A
l=1 ||γ(l),I|2, where L A = L T − (N R − 1).

The term L A represents the residual number of PUs interfering signals when the receive array at
R operates to eliminate the most dominant N R − 1 interfering powers. For the case of overloaded
receive array (i.e., L T > N R − 1), L A is always greater than zero. On the other hand, for the case
of under-loaded receive array (i.e., L T ≤ N R − 1), L A can be as small as zero. However, when a
limited number of receive antennas can be turned on at a specific time, L A increases linearly with
the decrease in the number of active antennas. The limiting case OF N R = 1 is the scenario of
no IC.

Considering the impact of outdated order statistics with τ being the excess time delay indicator,
and according to [15], [20], the distribution of γI,tot can be expressed as

fγI,tot|0≤τ<+∞(x) = 1
γI

(
L T

L A

) L A −1∑

g=0

(−1)g
(

L A

g

)

β1(ρI)

×
(

L A − g
N R − 1

)L A −1

exp
(−x(β2(ρI) · (L T − g)

(γI(L A − g))

)

; x ≥ 0 (9)

where β1(ρI) � (ρ2
I )1−L A (1 + (1−ρ2

I )(N R −1)
L A −g )L A −2, β2(ρI) � (1 + (1−ρ2

I )(N R −1)
L A −g )−1, and ρI is the envelope

correlation coefficient of the underlying complex-valued Gaussian fading process, which is related
to the value of τ. For instance, the Clark’s model suggests that ρI = |J 0(2π�fmτ)|, where J 0(x) is the
Bessel function of the first kind with zero-order and �fm is the maximum Doppler spread.

Note that the best case from the desired user point of view takes place when τ = 0, whereas
the statistical order of interferer’s powers becomes useless when τ → +∞. In this case, the best
receive antenna array can eliminate a total of N R − 1 arbitrarily chosen interfering signals. The
distribution of γk,I,tot, in this case, can be explicitly written as

fγk,I,tot|τ→+∞(x) = 1
�(L A )

(
1
γk,I

)L A

xL A −1e−x/γk,I ; x ≥ 0. (10)

2.2.2) ARIC Scheme: Different from the technique described in the preceding part, the ARIC
does not require predicting and ordering the interference power levels, and therefore, it is relatively
less complex. In addition, this prediction and ordering may return marginal benefits, particularly
when these estimates are outdated or when the number of strong interferer’s is relatively large.
The ARIC considers the case when the size of the receive array is adaptively varied according to
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the experienced level of interference. Specifically, the possible occasions of low interference effect
can be captured and reflected into reducing the receive IC processing at the relay. On the other
hand, the operation at full receive array capacity is only needed when the PUs interference effect
is significant.

The IC scheme herein aims to reduce the number of active receive antennas by adaptively
activating as many antennas as necessary to have the total residual INR below a specific threshold,
γI,T . The resulting residual INR can be written as γI,tot = ∑L A

l=1 γl,I, where L A = L T − (N R − 1) is the
remaining number of interfering signals. According to the results in [16], the distribution of γk,I,tot in
this case can be expressed as

fγI,tot (x) = 1
�(L A )

(
1
γI

)L A

xL A −1e−x/γk,IU (x − γI,T )

+
(

1
�(L T )

(
1
γI

)L T

xL T −1e−x/γI + e−γI,T /γI

×
L R∑

h=2

(
1
γI

)ι

�(ι)
x ι−1

)
(
U (x) − U (x − γI,T )

)
(11)

where ι = L T − (h − 1). The case when all receive antennas are active intuitively implies that the
residual INR will be above γI,T , and the distribution of γI,tot, in this case, follows a similar form to
that shown in (10). On the other hand, when the residual INR is below γI,T , the active number of
receive antennas becomes variable and takes on values from the set {1,2, . . . , L R } with different
probabilities. Therefore, the distribution γI,tot counts for the effect of the PUs interference power
distributions and the randomness in the number of active receive antennas at R .

Note that (9) and (11), when L R = 1 (i.e., no cancelation), reduce to a form that is similar to (10)
with L A therein replaced by L T . The interference-free scenario with γk,I,tot = 0 in (9)–(11) can be
reached only in under-loaded case, for which L T ≤ N R − 1, and γI,T → 0 in (11), with L A = 0.

2.3 Signal Model of FSO Links

In the second phase, we assume R is equipped with single transmit aperture, and there are N D

SU destinations where each of which is equipped with single receive aperture. The information
bits are modulated via a coherent detection technique or an IM/DD technique. A high-energy FSO
system is assumed wherein the performance is obstructed by the background radiation and the
thermal noise. Under this assumption, the AWGN model is an appropriate approximation for the
Poisson photon counting detection model [22]. Hence, the channel notation adopted in the second
hop is e that denotes the N D × 1 channel vector for the R → D link with channel coefficients ek , for
k ∈ {1, . . . ,N D }. It must be noted that the random variables in e are assumed to follow i.i.d. random
variable (Gamma-Gamma) distributions. This assumption is justified for link distances falling in the
order of kilometers along with the aperture separation distances being in the order of centimeters
[23]. Now, at the relay, the best destination is selected to maximize the received SNR at D . Therefore,
the received signal at the jth selected D is given as

z = ηej y + n2 (12)

where η is the optical-to-electrical conversion coefficient, ej complex channel vector between the
transmit aperture at R and the jth selected D , and the term n2 represents an uncorrelated AWGN
sample at D having zero mean and σ2 average power. To this end, the instantaneous SNR for the
second (i.e. R → D ) hop is expressed as

γ2 = η2λe (13)
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where λe = ‖ej‖2 = max1≤k≤N D ‖ek‖2 is the instantaneous SNR of the second (i.e. R → D ) hop. It is
important to note that ej = eja ejp , where eja is the irradiance for the atmospheric turbulence and ejp
is the irradiance for the pointing errors.

With the assumption that the atmospheric turbulence conditions of the FSO channels are dis-
tributed as i.i.d. Gamma-Gamma along with being effected by the pointing errors, we present the
following distributions for the squares of channel amplitudes of λe as:

1) The CDF and PDF of the RV λe are given respectively by [4]

F λe(γ2) =
(

A G3r ,1
r+1,3r+1

[
B

C r γ2
γ2

∣
∣
∣
∣
∣

1, κ1

κ2,0

])N D

(14)

fλe(γ2) = N D

γ2

[
rα+β−2 ξ2

(2π)r−1
�(α)�(β)

]N D

× G3 r ,0
r ,3 r

[(
αβ

r 2

)r
γ2

C r γ2

∣
∣
∣
∣
κ1

κ2

]

×
(

G3 r ,1
r+1,3 r+1

[(
αβ

r 2

)r
γ2

C r γ2

∣
∣
∣
∣
1, κ1

κ2,0

])N D −1

(15)

where A = rα+β−2 ξ2

(2π)r−1�(α)�(β) , B = (ξ2αβ)r

(ξ2+1)r
r 2r

, κ1 = ξ2+1
r , . . . ,

ξ2+r
r comprises of r terms, κ2 = ξ2

r , . . . ,

ξ2+r−1
r , αr , . . . ,

α+r−1
r ,

β

r , . . . ,
β+r−1

r comprises of 3r terms, r is the parameter defining the type of de-
tection technique (i.e., r = 1 represents heterodyne detection and r = 2 represents IM/DD), α and β
are the fading/scintillation parameters related to the atmospheric turbulence conditions, ξ is the ratio
between the equivalent beam radius at the receiver and the pointing error displacement standard
deviation (jitter) at the receiver [25], C1 = 1 and C2 = αβ

(
ξ2 + 1

) (
ξ2 + 2

)
/
[
(α+ 1) (β+ 1) ξ4

]
, γ2

is the average SNR of the second (i.e. R → D ) hop, �(.) is the Gamma function as defined in [29,
Eq. (8.310)], and G[.] is the Meijer’s G function as defined in [29, Eq. (9.301)].

3. End-to-End Outage Probability Analysis
In this section, we investigate the outage probability of multiuser mixed RF/multi-destinations FSO
links in underlay cognitive relay network. Specifically, we derive the new analytical expressions for
the exact end-to-end outage probability of the proposed system model for two different interference
cancellation schemes namely DRIC and ARIC.

The outage probability is defined as an important performance indicator of wireless communica-
tion systems, which is defined as the probability that the instantaneous end-to-end SINR falls below
a given threshold Pout = Pr

[
γup ≤ γth

]
. Hence, the outage probability can be written as

Pout(γth) = F γ1,(χ) (γth) + F γ2 (γth) − F γ1,(χ) (γth)F γ2 (γth) (16)

where χ = {DRIC,ARIC}. Next, in the following two subsections, we present the end-to-end outage
probability for DRIC and ARIC schemes.

3.1 Dominant Interference Cancellation

To find the end-to-end outage probability, we need first to evaluate F γ1,DRIC (γ) and F γ2 (γth). For FSO
link, the CDF of γ2 is given by (14). For the underlay RF-link, we present a new compact closed-form
expression of F γ1,DRIC (γ) in the following key result.
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Lemma 1. The CDF of RV γ1,DRIC for the underly RF link is given by

F γ1,DRIC (γth) = F λg

(QI

QP

)
⎛

⎝1 − 1
γ̄I

(
L T

L A

) L A −1∑

g=0

(
L A

g

)

(−1)gβ1(ρI )
(

L A − g
L T − L A

)L A −1 N S∑

k1=0

(
N S

k1

)

(−1)k1

× exp
(−k1γth

�hQP

)(
β2(ρI )(L T − g)
γ̄k,I(L A − g)

+ k1γth

�hQP

)−1
)

+
(

1 − F λg

(QI

QP

))

− L T

�(N )γ̄g

N S∑

k1=0

(
N S

k1

)

(−1)k1

L T −1∑

k3=0

(
L − 1

k3

)

(−1)k3�(k3 + 1)
∑

|cl|=k3

μl

(
1
�g

)λl+N −1

× exp
(

− QI

Q P
φ

) μ2−1∑

k=0

�(μ2)
�(k + 1)

(QI

QP

)k (1
φ

)a1 1
γ̄I

(
L T

L A

) L A −1∑

g=0

(
L A

g

)

(−1)gβ1(ρI )

×
(

L A − g
L T − L A

)L A −1 1
α

(
αφQI�h

k1γth

) a1
2

exp
(
αφQI�h

2k1γth

)

W− a1
2 ,

1−a1
2

(
αφQI�h

k1γth

)

(17)

where φ = k1γth
γ̄hQ I

+ k3+1
γ̄g

, a1 = λ2 − k, α =
(
β2(ρI (L T −g))
γ̄k,I(L T −g) + QI k1

QP

)
, and Wa,b(.) is the Whittaker function

[29, 9.220.4].
Proof: See Appendix A �
Note that our result in Lemma (1) involves standard functions and only special Whittaker function

which allows for fast evaluation in popular mathematical software such as Matlab, thereby providing
an efficient means to evaluate the outage probability and avoiding the time-consuming Monte Carlo
simulations.

3.2 Adaptive Interference Cancellation

For adaptive interference cancellation scheme, we find the following key result for CDF of RF link
in Lemma 2.

Lemma 2: The CDF of RV γ1,ARIC for the underly RF link is given by

F γ1,ARIC (γth) =
N S∑

k1=0

(
N S

k1

)

(−1)k1 exp
(

− k1γth

�h Q P

)[
1

�(L A )

(
1
γ̄I

)L A

� (L A , γI,T ζ1) ζ−L A
1 + 1

�(L )

(
1
γ̄I

)L

× γ (L T , γI,T ζ1) ζ−L T
1 + e−γI,T/γ̄I

N R∑

h=2

(
1
γ̄I

)L −(h−1) 1
� (L T − (h − 1))

γ (L T − h + 1, γI,T ζ1) ζh−L T −1
1

]

× L T

�(N )�g

N S∑

k1=0

(
N S

k1

)

(−1)k1

L T −1∑

k3=0

(
L T − 1

k3

)

(−1)k3�(k3 + 1)
∑

|cl|=k3

μl

(
1
�g

)b1 μ2−1∑

k=0

�(μ2)
�(k + 1)

(
Q I

Q P

)k

× exp
(

− Q I

Q P
φ

)(
1
φ

)μ2−k

×
[

1
�(L A )

(
1
γ̄I

)L A L A −1∑

g1=0

(
L A − 1

g1

)

(−1)g1�
b2
2 −1

(
φ

k1θ

)L A + b2
2 −1

× χ− b2
2 exp

(−�
2
δ

)

W− b2
2 ,

1−b2
2

(�δ) + 1
�(L T )

(
1
γ̄I

)L T L T −1∑

g2=0

(
L T − 1

g2

)

(−1)g2�
a3
2 −1

(
φ

k1θ

)L T + b3
2 −1

Vol. 9, No. 2, April 2017 7902722



IEEE Photonics Journal Outage Analysis of Mixed Underlay Cognitive RF MIMO

× exp
(
�φ

2k1θ

)(

W− b3
2 ,

1−b3
2

(
�φ

k1θ

)

− χ− b3
2 exp

(
−�γI ,T

2

)
W− b3

2 ,
1−b3

2
(ζδ)

)

+
N R∑

h=2

exp − γI,T

γ̄I

(
1
γ̄I

)b5

� (b5)

×
L T −h∑

g3=0

(
L T − h

g3

)

(−1)g3

exp
(
�2φ

2k1θ

)

�
− b4

2 +1
2

(
φ

k1θ

)−L T +h− b4
2

(

W− a4
2 ,

1−a4
2

(
�2φ

k1θ

)

− exp
(−�2γI ,T

2

)

χ
a4
2

W− b4
2 ,

1−b4
2

(�2δ)

)]

(18)

where � = Q I k1θ

Q P
+ 1

γ̄I
, �2=Q I k1θ

Q P
, b2 = −(L A − g1 − μ2 + k − 1), b3=−(L T − g2 − μ2 + k − 1),

b4 = −(L T − h − g3 − μ2 + k), b5 = L − (h − 1) χ = (1 + γI,T
k1θ
φ

), δ = ( φ

k1θ
+ γI,T ), and ζ1 =

(
k1γth
�h Q P

+ 1
γ̄I

)
.

Proof: See Appendix B. �

4. End-to-End Asymptotic Outage Probability Analysis
In this section, we derive the outage probability in the asymptotic regime based on which the
diversity and coding gains achieved by the system are investigated. Without loss of generality, we
assume two practical scenarios for the RF link: I) proportional interference power constraint where
the peak interference power is proportional to the maximum transmit power such that QI = μQP

when QP → ∞, where μ is a positive constant and II) fixed interference power constraint where the
peak interference power is fixed and independent of the maximum transmit as QP → ∞. Therefore,
the end-to-end outage probability in the high SNR is given by

P ∞
out(γth) ≈ F ∞

γ1,(χ)
(γth) + F ∞

γ2
(γth), (19)

where F ∞
γ1,(χ)

(γth) and F ∞
γ2

(γth) are the approximated CDFs in the high SNR of RF and FSO links,
respectively. For FSO links, the CDF of γ2 can be approximated in the high SNR γ̄2 → ∞. Utilizing
(14) and applying [4, App., Eq. (41)], the CDF for the Gamma-Gamma model in (14) can be given
asymptotically, at high SNR, in a simpler form in terms of basic elementary functions as

F γ2 (γth) �
μr>>1

[

A
3r∑

k=1

(
C r γ2

B γth

)−κ2,k

×
∏3r

l=1; l�=k �(κ2,l − κ2,k)

κ2,k
∏r+1

l=2 �(κ1,l − κ2,k)

]N D
ϑ
r

(20)

where κu,v represents the v th-term of κu . The asymptotic expression for the CDF in (20) is dominated
by the min(ξ, α, β) where ξ represents the 1st-term, α represents the (r + 1)th-term, and β represents
the (2 r + 1)th-term in κ2 i.e. when the difference between the parameters is greater than 1 then the
asymptotic expression for the CDF in (20) is dominated by a single term that has the least value
among the above three parameters i.e. ξ, α, and β. On the other hand, if the difference between
any two parameters is less than 1 then the asymptotic expression for the CDF in (20) is dominated
by the summation of the two terms that have the least value among the above three parameters
with a difference less than 1 and so on and so forth. Therefore, based on a single dominant term,
the asymptotic expression can be written as

F ∞
γ2

(γth) ≈ �

(
γth

γ2

)N D
ϑ
r

(21)
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where

� =
[

A
(

C r

B

)−ϑ ∏3r
l=1; κ2,l �=ϑ �(κ2,l − ϑ)

ϑ
∏r+1

l=2 �(κ1,l − ϑ)

]N D
ϑ
r

(22)

and ϑ = min(ξ2, α, β).
For the RF link, we present the asymptotic CDF for the two cancellation scenarios in the following

subsections.

4.1 Dominant Interference Cancellation

1) Proportional interference power constraint: This scenario assumes the PU receiver is able to
tolerate a large amount of interference from SU users. Hence, we present the following key result.

Lemma 3. The asymptotic CDF of the underlay RF link is given by

F ∞
γ1,DRIC

(γth) ≈ �

(
γth

QP

)N S

(23)

where � is

� = 1
γ̄I

(
γth

γ̄h

)N S
(

L
L A

) L A −1∑

g=0

(
L A

g

)

(−1)gβ1(ρI )
(

L A − g
L − L A

)L A −1 N S∑

j=0

(
N S

j

)

�(j + 1)

×
(
β2(ρI )(L − g)
γ̄I (L A − g)

)−j−1
(

Q N S
P F γκ,h

(
Q I

Q P

)

+
(
γ̄g

Q I

)N S L
�(N )

L −1∑

k3=0

(
L − 1

k3

)

(−1)k3

× �(k3 + 1)
∑

|cl|=k3

μl

�
(

N S + λl + N , Q I (k3+1)
Q P γ̄g

)

(k3 + 1)(N S+λl+N )

)

. (24)

Proof: By utilizing the Maclaurin series expansion of the exponential function and neglecting the
higher order function of the CDF of λh , and then repeating the same procedure as adopted in
Appendix A, the final result is obtained. �

Hence, the end-to-end asymptotic outage probability of mixed underlay RF/FSO network with
DRIC model when γ̄ = QP = γ̄2 as γ̄ → ∞ is given by

P ∞
out(γth) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

�
(
γth
γ̄

)N S

, if N S < N D
ϑ
r

�
(
γth
γ

)N D
ϑ
r
, if N S > N D

ϑ
r

(�+�)
(
γth
γ̄

)N
, if N = N S = N D

ϑ
r .

(25)

2) Fixed interference power constraint: This scenario considers QI is fixed and QP grows large
in the high SNR. Hence, we present the following key result.

Lemma 4. The asymptotic CDF of RF link is given by

F ∞
γ1,DRIC

(γth) ≈
(

�1

(
1
QP

)N S

+�2
(

1
QI

)N S
)

γ
N S
th (26)
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where �1 and �2 are given, respectively, by

�1 = 1
γI

(
L T

L A

) L A −1∑

g=0

(−1)g
(

L A

g

)

β1(ρI)
(

L A − g
N R − 1

)L A −1

exp
(
β2(ρI) · (L T − g)
γI(L A − g)

)

×
(
β2(ρI) · (L T − g)
γI(L A − g)

)−(N S+1)

�

(

N S + 1,
β2(ρI) · (L T − g)
γI(L A − g)

)

F λg

(QI

QP

)

(27)

�2 = 1
γI

(
L T

L A

) L A −1∑

g=0

(−1)g
(

L A

g

)

β1(ρI)
(

L A − g
N R − 1

)L A −1

exp
(
β2(ρI) · (L T − g)
γI(L A − g)

)(
β2(ρI) · (L T − g)
γI(L A − g)

)−(N S+1)

× �

(

N S + 1,
β2(ρI) · (L T − g)
γI(L A − g)

)
N S

� (N )
μ−N S s

N S−1∑

r=0

N S−1

× C r

∑

r p :N

1
ψ (r n )

(
�g
)N S−1

(r + 1)−a3�

(

a3,
(r + 1)QI

�gQP

)

. (28)

Proof: Follow the same proof as adopted in Lemma 2. �
For fixed interference power constraint, we obtain the end-to-end asymptotic outage probability

of mixed underlay RF/FSO network as follows:

P ∞
out(γth) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
�1

γN S
+ �2

QI
N S

)
γ

N S
th , if N S < N D

ϑ
r

�
(
γth
γ̄

)N D
ϑ
r
, if N S > N D

ϑ
r(

�1+�
γN

+ �2

QI
N

)
γNth , if N = N S = N D

ϑ
r .

(29)

4.2 Adaptive Interference Cancellation

In this subsection, we derive the end-to-end asymptotic outage probability for the adaptive interfer-
ence cancellation scheme. To proceed further, we only need to derive the asymptotic CDF of the
first link F γ1,ARIC (γth).

1) Proportional interference power constraint: For adaptive interference cancellation we have the
following result.

Lemma 5: The asymptotic CDF of cognitive underlay RF link is given by

F ∞
γ1,ARIC

(γth) ≈ �

(
γth

QP

)N S

(30)

where � is b6 = L + j − h + 1.

� =
N S∑

j=0

(
N S

j

)[
γ̄

j
I

�(L A )
�

(

L A + j,
γI,T

γ̄I

)

+ γ̄
j
I

�(L T )
γ

(

L T + j,
γI,T

γ̄I

)

+ e−γI,T /γ̄I

N R∑

h=2

(
1
γ̄I

)b5 γI,T
b6

(b6)� (b5)

]

⎛

⎝Q N S
P F γg (μ) +

(
�k,g

Q I

)N S L T

�(N )

L T −1∑

k3=0

(
L T − 1

k3

)

(−1)k3�(k3 + 1)
∑

|cl|=k3

μl

�
(

N S + λl + N , Q I (k3+1)
Q P�k,g

)

(k3 + 1)(N S+λl+N )

⎞

⎠ .

(31)
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Proof: In the following, we obtain the end-to-end asymptotic outage probability of mixed underlay
RF/FSO network when γ̄ = QP = γ̄2 as γ̄ → ∞ is given by

P ∞
out(γth) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

�
(
γth
γ̄

)N S

, if N S < N D
ϑ
r

�
(
γth
γ̄

)N D

, if N S > N D
ϑ
r

(�+�)
(
γth
γ̄

)N
, if N = N S = N D

ϑ
r .

(32)

2) Fixed interference power constraint: For this scenario, we present the following key result.
Lemma 6. The asymptotic outage probability of cognitive sharing with TAS/ARIC of AF multihop

relaying network is given by

P ∞
out(γth) ≈

(

�1

(
1
QP

)N S

+�2

(
1
QI

)N S
)

γ
N S
th (33)

where �1 and �2 are given, respectively, by

�1 =
N S∑

j=0

(
N S

j

)

F γg (μ)

[
γ̄

j
I

�(L A )
�

(

L A + j,
γI,T

γ̄I

)

+ γ̄
j
I

�(L )
γ

(

L + j,
γI,T

γ̄I

)

+ e−γI,T /γ̄I

N R∑

h=2

(
1
γ̄I

)b5 γI,T
b6

(b6)� (b5)

]

(34)

�2 =
N S∑

j=0

(
N S

j

)[
γ̄

j
I

�(L A )
�

(

L A + j,
γI,T

γ̄I

)

+ γ̄
j
I

�(L T )
γ

(

L + j,
γI,T

γ̄I

)

+ e−γI,T /γ̄I

N R∑

h=2

(
1
γ̄I

)b5 γI,T
b6

(b6)� (b5)

]

×�N S
g

L T

�(N )

L T −1∑

k3=0

(
L − 1

k3

)

(−1)k3�(k3 + 1)
∑

|cl|=k3

μl

�
(

N S + λl + N , Q I (k3+1)
Q P�g

)

(k3 + 1)(N S+λl+N )
. (35)

Proof: Follow the same proof adopted in Lemma 2. �
For fixed interference power constraint, we obtain the end-to-end asymptotic outage probability

of mixed underlay RF/FSO network as follows:

P ∞
out(γth) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

((
1
γ̄

)N S

1/�1
+

(
1
QI

)N S

1/�2

)

γ
N S
th , if N S < N D

ϑ
r

�
(
γth
γ̄

)N D
ϑ
r
, if N S > N D

ϑ
r(

�1+�
γ̄N +

(
1
QI

)N

1/�2

)

γNth , if N = N S = N D
ϑ
r .

(36)

5. Power Allocation Approach
In this section, a power allocation approach is presented in which two optimization problems are
formulated to minimize the asymptotic outage probability of the considered system for DRIC and
ARIC models, respectively. For simplicity, without loss of generality, the obtained results for the
asymptotic outage probabilities in previous sections are considered as the target functions, and
hence, the optimization problem can be formulated as follows

min P ∞
out(γth), subject to

⎧
⎪⎨

⎪⎩

P1 + P 2 = PT

P 1 ≤ Ps, P 2 ≤ Pr

λk,gP1 ≤ I P

(37)

where PT is the total allowable power for the dual-hop transmission that must be less than or equal to
the sum of the maximum allowable power at each node (i.e., PT ≤ Ps + Pr ). Based on the discussion
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in Section IV, the asymptotic outage probability of the considered model can be re-defined as

P ∞
out,X (γth) =

⎧
⎪⎪⎨

⎪⎪⎩

F ∞
γ1,X (γth), if N S < N D

ϑ
r

F ∞
γ1,X (γth) + F ∞

γ2
(γth), if N S = N D

ϑ
r

F ∞
γ2

(γth), if N S > N D
ϑ
r

(38)

where F ∞
γ1,X (γth) and F ∞

γ2
(γth) denote the asymptotic CDFs of the RF and FSO links, respectively, with

X ∈ {DRIC,ARIC}. It is clear that the maximum asymptotic outage probability case occurs when
N = N S = N D ϑ

r . Therefore, we reformulated the target function of the optimization problem such as

min
N S= N D ϑ

r

P ∞
out,X (γth) = min

{
F ∞
γ1,X (γth) + F ∞

γ2
(γth)

}

= min
{

K 1γth

P 1
+ K 2γth

P2

}

. (39)

It is clear that the function P ∞
out,X (γth) is a convex function as P1 ≥ 0 and P2 ≥ 0, where K 1 and K 2

are given, respectively, by

K 1 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

�
1

N S , for DRIC and proportionalQI

�
1

N S
1 , for DRIC and fixedQI

�
1

N S , for ARIC and proportionalQI

�
1

N S
1 , for ARIC and fixedQI

(40)

K 2 = �
r

N D ϑ . (41)

The constraints can be simplified further by assuming that the maximum allowable power at the
SU source (i.e. Ps) is higher than I P

λg
, while this assumption can not be valid for the FSO link as the

latter’s power P2 has to be limited to Pr for eye protection and international regulations. In practice,
the laser power Pr is much less than the RF power Ps that cannot be ignored. Then, the problem
can be expressed as

min P ∞
out(γth), subject to

⎧
⎪⎨

⎪⎩

P1 + P2 = PT

P2 ≤ Pr

λgP1 ≤ I P .

(42)

Using Lagrangian multiplier method, we obtain the Lagrangian function:

J (P1, P2, ν, ε1, ε2) = K 1γth

P 1
+ K 2γth

P2
+ ν (P1 + P2 − PT )

+ ε1
(
λgP1 − I P

)+ ε2 (P2 − Pr ) (43)

where ν, ε1, and ε2 are Lagrangian multipliers. According to the Karush-Kuhn-Tucker (KKT) condi-
tions, we obtain the following:

∂J (P1, P2, ν, ε1, ε2)
∂P1

= 0 (44a)

∂J (P1, P2, ν, ε1, ε2)
∂P2

= 0 (44b)

ν (P 1 + P 2 − PT ) = 0 (44c)

ε1
(
λgP1 − I P

) = 0 (44d)

ε2 (P2 − Pr ) = 0. (44e)
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Fig. 2. Outage probability for DRIC and ARIC schemes versus SNR for different atmospheric turbulence
conditions.

Then, through the simultaneous solution of the equations we obtain the optimal power allocation
P ∗

1 that is given by

P ∗
1 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

I P
λg
, if PT ≥ I P

λg
+ Pr

I P
λg
, if L1 < PT <

I P
λg

+ Pr , andL1 = min (L1,L2)

PT − Pr , if L2 < PT <
I P
λg

+ Pr , andL2 = min (L1,L2)
√

K 1
K 2

PT

1+
√

K 1
K 2

, if 0 < PT < min(L1,L2)

(45)

where P ∗
2 is obtained by using P ∗

2 = PT − P ∗
1, L1 = (1 +

√
K 2
K 1

) I P
λg

, and L2 = (1 +
√

K 1
K 2

)Pr . It can be

noticed that the optimal power allocation has different solutions according to different PT values.

6. Numerical Results and Simulations
In this section, some numerical results are presented with Monte Carlo simulations to validate the
derived expressions. The numerical results investigate the impact of some key parameters such
as the number of SUs, the number of antennas, and the atmospheric turbulence conditions on the
system outage performance for ICs schemes. Moreover, the effect of the proposed power allocation
approach on the system performance is discussed for both DRIC and ARIC schemes.

In Fig. 2, the impact of the atmospheric turbulence conditions on the system outage probability
for both DRIC and ARIC schemes is investigated. The results study two cases that are the strong
turbulence case (i.e., α = 4.34 and β = 1.31) and the weak turbulence case (i.e., α = 7.86 and
β = 6.34). In low to medium SNR values, it can be noticed that the system outage performance for
both DRIC and ARIC is not affected by the atmospheric turbulence conditions and each scheme has
an identical performance in both cases. However, at high SNR values, both schemes are affected
by the strong turbulence conditions that results in degrading their outage performance compared to
the weak turbulence case. Moreover, it is clear that the performance of DRIC scheme outperforms
the ARIC scheme. However, at high SNR values in the case of strong turbulence conditions, both
schemes provide the same outage performance as the FSO link in this case dominates the system
performance that kills any advantage for the DRIC scheme over the ARIC scheme.
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Fig. 3. Outage probability of ARIC scheme versus SNR for different number of destinations N D .

Fig. 4. Outage probability of DRIC scheme versus envelop correlation coefficient ρI for different number
of PU sources L .

In Fig. 3, the ARIC outage performance is investigated for different number of SU destinations
at strong turbulence conditions. The results show that increasing the number of SU destination
improves the system outage probability and enhances the diversity order of the considered system.
It can be noticed that at low to medium SNR values, increasing N D does not enhance the system
outage performance as the system performance in this region is dominated by the RF links that
are independent of N D . However, at the high SNR values, increasing N D enhances the system
outage probability as the system in this region is dominated by the FSO links that depend on N D .
Moreover, the figure shows that the derived exact and asymptotic expressions match the Monte
Carlo simulations results that validate the analysis.

In Fig. 4, the effect of the envelop correlation coefficient ρI on the outage performance of the
considered system with DRIC scheme is investigated. The results show that an increase in ρI

enhances the system outage performance as the dominant interferer is more correlated with other
interferer’s that enhances the interference cancellation operation. Moreover, it can be noticed that
increasing the number of PU sources L degrades the system outage performance by increasing
the number of interferer’s at the relay antennas.
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Fig. 5. Outage probability of ARIC scheme versus γI,T for different number of SU relay antennas N R .

Fig. 6. Optimal RF power versus SNR for different number of SU destinations N D .

For ARIC scheme, the impact of γI,T on the outage performance of the considered system is
analyzed in Fig. 5. The result show that increasing γI,T degrades the system outage performance,
as expected. Moreover, the results demonstrate that increasing the number of relay antennas N R

enhances the system performance and increases its diversity.
Fig. 6 depicts the optimal power allocation solutions of the proposed power allocation approach

for both DRIC and ARIC schemes. It is clear that for each SNR value the optimal RF power for
the DRIC scheme is always less than that of the ARIC scheme since the performance of the DRIC
scheme is always better than the ARIC scheme as shown previously. Moreover, at high SNR values,
the results show that the optimal RF power decreases as most of the total power is used to enhance
the RF link that suffers from strong turbulence conditions. However, we can notice that increasing
the number of SU destinations N D enhances the FSO link performance, resulting in reducing the
need of optical power and pumps more power on the RF link to minimize the total outage probability.

In Fig. 7, the impact of the misalignment between the optical transmitter and receiver ξ on the
optimal solution of the power allocation approach is studied. The results show that increasing ξ,
which reflects a good alignment between the two optical nodes, enhances the FSO link performance
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Fig. 7. Optimal RF power versus SNR for different values of ξ.

Fig. 8. Outage probability of DRIC scheme versus SNR for both equal power and optimal power
distribution models.

and reduces the need of optical power. As a result, increasing ξ increases the optimal RF power
allocated for the RF link to minimize the system outage probability.

The impact of the equal power distribution and the optimal power distribution model on the
outage performance of the considered system with DRIC scheme is investigated in Fig. 8. The
results show that the performance of the proposed power allocation approach outperforms that of
the equal power distribution model. The results emphasize the importance of the proposed power
allocation approach that can be utilized to wisely distribute the total power budget between the RF
and FSO links to ensure minimum outage probability.

7. Conclusion
This paper has developed new analytical models that can be used to investigate the outage per-
formance of a mixed relaying communication with an underlay cognitive RF MIMO and a multi-
destination FSO and employing different receive IC at the relaying node. The adopted system and
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channel models have been incorporated into extensive analytical developments that have led to
closed-form expressions for the system outage performance. These results can be used to inves-
tigate the effects of cognitive radio power and interference limitations, the receive IC scheme at
the relay node, the number of multiuser RF sources, the number of FSO destinations, and the
effects of pointing errors and detection technique on the FSO link on the achieved system outage
performance. In addition, simple expressions for the end-to-end outage probability in the high SNR
regime have been derived, which have been used to clarify the system diversity and coding gains
for various scenarios of the system and channel parameters. Our results reveal that under weak at-
mospheric turbulence conditions, the system performance is dominated by RF channel, and hence
a maximum diversity gain is achieved when the peak interference power constraint QI is propor-
tional to the maximum transmit power QP . On the other hand, under severe atmospheric turbulence
conditions, the system performance is dominated by the FSO channel, hence the diversity gain is
a result of the minimum value of the turbulence fading and pointing error parameters.

Appendix
7.1 Proof of Lemma 1

In the following, we derive the CDF of γ1,DRIC of (3) as follows:

F γ1,DRIC (γth) = Pr

(

min
(QI

λg
,QP

)
λh

γI,tot + 1
≤ γth

)

. (46)

To proceed with the analysis, we need to average over the distributions of γI,tot, λg as

F γ1,DRIC (γth) = Pr
{ QPλh

γI,tot + 1
≤ γth,QP ≤ QI

λg

}

︸ ︷︷ ︸
I1

+ Pr
{ QI λh

λg (γI,tot + 1)
≤ γth,

QI

λg
≤ QP

}

︸ ︷︷ ︸
I2

. (47)

The first summand can be evaluated as

I1 = F λg

(QI

QP

)∫ ∞

0
F λh

(
γth(z + 1)

QP

)

fγI,tot (z)dz. (48)

With the appropriate substitutions of the distributions of λg and γI,tot into (48) , and with the help of
[29, 3.351.3], the term I1 can be evaluated in closed-form expression. For I2, we have

I2 =
∫ ∞

0

(∫ ∞

QI
QP

F λh

(
γthy (z + 1)

QI

)

fλl,g (y)dy

)

fγI,tot dz. (49)

Starting with the inner integral, by performing appropriate substitution of λh into (49) and averaging
over the distribution of λg , the integral can be evaluated in closed-form with the help of [29, 3.351.3].
Then the outer integral can be solved by averaging over the distribution γk,I,tot. Next, with a careful
mathematical manipulation and applying [29, 3.471.7], the final solution of I 2 is obtained.

7.2 Proof of Lemma 2

For ARIC scenario, we follow the same steps as developed in Lemma 1 to derive γ1,DRIC for the
DRIC scenario. Therefore, we need to evaluate γ2,ARIC by re-expressing I1 and I2 in (48) and (49),
respectively, for ARIC scheme. The only difference from Lemma 1 is to average over the distribution
of ARIC as expressed in (11) instead of the distribution of DRIC as in (9). Therefore, the integral
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term I1 can be expressed as

I1 = F λg

(QI

QP

)∫ ∞

γI,T

F λh

(
γth(z + 1)

QP

)

f z>γI,T
γI,tot

(z)dz

+
∫ γI,T

0
F λk,h

(
γth(z + 1)

QP

)

f z≤γI,T
γI,tot

(z)dz (50)

where f z>γI,T
γI,tot (z) and f z≤γI,T

γI,tot (z) are given, respectively, by

f z>γI,T
γI,tot

(z) = 1
�(L A )

(
1
γI

)L A

zL A −1e−z/γI (51)

and

f z≤γI,T
γI,tot

(z) = 1
�(L )

(
1
γI

)L

zL −1e−z/γI

+ e−γI,T /γI

L R∑

h=2

(
1
γI

)ι

�(ι)
zι−1. (52)

On appropriately substituting the distributions of λg and γI,tot into (48) and utilizing [29, 3.381.1] and
[29, 3.381.2], the first and second integrals are evaluated in closed-from expressions, respectively.
After evaluating I1, we turn our attention to I2, and we have

I2 =
∫ ∞

0

(∫ ∞

QI
QP

F λh

(
γthy (z + 1)

QI

)

fλl,g (y)dy

)

fγI,tot (z)dz. (53)

Starting with the inner integral, by performing appropriate substitution of λh into (53) and averaging
it over the distribution of λg , the inner integral i.e., I3 integral is evaluated in closed-form with the
help of [29, 3.351.3] as

I3 = L
�(N )�k,g

N S∑

k1=0

(
N S

k1

)

(−1)k1

L −1∑

k3=0

(
L − 1

k3

)
�(k3 + 1)
(−1)−k3

×
∑

|cl|=k3

μl

(
1
�g

)λl+N −1

exp
(

− Q I

Q P
φ

) μ2−1∑

k=0

�(μ2)
�(k + 1)

×
(

Q I

Q P

)k (1
φ

)μ2−k exp
(
−Q I k1θ

Q P
z
)

(
1 + k1θ

φ
z
)(μ2−k)

. (54)

Then, the outer integral can be solved by averaging over the distribution γk,I,tot as

I2 = L
�(N )�g

N S∑

k1=0

(
N S

k1

)

(−1)k1

L −1∑

k3=0

(
L − 1

k3

)
�(k3 + 1)
(−1)−k3

×
∑

|cl|=k3

μl

(
1
�k,g

)λl+N −1

exp
(

− Q I

Q P
φ

) μ2−1∑

k=0

�(μ2)
�(k + 1)
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×
(

Q I

Q P

)k (1
φ

)μ2−k

⎛

⎜
⎝

∫ γI,T

0

exp
(
−Q I k1θ

Q P
z
)

(
1 + k1θ

φ
z
)(μ2−k)

f z≤γI,T
γk,I,tot

(z)dz

+
∫ ∞

γI,T

exp
(
−Q I k1θ

Q P
z
)

(
1 + k1θ

φ
z
)(μ2−k)

f z≤γI,T
γI,tot

(z)

⎞

⎟
⎠ . (55)

To evaluate the above integrals, we perform change of variable u = (1 + k1θ
φ

z) and on applying
[29, 3.471.7], the final solution of I2 is obtained. To this end, after evaluating I1 and I2, the desired
results for Lemma 2 are obtained.
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