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Performance Analysis of Opportunistic Scheduling Iin
Dual-Hop Multi-User Underlay Cognitive Network in the
Presence of Co-Channel Interference

Jamal HusseinStudent Member, IEEESalama Ikki,Member, IEEE Said BoussaktaSenior Member, |IEEE,
and Charalampos TsimenidiSenior Member, IEEE,

Abstract—In this paper, the performance of a dual-hop multi- the advantages of using cooperative communication is that
user underlay cognitive network is thoroughly investigated by the transmitting nodes can broadcast their signals at relatively
using decode-and-forward (DF) protocol at the relay node and |5\ver power. This could help an underlay cognitive radio
employing opportunistic scheduling at the destination users. A o ..
practical scenario where co-channel interference (CCIl) signals scheme !n ImprOVIng 'ts_ performance. Over the last O!ecade'
are present in the system is considered for the investigation. COOperative communication for different network scenarios has
Considering that transmissions are performed over non-identical been extensively studied, see e.g. [6]-[9].

Rayleigh fading channels, first, the exact signal-to-interference-  |n [10]-[18], it has been shown that applying an oppor-
plus-noise ratio (SINR) of the network is formulated. Then, ynistic selection technique in a cooperative communication

the exact equivalent cumulative distribution function (CDF) twork has th dvant f h - th ;
and the outage probability of the system SINR are derived. network has the advantage of enhancing the periormance

An efficient tight approximation is proposed for the per hop Of the system. Furthermore, in [19] an investigation was
CDFs, based on which, the closed-form expressions for the error done for the performance of the uplink cognitive cellular

probability and the ergodic capacity are derived. Furthermore, networks using the opportunistic scheduling of the secondary
an asymptotic expression for the CDF of the instantaneous SINR user which causes the minimum interference to the primary

is derived; and a simple and general asymptotic expression for . .
the error probability is presented and discussed. Moreover, the user. The author in [20] analyzed the effect of the maximum

adaptive power allocation under total transmit power constraint fatio combining (MRC) on the single user cognitive radio
is studied in order to minimize the asymptotic average error network. In this work, the asymptotic formulas for the average
probability. As expected, the results show that optimum power error probability and the system ergodic capacity have been
allocation improves the system performance compared with the obtained.

uniform power allocation. Finally, the theoretical analysis is - .
validated by presenting various numerical results and Monte In [21], the outage probability of the dual-hop single

Carlo simulations. user amplify-and-forward (AF) cognitive cooperative network

. . was studied by considering single primary user and over
Index Terms—Underlay cognitive radio, dual-hop decode- . .
and-forward, co-channel interference, error probability, outage Nakagamim fading channels. In [22], the performance of
probability, ergodic capacity, optimization the mUltl-hOp DF Underlay Slngle user CR network was
investigated over the Rayleigh fading channels. Asymptotic
outage probability of the dual-hop AF CR network was derived
in [23] under the assumption that the primary transmitter
OGNITIVE radio (CR) has become a more attractiveauses interference to the secondary network. Furthermore,
research field in wireless communication for many rdghe authors in [24], studied the outage performance of the
searchers in the last few years [1]-[5]. This is because wiultiuser dual-hop DF underlay CR over Nakagamiading
its promise of using the existing frequency spectrum mondannels in the presence of the primary transmitter. In their
efficiently. Recently, three paradigms have been proposed f@iculations, SNR and SINR-based scheduling algorithms have
realizing the CR network [2]. Based on the simplicity obeen used to derive the outage performance formula.
implementation, they are underlay, interweave and overlay. InThe authors in [25] investigated the outage probability
an underlay CR scheme, there is a strict power constraint @hthe multi-relay spectrum sharing network. The best relay
the transmission power [2] for the purpose of the protecti@election technique was employed, such that it enhances the
of the quality of service (QoS) of the primary user. One dfverall performance of the network. In their analysis, the
power limit constraint on the secondary transmit nodes was

Copyright (c) 2015 IEEE. Personal use of this material is permitteghot considered. The outage and error probability of a multiple
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I. INTRODUCTION
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of the primary transmitter and the imperfect channel sta
information were considered in their calculation.

The outage probability, average error probability and tt
ergodic capacity performance were investigated in [29].
single destination user node was considered and interferen
on the secondary network was not considered. The oute

performance of the multi-user spectrum sharing network w , _
investigated in [30]. In their analysis the selection combir ~

ing method was used to improve the performance of tS <' Lo
secondary network. In [31], the outage probability, averag ;\,\

outage duration and the average outage rate for the mu
relay underlay CR network was studied by using the best rel
selection method. In [32], the outage performance of the du
hop decode-and-forward CR was investigated in the presence
of single node at each of the source, relay and destinatiggy, 1. The general system model used for analysis.
Finally, the opportunistic scheduling technique was used to
enhance the outage performance of the multi-source underlay
cognitive radio network [33]. Il. SYSTEM MODEL
In most of the previous studies in the area of underlay
cognitive radio network, the outage performance has been exAs shown in in Fig. 1, we consider a cognitive network
tensively studied for different system models. In addition, fe@f one source nodeS(, one relay nodeRf), K destination
works have investigated the error probability and/or capacitsgers Oy, k = 1,2,---, K), and a single primary user node.
performance. However, the impact of the co-channel inteFhe nodes in the system are equipped with single antenna and
ference on the multi-user underlay cognitive radio netwoikperate in half-duplex mode. In our system model, we assume
has not been studied. Furthermore, a detailed investigatibat the impact of the primary transmitter on the secondary
of the error probability and the capacity performance for theetwork in this specific cell is neglected. One of the possible
opportunistic multi-user cooperative CR has not been carriedamples of our system model is when the same network
out before. Moreover, the adaptive power allocation under theovider controls both primary and secondary nodes, where the
total transmit power constraint and the impact of co-channevel of interference with the secondary users can be controlled
interference have not been studied. within a reasonable range. This can be obtained by managing
Consideration of co-channel interference is indeed necége nodes according to their position, or it could be possible to
sary because of the aggressive reuse of frequency chanigirpret the interference as a further addition to the existing
for high spectrum utilization in different wireless systems, anapise level at the secondary user receiver [29]. Moreover, the
multi-user dual-hop underlay CR networks is no exceptioiinpact of other transmit nodes in the neighbouring cells cannot
Due to the broadcast nature of wireless signal transmissiohs, ignored. We have expressed the interference from outside
interference always exists over a wide range of frequeneyr cell as the co-channel interference (CCI) to our network.
bands in almost all practical wireless communication systenfg1other possible example of our system model is to represent
For example, interference may come from other authorizéte impact of the primary transmitter and the other surrounding
users of the same spectrum, or from other frequency chanrégsmit nodes as the CCI. This is due to the fact that the CCl
injecting energy into the channel of interest [34]. could be from any other frequency channels injecting energy
This paper provides a comprehensive performance analyisi®o the channel of interest.
for the effect of co-channel interference in practical multi- In addition, we assume there is no direct link between the
user dual-hop underlay cognitive radio networks, considerisgcondary source and destination nodes [24], (i.e., the commu-
independent non-identical Rayleigh fading channels affectimgcation is performed through the relay node only). Moreover,
the relay and the destination nodes. Specifically, using the definel,,.. as a threshold interference value, which is the
DF scheme at the relay node and applying the opportunistiaximum tolerance of interference that the secondary transmit
scheduling technique at the destination. The outage probabibdes can produce at a primary receiver nodes [34], [35]. The
ity, error probability, and the ergodic capacity are investigatethannels in the dual-hop communication are assumed to be
assuming that a finite number of co-channel interference sigadflected by independent non-identical slow Rayleigh fading
affects each relay as well as the destination nodes. channels. In addition, we assume that the destination nodes
The remainder of this paper is organized as follows: ttee distributed in a homogeneous environment; therefore, the
next section is for presenting the system model and its matthannels between the relay node ahd destination users
ematical representation. In Section Ill, the derivations of ttee affected by the independent and identically distributed
performance metrics are presented. Simulated and analytiRalyleigh fading channels [10], [12]. Where and g, are
results for the evaluation and proof of the derived expressiathe channel coefficients between source-relay and refay-
are provided in Section IV. Section V presents the summadgstination, respectively, and,, and f,, are the interfer-
and conclusions of this work. Finally, we give detailed stepmnce channel coefficients between secondary source-primary
of the analytical derivations in Appendices A, B, C and D. receiver and secondary relay-primary receiver, respectively.
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Therefore, the corresponding channel gains willbé, |gx|?, instantaneous INR$g; andIp, are random variables which
|fspl?, and |f,,|? that follow exponential distribution with follow the exponential distribution with mean valuesief and
the means ofs?, o2, aj%sp and a]%w, respectively. In our Ip, respectively.
system model, we consider the transmission power constrainin our system model, we assume that the CCIl sources
on the secondary transmit nodes. For examplerepresents are far enough from the relay and destination nodes such
the maximum power that the secondary source can achietrat, even though the CCI sources are randomly distributed
Similarly, P, is the maximum power that the secondary relageographically, the distance from the interferers to the relay
can use. and the destination nodes can be assumed to be the same.
In the decode-and-forward relay protocol, the transmissidinerefore, it can be assumed that the received interference
is performed within two phases (i.e., time slots). In the firgtignals at the relay and destination nodes are identical in terms
phase of transmission, the source node will transmit the sigmdithe average energy [12], [36]. This example can be observed
to the relay node using its permitted power. The received sigrala conventional cellular network with deterministic number

at the relay node has the following form: of nodes, in which it is reasonable to assume all the nodes
Ln will receive interference from an equal number of nodes [12],
= /Ewshz +\/Eig i+ T, 1) [37]. It is worth mentioning that our der|va_t|ons in this work
Y IR;% ’ @ are based on average values rather than instantaneous values.

) ) _ Opportunistic scheduling is achieved by selecting the desti-
Whe”_aEus is the a_ctu_al transmit power at th? source nod_e (-8 ation with the highest instantaneous SINR oufdHestina-
permitted transmission power, s = min (|f‘;‘j|xz ; Ps)- x IS tions, at any particular point in time. The highest instantaneous
the transmitted signal with unit energy; r is the interference SINR of the selected user (i.e., strongest user), denoted as
power at the relay nodey; is the fading channel coefficienty2P?, is determined by [38], [39]:
between thg" interferer and the relay;; is the j*" interferer
signal, andn,. is the additive white Gaussian noise (AWGN)

; °PP — min (~¢f . (5)
at the relay node that has a power spectral density (PSD) of Teq Tho s Vgx
Ny. Furthermore, Ly is the total number of interferers that
where
affect the relay node. )
In the second phase of transmission, the relay node will ~ _ min( max &) max { |9k
decode the received message from the source node, then it will”* Nolfrpl?” No ) k=1, Kk L1 4 Zszl Ip,, ’
encode it and forward it to the destination users. The received (6)
signal at each of the destination users has the following form:

Lp IIl. PERFORMANCEEVALUATION
Yoy = V Eurgk + v/ ErD, Zpkikaz' +n4,, (2) A The Cumulative Distribution Function (CDF) of2®
=1

In a dual-hop cooperative communication, the CDF of the

where E,,. is the actual transmit power at the relay nodgng-to-end opportunistic SINR named &Ser»(7) can be
E,, = min ( Lnae P,.). i is the transmitted signal from theexpressed as [9]: -

[frpl??
relay node E;p, is the interference power at thé" user,pr;
is the fading channel coefficient between tHeinterferer and Fyge(v) =1~ (1 — Foer (7)) (1 — By, (7))7 @
the k*" user,zy; is theit” interferer signal, and,, represents . . .
the AWGN at thek' destination user that has a PSD . whereF’, . (v) is the CDF of the SINR received at the terminal

eff
Furthermore,L p denotes the total number of interferers tha?f the selected u_seﬁvﬁ,ff () andF,,. (HV) are the CDFs ofy;
affect the destination nodes. and~,., respectively. The CDFs of;" and~,. can be found

Thus, the instantaneous SINR at the input of the relay afAg follows. _ _ _ _
the k** destination node can be respectively expressed as: 1) DeterminingF..«(y): The first hop CDF is derived as

follows:
Aol = 7727 (3) Corollary 1: The equivalent CDF of the first hop SINR can
14> 55 I be written as in (8) at the top of the next page.
and Proof: See Appendix A.
2) Determining F,, (): Using quite similar steps, the
fyj;f: = 752 , k=1,2,--- | K (4) CDF of v, can be written as in (9) at the top of the next
1+325 Iy, page. For this part, we use different notations corresponding
B T 5 _to the second hop entities, such that we replages; , Lr
where 7, = min (lfsplz’PS) IR/ Noand 5y, = and I with 02, 0% , Lp andIp, respectively. !

min (fﬁﬁ,ﬂ) lgr|2/No are the instantaneous signal-toBearing in mind that the CDonf the maximum SINR out of
noise ratio (SNR) at the relay and the'h destination K users (i.e.,kg{laxK{Hzl%}) can be expressed as
nodes, respectivelylr;, (j = 1,2,---,Lg) and Ip;, (i = T o D’“;% s \Lp K
1,2,---, Lp) are the instantaneous interference-to-noise ratfo {— ol }(’Y) = [1 —e % (Ug+ifD) } -

(INR) at the relay and any destination nodes, respectively. Th&="* 1458 1p,, ‘
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2 2
Im:s
Imax mdxoh+'wfsp

3 2 2
Foo (’Y) -1 — [6_ PS'YU%’ (Psidi)LR (1 e Pao? ) i (I ImaXO'}QL ) (Imaxa'h + Y%, )LRe Tl "

V5 Pyo? +vIr naxTs + ’yaip VI_RUJ%SP
Imaxai +70'J2f .PSO'2 +"ij
P (1 - L, (— o) (=2 ) | (®)
v Rafsp So-h

Imax

K __ny_ PTO'2 nL a5 ImaxO—Q
< )(1)n+1 e Prdg (279_) D (1 e Py Frp ) + (2—5]2) %
n P"Ug + ,YID Imaxag + n’yo-f'r'p

K
Fvg*(’}/) =1- Z

n=1
Lnax0? +nyo? \nL Imax 7417y Lnax0? +nyo?2  P.o? 4 ~I
(Frs L0 )2 T (1 =, (T 0 e L0t Iy | ©
vIp a5, 'yIDapr P.o}
By substituting the derived CDF expressioﬂ%a (v) and formulas more tractable mathematically.
F,,.(v) in (8) and (9), respectively, into (7), an exact CDF
expression ofygi? can be obtained. First hop CDF notations:
The equivalent opportunistic outage probability is defined as — Imgx po2\Lr
the probability that the equivalent SINR is below a predefined T = (1 —e e ) <S_—h> , (13a)
threshold value; this can be easily obtained from the previous IPZ
calculated equivalent CDF by replacing the variablgith ~;y, v <Imaxa'}21> (psg%> R efpf::i%x (13b)
2 = B} H P,
I
o fop R
Foit’ (ven) = Pr(7eg” < vn) = Fygge(yn)- (20) o= P}, (13c)
. Pyoj,
B. Average Error Probability 8= 5 (13d)
-y . R
_ The average error probability performance can be inves-gacond hop opportunistic CDF notations:
tigated via different approaches. For example, CDF or PDF
can be used to investigate this performance indicator. By ; nLp
observing the derived per hop CDFs, it can be deduced Y. — (1_ *ﬁ) P,o? (14a)
that using the CDF approach for this investigation could be 3 ¢ Ip ’
more mathematically convenient. Thus, the expression for the nLp
- . . . 2 2 _ _Imax
average error probability can be obtained using the following [ Imaxoy P.oy Pro2.
T,=|—2 — e fro | (14b)
formula [37]: nof Ip
P,o?
o (—b) 0= g, (14c)
_ — n
Pyfe) = f\ﬁ [ @ dn Pro?
ARV — (14d)
0 n= I,

where a and b are arbitrary constants depending on the¢nen, the tight approximate per hop equivalent CDF of the
modulation schemes, (e.g. QPSK: = 2 and b = 0.5) first and second hop can be written as in (15) and (16),
[34]. The average error probability for the first and seconggspectively, at the top of the next page. It is worth mentioning
hop, P;"(e), and P{(e) can be obtained by substituting thenat these notations have been carefully chosen, so that the first
derived corresponding CDFs (i.€z,. (z), and £, (z) ) into  and second hop equations look similar in structure. However,
(11). Finally, the end-to-end average error probability can lge notations for each hop are different; therefore, the same
calculated using the following equation [40]: procedure of derivation can applied to the error probability and
Pe(e) = P57 (e) + Pri(e) — 2 (Plfr(e)P{d((i)) .12 ergodif: capacity fo_r one hop to the other W?th the conditiqn of
replacing the notations that have been defined for a particular
To calculate the per hop error probability, we propose thep.
following theorem: Proof: See Appendix B.
Theorem 1We are aiming to represent the per hop equivalent It is worth noting that the proposed tight approximation does
CDFs for both first and second hops in a simpler form whiamot have a significant impact on the analytical calculations
is more convenient mathematically, such that we can cammpd gives quite accurate results, especially for the case of
out further investigation of the system performance. First, Wé,,.x > Ps and P,). It is obvious that in the case when
employ the following notations for both hops to make thé,.. < Ps andP. (i.e., [.x dominant system), the secondary
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a) —z Tl TQ

Fwﬁf(z) =1—ea - T ) (15)

" (B+2) (B+2) X (A1 +2) X (A2 +2)

K
K . T T
FPP(z) =1-) ( >(1)"+lea TS — 1 . (16)
‘ nm1 \T (n+2) (n+2) X (Ag+2) x (Mg +2)

transmitters cannot take full advantage of their transmissiof the system parameters. Now, we aim to express» ()

power limits, and in this case an error floor is expected gnd P,(e) in simpler forms. In order to get more accurate

the system performance. The accuracy of the proposed tigsults, we re-represent the exponential integral function in

approximation can be observed later from the Monte Carnore detailed terms. This can be obtained by using [41, eq.

simulations and numerical results. For instance, in Figure 2, \{&1.14)].

have plotted the outage probability using the derived tight ap-It is widely known that the asymptotic error probability

proximate CDF equations. It can be observed that ourpropo&?@ be derived based on the behavior of the CDF of the

tight approximation gives quite accurate results in comparisgh' put SINR around the origin. By using Taylors series and
- g | nsideringPs, P < Iymax, Fer»(y) can be rewritten as:

to the exact results. In addition, the approximation has been !

applied only to one term in the CDF formula. Moreover, we ((1 + LrIRg) 07, TR

opp (7Y) & fsp

have constructed Table | in Appendix B for the purpose dher

comparison between the exact and tight approximate values of ,. _ 2 Imax

the exponential integral function term that we have proposed$™ <K> (—1)" ! <” (1+LplIp) noy, . P,,.cr%‘p) )7.
n

P, O'}QL I, maxa}%

in the CDF formula. et P.o? Imax02

1) Error Probability for the first hop: The first hop error (19)
probability is derived as follows. Therefore, the average error probability can be written as:
Corollary 2: The first hop average error probability can - 5 .
be obtained as in (17) at the top of the next page, whemg () ~ £<(1+L’§IR) + UfSPQG Pso%ey
U(a,b, ) is the confluent hypergeometric function defined 20\ Puoy Tmaxaj,

in [41, eq. (13.2.5)], and erfc(.) is the complementary error X /[ wit (n(1+Lplp)  no},, —;f?
function defined in [42, eq. (7.2.2)]. Moreover, the values™ D _ n (=1) Pro2 [maxage )
of >\11-_, A2, and \3 are calculated by using the following n=t (20)
equations:
From (19), we would like to inspect the diversity gain of
1 §Lr—1-i 1 the secondary network. According to [43], at the high SNR
A, = (Lr—1— i)l 0zLn—1=1 (A, 1 2) (A + 2) ) regime (i.e.,y — o0), the outage probability formula can be
" ' ! 2 ZZEfSa) written as:
-G
o= (8= M) T (A - Ay) (18b) Pous ~ (Oc) (21)
A3 = (B—Ag) "EF (A — Ay) 7t (18c) where G4, and O, are the diversity gain and coding gain,
] respectively. Now by comparing (19) with (21) we can see
Proof: See Appendix C. that theGy = 1.

- o The result in (20) confirms that opportunistic scheduling has
2) Error Probability for the opportunistic second hofthe g impact on the diversity gain. However, by inspecting (20),
same procedure can be repeated to derive the average gfj@kee that the effect of opportunistic scheduling is to increase
probability of the second hop. The only difference is that Whe array gain [10]. Furthermore, the performance&or> 1
use the tight approximate opportunistic CDF for the secomgl yominated byS — R channel. Note that whefi. — oo,
hop that we derived in (16). For the purpose of saving spagg have the same widely known asymptotic expression for

we have omitted the equations. ordinary dual-hop DF networks which validates our obtained
Finally, the end-to-end error probability can be calculated ggits.

substituting the calculated per hop error probability into (12).

D. Ergodic Capacity

C. Approximate CDF of the SINRE? Another important performance indicator for the wireless
Although the expression foﬂgp(y) allows numerical communication network is the ergodic capacity [20]. It can be
evaluation of the system performance, it may not be cordefined as the maximum capacity data rate that the system can
putationally intensive and does not offer insight into the effeeichieve. To assess the CR network capacity, it is important to
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e a 13 1 Lot 13 1
Pir(e) == — = | TVbprlry (2,2 — L - T By (22— -
bT(e) =5~ 5 132 U(2,2 R,ﬁ(b+a)) + gx/Ex{ ;:1 M BT 55— 0B b+ =

+ AQ\/AEI e(tH2)M erfe ( (b + é) A1> + A3\/AE2 e(tH3)A2 erfc <, / (b+ %) A2> H (17)

know the achievable throughput of the system. The ergodic Optimum Power Allocation foi = 1
capacity can be obtained mathematically by taking the expec-gjyce only whenk = 1, both channel$ — R and R — D;
tation of the average equivalent SNR. Furthermore, it can Rgye the same impact. In this section, aiming at improved
calculated by using the equivalent CDF of the system [20] aRstem performance, we study adaptive power allocation sub-
can be represented as: ject to a sum power constraint, i.e?, + P, = P,, where

oo _ P; is the total given power. The optimization problem can be
Corg :/Fveq(fC) d. (22) formulated as:

L PP in P
0 syt r — arg}%}}% b(e)v

WhereF%q (z) is the complementary CDF. Then, the end-to-  subjectto: P, + P. = P,, and P,, P, > 0. (26)

end ergodic capacity can be obtained by using the foIIowint ) o _ )
formula: y taking the second derivative dh,(e) with respect toPs,
it is easy to see thad?P,(e)/0P? is positive in the interval
c:f; — min (c;‘:g’cg:g) , (23) P, € {0, P}. This implies that the objective function is a

strictly convex function ofP; in {0, P,}. Hence, taking the

where C:r, and CZ., are the ergodic capacities of the firsfirst derivative ofP, () in (20) with respect taP; and setting
and opportunistic second hop, respectively. In this sectidh!o zero, we can find the optimal power allocation solution.

we derive the ergodic capacity for the second hop. Specifically, the optimal source powét; is the root of the
following equation:

Corollary 3: The second hop ergodic capacity formula can be B - e, B — max

expressed as in (24) at the top of the next page. l+Lplp —e Cire 1+ Lplgp—e e

. (27)

Proof: See Appendix D. o2(P; — Ps)? a Pioj
In (24), E4(z) is the exponential integral function defined inThe optimal relay power is given by* — P, — P*. It

[42, eq. Géif]' Fl;rrtgirzﬂnl]c?;gt ézebvalﬁier?mégé)wg(22,5ﬁ§3242,50)iS difficult to find a closed-form expression for the optimal
Euzgéa;JgFZ’Se) Oe;?]?j (25f) respectivgly 9 ’ ' source power,P’. However, a numerical solution can be

found by standard iterative root-finding algorithms, such as the

1 gnlo—rs Bisection method and Newton’s Method, with great efficiency.

“olvy = (nLp —re)l Donlo 75 (1+2)" . (25@) However, if we assumé;, P, << I.x [20] and after some
D,nL ) = mathematical manipulations, the closed-form expressions for
wg2 = (n—1)"""", (25b)  these optimal power values can be found as:
1 -
W93, = (nLp — 1 —1ry)! 8 . g (1+ Lrlg)
anLD*1*T4 Ps ~ 5 = > = Pt, (283)
o (1) (et () o Vo2 (L+ Lal) + /o? (1+ LoIp)
(25¢c) 2and
b= (- ) (A - 1) (A - 1), (@5d) l % (1+Lolp) . (@)
—r _ _ r — — t-
Wys = (’17—/\3)1 vbp (1_A3) 1(A4_A3) 17 (258) \/O'}QL (1—|—LDID) +\/0'§ (1+LRIR)
ng = (77 — A4)17nLD (1 — A4)71 (A3 — A4)71 . (25f)

In previous optimal power calculations, both optimal cal-

For the first hop ergodic capacity formula, we first substitufémated powersP; and P* should satisfy the criteria of the

the derived tight approximate first hop complementary CD?_rotection of the ,QOS of the primary receiver. For example,
(i.e., FPP(2)) from (15) into (22). Then, we get an integralthe actual transmit power at the secondary source node should

eff
T

formula’that has two main parts. It can be observed that theisfy the following criteria: £; = min (\?.:P’P:))'
two parts are quite similar to the two parts in the second hspmilarly, for the optimal power at the relay node, the actual
ergodic capacity formula that derived in Appendix D, we onl{elay transmit power should satisfy this criteriak.( =
need to replacé, n, As, A4, T3, andY, with a, 3, A;, A;, min #::Ixz , P,,i*)). Therefore, a guarantee of protection of the
Ty, and s, respectively. QoS of the primary user should always be provided.
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Fig. 2. Outage probability for different numbers of desiioatusers. Fig. 3. Outage probability for differenf,,.x values.

In the scenario where any of the calculated optimal power ) _
values is above the interference power constraint (i;gax as: SNR threshold ig dB, and the co-channel interference

dominates the transmission power limits), an error floor occf@Wersir, andIp are 0.01 of the effective or actual transmit
in the secondary system performance results. This is becaB8¥/ers at the secondary source and relay node, {i.g.and

the secondary transmitters cannot take full advantage of théir-) @1dLr = Lp = 2. It can be observed that even if there
transmission power limits. is no interference power constraint (i.€,,.x — ©0), there

Finally, it is worth mentioning that although numericalS @n outage flqor. This is because.of the linear increase. of
calculation is at the source, the complexity of the proposé'&e co-channel interference power with respect to the effective

algorithm is very low, since the computations are needd@nsmission powers at the source and relay nodes. From this,
only once for each system configuration. This is due to tff¥& can see how the CCI degrades the performance of the
fact that our analysis is based on average values rather tR¥R€M-

the instantaneous values which, in practice, can be obtainedrigure 4 shows the ergodic capacity for differdpt.x, K,

through long-term averaging of the received signal power. and CCI powers. The network parameter values for this figure
are chosen as: the CCI exists at the relay and the destination

IV. NUMERICAL RESULTS nodes wherd.p = Lp = 2, and also for the case where there

For the purpose of illustration and to validate the derivel§ N0 CCl andly.x. From the results, it can be deduced that
mathematical works, we present some numerical and Mor@th the CCl and’,..x will degrade the system performance.
Carlo simulation examples. For example, for a single destination uskr = 1, when

In Figure 2, the outage probability has been plotted to shd¥#th Imax and CCl have impact on the secondary network,

the effect of the opportunistic scheduling. We have set the d€., Imax = 15 dB and Iz = Ip = 0.01x By, Eu,),
channel interference powers; = 3 dB, andI, = 2 dB, the capacity saturation occurs at 30 dB and the performance

andLp = Lp = 2. It can be observed that the opportunisti§annot improve better than 4.1 bits/sec/Hz even when the
scheduling has less impact on the system performance whnsmission power further increased. However, when these
K > 1 due to the fact that the source-relay link will dominat@€rformance limitations are not present it is possible to reach
the performance characteristic. 6.5 bits/sec/Hz at 30 dB.

Figure 3 shows the outage probability for different values of Figure 5 shows the error probability versus the total trans-
Imax. The network parameter values for this figure are choserission power for different/,,,.x and K. The network pa-
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Fig. 4. The ergodic capacity for different valuesgf.x, i and CCI power. Fig. 6. Error probability for different values of CCI power.
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O  Simulation imulation

4 ~ Iz = Ip = 0.1 of the secondary
S effective transmission powers
Lynax =5 dB

N Lyax = 15,20, (Iyax — 00) dB
> Ir=24dB, Ip =3 dB

Error Probability
.
o
N

I = Ip = 0.1 of the secondary
effective transmission powers

Ly > Po, P, dB
L — 00 dB -

Iz = Ip = 0.01 of the secondary
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Fig. 5. Error probability for different values dfinax and K. Fig. 7. Performance of optimal power allocation algorithncamparison to

the equal power allocation.

rameter values for this figure are chosen as: the CCI powers
Ir, andIp have fixed values and also linearly increase witthis case is completely due to the impact of CCI power. For
the effective transmission powers by the ratio of 0.01, arekample, when the rate of increase of the CCI power with
Lr = 3,Lp = 1. From the figure, we can see that higherespect to the effective secondary transmission power$)is
I.ax Will lead to better performance. In addition, the errothe error performance saturatesdatl, which means that the
floor in this case is due to both,., and CCIl. Moreover, in error probability performance cannot improve further, even if
a specific region, even for a high value Bf., an error floor the transmission power increases.
can be observed which is due to the CCI power. In Figure 7, the performance of the optimal power allocation
For the purpose of only showing the impact of the CAh comparison with the equal power allocation for the case
power on the error probability performance of the CR networlyhen K = 1 for different CCl powers and ., has been
Figure 6 has been plotted, which is the error probability versdepicted. With the help of (27), and by using the Bisection
the total transmission power for different CCI powers. Thmethod, the optimal powerB; and P have been calculated.
network parameter values for this figure are choserkas: 2, It can be observed that the optimal power allocation leads
Lgr = 2,Lp = 3 and I,.x > Ps, P.. The error floor in to an improved performance in comparison with the equal
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power allocation. Moreover, wheh,,.x limits the secondary where Fy () is the CDF of the channel gain between the
transmission power and the CCI power is relatively high, treource and relay node that can be expressedyag) =

improvement in the error performance due to the optimal_ cxp (*al) fz(2) is the PDF of RVY_[" I, that can

2
h

power allocation scheme is less significant. Lpot _
be expressed ag;(z) = ji?@) exp (—i) where Iy is
R
V. CONCLUSION the average INR. By subgtituting both formulasiof (y) and
In this paper, a comprehensive study of the performanéé(?) into (30) we get the CDF of RV
analysis of the opportunistic dual-hop multi-user DF under- . o2 L
lay cognitive cooperative network in the presence of co- Fy(y)=1-¢ °i (27%) . (31)
channel interference has been presented. An exact closed- Th T VIR

form expression for the cumulativg distribution function oft is well-known that the CDF of,
the equivalent SINR has been derived and the exact outage
probability has been investigated. In turn, a tight approximate Four(y) = Pr (33 < 7). (32)
CDF has been proposed. Based on this, expressions for the n -
average error probability and the system ergodic capacity ovten, with the help of the total probability theorem, the CDF
the Rayleigh fading channel have been derived. In additiogy, F_.i:(7y) can be expressed by the following formula:
simple approximate expressions for the outage probability and "
the average error probability have been obtained. _ Inax Iinax

Finally, we investigated the system power optimization in Fyere () = Pr( X W= X P‘)
order to minimize the system error probability. Numerical ( Tinax )

. . . < .

results and Monte Carlo simulations using Matlab have also +Pr( AW s, X > b (33)

been presented to validate the correctness of the analytlrl:ﬁl . .
. . _I'he above formula can be represented in terms of the integrals
results. Our results showed that applying the opportunistic

ff can be obtained by;

scheduling can improve the CR system performance. On the S -
other hand, CCl and thé,,,. consideration will cause its g
degradatlon F’ysz (’)/) = / / fX (x)fW(y) dx dy

It is worth mentioning that our approach can be easily o="Tmax y=0
extended to the multi-hop cognitive cooperative network. For Lpax 3
instance, the outage probability can be obtained by simply o
substituting the per hop results into (8) in [38]. In addition, + / / fx (@) fw(y) dx dy
the error probability and the ergodic capacity can be calculated =0 y=0
by substituting the per hop results into (28), (47) in [29], =1 + . (34)
respectively.

The second part of the above integrals, (ilg),can easily be
APPENDIXA obtained as:
FIRST HOP EXACTCDF DERIVATION STEPS . . .
2 R s T _ _‘max
Recall that the effective SINR for the first hop can be written 7, — <1 _ <@) %) <1 e P, )
eff _ Yh i R o2 R
asy, = ST hehce considering both sour.ce node R (i + %)
power constraint and the interference power constraint, we can (35)
rewrite the above formula as:
VZH - ([mx Ps)( Y ) 29) Moreover, the first part, (i.el;) can be written as:
X "1+ zZ) o .
whereX, Y, andZ represent the random variablgs, |2, |h|?, I = / QLe “Fen x
and ijl IR, respectively. Since we have assumed that all P T
the channels follow Rayleigh fading distribution, the PDF of o e
X has an exponential distribution, and is written fag(xz) = (U}QL)LR e Tmaxof, p (36)
P L) X,

——exp ( 5 ) In addition, the corresponding CDF can Ir (ﬁ i)LR

fsp fsp Ir Imax

be written asix (z) =1—exp | —5# ) - We first derive the  after some arrangements, we can write the above formulas as:

sp
the equivalent CDF o2 Let W represent the resulting RV -
of this combination’V = 2. Therefore, the CDF of oV’ [, =¢ ™
can be written as:

I e
o - (Imaxah)“; / ¢ T e @)
Fu) = [ BrlG+10) f2() d (30 I ) (i 1 0) "

I
l};:x ,YIR

z=0 r=
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2
Now, lett = 1%:, + z, therefore we get: where A, and A, are obtained by using the formulas given
g in (44a, and 44Db), respectively.
Il —e Psafsp
2 2 2 I P
L VT sp TIMaAxTR Y\ ( Imaxo? Oy max s
B Imafa,% B Imaiagﬁsp ) P — )x A = > (PSLR, + o7 + E)
e ) o, o
o2 maxo? 2 Imax Ps Imax Ps 2
o0 () +\/(PSLR) +2PSLR(?+E)+(U? 7|
e T sp sp
/ i dt. (38) (44a)
_ Imax | Imaxof 2
Next, we change the variable in the above integral so that Tfen R

’YU?SP-&-ImaxUﬁ

s = t(—=2——5—"). After this substitution and by doing _ (P.Lr)* + 2P LR(Imax n E) (Imax B 5)2
max T3 % ) . . . s 9 S 9 T T .

some straightforward mathematical manipulation and compar- Uip Ir g ip Ir

ing our formula with [42, eq. (5.2.1)]), we can obtain the (44b)

desired formula as:

Imax

- 2 Imaxo'}% ) (Imaxo—}% +70—J2fsp)LRX

= The same procedure that we used for the first hop CDF can be
I = e Safsp — ( =
1 T} £107, )\ 1Tnc,

repeated for the opportunistic second hop CDF. Therefore, we
can formulate a tight approximate opportunistic CDF of the
(VfR + psggl)(wip + [maxgi)) second hop opportunistic equivalent SINR as in (16), where

Imaxof, +70%

TRG,, F(l — Lg,

o2 P.ol] As, and A3 are obtained by using the formulas given in (45a,
T9f, 5T IR and 45b), respectively.

(39)
Finally, an exact equivalent CDF expression for the first hop 2 I P
equivalent SINR (i.e.F. .« (7)), can be obtained by combiningAs = 79 P.Lp + m;‘ + I__7
both partsl;, and I, which can be represented as in (8). fro p
2 Imax Pr Imax P, T2
APPENDIX B + \/(PTLD) + ZPTLD(naJ%T, * E) * (noJ% B E) ’
PROOF OFTHEOREM 1 ! ! (45a)
The aim of this theorem is to provide a tight approximate o2 I P
representation of the derived per hop CDFs, so that we cap= -2 <P,,ALD + =+ _’>
do further mathematical manipulation on them. For example, 2 noy, Ib
deriving the error probability and ergodic capacity formulas. 5 Inox  P» TInox P2
Using [41, eq. (5.1.45)] the upper incomplete gamma functior {/ (P-Lp)~ + 2P7-LD(7MQ + E) + (no_g - E) -
can be represented in terms of the exponential integral function Fro Fro b
as follows: (45b)
I'(1—n,z)=a'"""E,(z), (40) In the numerical and simulation results section, in Figure 2,

where E, (z) is the exponential integral function defined ifV¢ have plotted the outage probability using the derived

[42, eq. (8.19.2)]. After this substitution, the CDF of the firsf€W expressions for CDF formulas and compared it with
hop can be written as in (41) at the top of the next page. the exact results. It can be observed that our proposed tight

According to [42, eq. (8.19.21)], the exponential integraﬁpproximation gives quite accurate results, especially for the

function can be bounded as: higher values Offmax. _
In addition, to show the accuracy of our proposed tight ap-

<e"By(x) < ¥. (42) proximation numerically, we have constructed Table |, which
T “T.‘H‘_ ! o is a comparison between the exact value of the exponen-
Furthermore, we apply the following approximation for thgal integral term and its corresponding tight approximated

exponential integral function: value. It will explain the tightness of the approximation
e that we have used in our analysis. For the exact calcu-
En(z) = poarp (43) lation, we have calculated the value efEy,(z), where

ImaxaﬁJr%ha?S Psoi+vinlr
The next step is to substitute the notations in (13a, 13b,= ( YenTro? =) (==p57—). Furthermore, we have

13c, and 13d) into the CDF formula in (41), then, applgssumed the foIfSwing values for the entities as the following;
the proposed approximate formula in (43). After doing some = 2.2, J]%Sp =07, Ir = 3dB, Lr = 2, and vy, = 2
mathematical manipulations and arrangements, we get al8. Moreover, for the tight approximate calculation, we have
desired and simpler formula which is a tight approximate CDdfetermined the value oﬂﬁ. The calculations have been
of the first hop equivalent SINR, and is represented in (15pade for different values of,,., in dB and P;.
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Imax

Imaxof+20%

2
Poj,

F. —1— _Pwl(i_
ff(Z) e PSU}QL-FZ[R

T

2 2 7
Lr T P02 ) ImaXU} + zo P, O'2 —+ ZIR
) (1 —e fsp) +e TR ELR( _ Jop Z5h )x

ZIRO'J% Pyo?
sp

L —
( Pyo? ) ) R(PSJ,QLJerR) (ITaXJ,QL) a1)
P03 + zIp P,o? ZIRUJQ”SP
TABLE | The third part of the integral has the following form:
COMPARISON BETWEEN THE EXACT AND APPROXIMATE
REPRESENTATIONS OF THE EXPONENTIAL INTEGRAL FUNCTION
5 7—1/2 BJF:C)I Lr e bze
] P, =10 dB P, =15 dB P (e) = *Tz— / 0 n dlE,
max Exact Approximate Exact Approximate 1+ z) (A2 + )
Z 0.194939388| 0.184211969| 0.207475405| 0.194783537 (50)
8 0.104513633| 0.102612305| 0.112473998| 0.110134216
12 | 0.048781832| 0.04856972 | 0.052923924| 0.052654999 - . .
16 | 0.020926427| 0.020908823] 0.02280764 | 0.022784929] WhereP;"3(e) represents the third part of the first hop average
22 8-88223%27 8-8822%33‘71 8-882381;22 8-882382312 error probability formula. For the purpose of mathematical
28 0.001389295| 0.001389289 0.001510500] 0.001510502]  Uactability, and to simplify the above integral, we use the par-
37 0.000554279] 0.000554279] 0.000606325| 0.000606324 tial fraction decomposmon technlque to represent the integral

APPENDIX C

formula in a simpler form.

795 b+
Ps73 _ ’rg—\/»/

FIRST HOP AVERAGE ERROR PROBABILITY DERIVATION

STEPS Ln=1 \ N
. . - . E LU 2 + 2 dx,
For deriving the average bit error probability, we use a tight —~ (B+z) (Ai+az) (Aa+a)
proposed approximated CDF in (15). After substituting (15) =t (51)

into (11), we get a formula that has three integral parts. In

the sections below, we will discuss and/or derive each pafihere \,,, A,, and \s are coefficient constants, their values

The first integral part can be easily obtained by comparinge obtained by the formulas given in (18a, 18b, and 18c),

our formula with [42, eq. (5.2.1)]. Bearing in mind that = regpectively. Now, our formula has three parts, we define

I'(n—1) andI'(1/2) = /7. them asP;"3(e), Py *(e), and P (e). By observing the
\/7 \ integral formula, we deduce that th‘%s’i”( ) is quite similar

to the formula that we have derived in the previous section
(i.e., second part of the error probability formuk™(e)).
Therefore, it can be written as:

whereP;™!(e) represents the first part of the first hop average La—1 L .

error probability formula. The second part of the integral hq5513 - %% \ AR <_ S i B+~ > _

the following form: Ch 2 Z 1.0 272 B a)

—b T —%

\/>/ + 2)t=r

(52)
where P;"2(e) represents the second part of the first hop
average error probability formula. We exchange the variable
in the above integral so that= % 5 then, after performing

some mathematical arrangements we get:
oo —tB(b+L
Tlg\/gﬂ%—LR gdt, ) ) o
2V o Vt(l+t)Lr by comparing our formula with the equation in [42, eq. (7.7.1)]
we can get the desired form:

using [41, eq. (13.2.5)] the desired formula can be obtained;

Psrl

(46)

Ps72

dz, (47) Moreover, the integral inP;™®(e) can be solved as the fol-

lowing; first, we change the variable of the integral so that
= At2. After doing this exchange operation and performing
ome mathematical arrangements we get:

oY JAat?
2)\2 a \/’/ i t2 Sy (53)

Pr(e) =

P (e) = (48)

br
Ay

Bre) = =M gVBs iU (3.5 - L8+ 3) ).

(49)

_ L 1
Pirie) = _—TQAQ e(tra)Merfc < (b+ E)A1>

(54)
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The derivation steps of the integral iﬁ,f;:‘(e) are similar With the help of [42, eq. (8.19.3)]), we obtain a desired
to previous derivations (i.e.P"*(e)). Therefore, it can be formula:
written as:

1 1
o 1 Clrgrz = Tawgae? By <E> ' (61)
DsT3 . a ’/T (bJrL)Az
=—-Tolzy/— o)A erfe b+ =)As | .
b P A2e < (b+ a) ? The second part of the second hop opportunistic ergodic

(55) capacity integral formula can be represented as:

oo

Finally, the average error probability for the first hop can be o e—%
formulated by combining the three derived parts, and it can Cergs = T4/ (n+ Z>nLD71 (A1 +2) (A + Z>dz, (62)
be written as in (17). o\ 1 2

where C9*  represents the second part of the second hop

ergz

APPENDIX D opportunistic ergodic capacity integral formula. Similar to the
SECOND HOP OPPORTUNISTIC ERGODIC CAPACITY first part of the integral, we employ the partial fraction decom-
DERIVATION STEPS position technique to represent the above integral in a simpler

o . ) . _form so that we can do further mathematical manipulations
After substituting the derived tight approximate opportunigsp, jt-

tic second hop complementary CDF (i.e;;}ip(z)) from (16)

into (22), we get an ergodic capacity formula that has two Cera Cllass
main parts; we name thed?:, , andC¥;  , respectively. In FnLp-1 wys €% m
the sections below, we derive and/or discuss each part. The CZ, = T4 / Z o g
first part can be represented as: 0 L oramt (n+2) (1+2)
x° _z Wgs €9 Wee € °
Ceg':gl = Td/ o~ nLp dZ, (56) + (Al + Z) (AQ + Z) dz’ (63)
p +z)n+z) —
Cev'gzz 057'924

where Cg,;fg_l repres_ents the_ fir_st part of the segond _h(_’\P/herewggT , Wya, wys, andw,g are obtained using the formu-
opportunistic ergodic capacity integral formula. Since it i given in (25c, 25d, 25e, and 25f), respectively. It can be

quite difficult to solve the above integral, we aim to representdiyseryed that we obtained similar integral forms as in the first
in a simpler form so that we can manipulate and solve it. Wl@art_ Therefore, we just write the final equations
the help of partial fraction decomposition, we can represent

the above integral as the following: nhot

* —rg n
Chn =T > wes 0" "1eh B, (5) (64)

Cé&on Cllals rg=1
. . X rnLp gl e~ 3 W2 e~ 3 J 57 ) 1
Ot = [ | X e iy | e 6D Ctf = Taiei B (3 ). (65)
=

0

wherewglrg, andwgo are obtained using the formulas given A Ay
in (25a, and 25b), respectively. For paig), —in (57), we CF s = Tawgse™ By (7) : (66)
exchange the variable in the integral so that 1+§, therefore
after some straightforward mathematical manipulations we get . A
the following: C s = T4wgﬁeTZE1 (%) . (67)
nLD o0 — Iy . .. . .
o _ 1—pg 2 [ €70 Finally, the opportunistic ergodic capacity for the second hop
Cergn = T Z Wot,, e / 1rs dt, (58) can be formulated by combining all derived parts, and it can
be written as in (24).

Tg:l 1

Now, by comparing our integral formula with [42, eq.

(8.19.3)]), we get our desired representation: REFERENCES
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