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Abstract—Cognitive radio (CR) with spectrum-sharing has
been envisioned as emerging technology for the next generation
of mobile and wireless networks by allowing the unlicensed cus-
tomers simultaneously utilize the licensed radio frequency spec-
trums. However, the CR has faced some practical challenges due
to its deduced system performance as compared to non spectrum-
sharing counterpart. In this paper, we therefore consider the
potential of incorporating the cooperative communications into
CR by introducing the concept of reactive multiple decode-and-
forward (DF) relays. In particular, we derive new results for exact
and asymptotic expressions for the performance of cognitive relay
networks with K-th best relay selection. Our novel results have
exhibited the significance of using relay networks to enhance the
system performance of CR.

I. INTRODUCTION

With the ever increasing demand of mobile multimedia ser-
vices, wireless systems have encountered several practical con-
straints, e.g., bandwidth availability, multi-path signal degrada-
tion, interference management. Among these affects, shortage
of radio frequency spectrum is the most critical issue. To cope
with this problem, cognitive radio (CR) has been proposed as
an efficient sharing scheme among licensed and unlicensed
users. By allowing the unlicensed user to concurrently occupy
the radio spectrum, the utilization of frequency spectrum is
remarkably enhanced, which is a promising solution to the lack
of radio spectrum [1]. However, by limiting the transmit power
at the unlicensed user, regulated by the primary network, the
performance at the secondary receiver is drastically reduced,
especially when the channels experience heavy pathloss and
severe shadowing effects.

Recently, opportunistic relaying has been realized as a
supreme means to enhance communication coverage [2]. As
such, the extension of using relay in CR has attracted great
attention in the research community [3]-[8]. Specifically, the
performance of proactive relay networks has been considered
in terms of outage probability, error probability, and ergodic
capacity [4]. In [5], the ergodic capacity of reactive multiple
decode-and-forward (DF) relays has been investigated. It is
important to note that the works [4], [5] have selected the
best relays among all of the active nodes in the networks.
However, such scheduling may be not applicable in the dense
heterogenous networks due to the load balance and imperfect
channel state information. Very recently, by considering the V-
th best relay, the outage probability of reactive DF relays has

been derived in [6]. However, this work is limited to the case
of identical fading channels and only exact outage probability.
Therefore, we take a step further to reveal the importance of
N-th best reactive DF relay in CR by consider a more general
fading model where all links are assumed independent but
non-identically distributed (i.n.i.d.). In addition, we provide
additional insights by deriving the asymptotic outage proba-
bility, where both diversity and coding gains are also obtained.
Our contributions are summarized as follows:

o We consider the joint impact of peak interference power
constraint of licensed user and maximal transmit power of
unlicensed user on the performance of CR networks with
reactive multiple DF relays and /N-th best relay selections

« We derived exact outage probability and erogdic capacity
for the considered networks. Our derivation is valid for
general channels where all links are i.n.i.d. fading.

o To provide more insights into the system performance,
we also derived the asymptotic outage probability where
both diversity and coding gains are obtained. It has been
shown that the full diversity can be realized when the
peak interference power is proportional to the maximal
transmit power.

II. SYSTEM AND CHANNEL MODELS

The cognitive network consists of a secondary source (S),
a secondary destination (D), M secondary relays (R) and a
primary user (PU). Let dy;, d2;, ds, and d4; denote distances of
the S — R;, R; = D, S — PU, and R; — PU links, respec-
tively, where ¢ € {1,2,..., M}. We also denote hq;, ho;, h3,
and hy4; as channel coefficients of the S — R;, R, — D,
S — PU, and R; — PU links, respectively. We assume that all
of the channels follow a Rayleigh fading distribution. Hence,
the channel gains v1; = |h1;|?, v2i = |h2i|?,73 = |h3|?, and
v4i = |hai|? follow exponential distributions. To take path-
loss into account, we model the parameters of 71;, y2;, V3, and
Y4 as in [9]: Ai; = (d14)?, Ao = (d2;)?, A3 = (d3)”, and
A; = (dy;)?, where (3 denotes the path-loss exponent.

In cognitive underlay networks, the source and relay must
adapt their transmit power so that interference caused at PU is
lower than a maximum interference level, denoted by Iy,. In
addition, it is also assumed that their transmit power must be
lower than a maximum threshold, denoted by F;j,. We assume
that all of the nodes are equipped with a single antenna and



operate on half-duplex mode. Similar to the model proposed
in [7], the maximum transmit power of the source S and
relay R; are, respectively, given as Ps = min (P, Itn/73)
and Pr, = min (P, Itn/74:). Therefore, the instantaneous
signal-to-noise (SNR) of the S — R; and R; — D links are,
respectively, expressed as follows

in (P, I g
@liéw71 = mm('yp, A )’le and
Ny V3
in (Pyy,, 1, i Y
Qiémln( t?\} th/%)72 _mln(7P7 Rl )’yzz €))]
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where Ny denotes the variance of an additive complex Gaus-
sian noise which is assumed to be the same at all receivers
in the relays and destination. Also, we define normalized
quantities yp = Py, /Ny and 47 = Ii,/No. Without loss of
generality, we assume that the ratio between yp and 7y is
constant, i.e.,

o Iy,

% Pu "

(2)
The operation of the proposed protocol is realized by TDMA
technique. In the first time slot, the source S broadcasts its
data to the relays. Then, the relays try to decode the source’s
signal from the received signal. Let us denote )7 and Q-
as the set of the relays which decode the signal successfully
and unsuccessfully, respectively. We can assume that ()1 =
{le 5 R]Z’ JN} and Q2 = {RJN+17 R]N+2, ceey RjM },
where N is the cardinality of 1, N € {0,1,2,..., M}, and
J1592, - Jm € {1,2,..., M}. In the considered cognitive radio
networks, we consider two cases as follows

e (C1) : The Kth-best relay is chosen among N > K
successful relays to forward the source’s signal to the
destination at the second time slot. The partial relay
selection is realized by the following strategy

ch : \I/Qjc = Kth max

t=12,....N

(Wa;,) 3

where ;. denotes the chosen relay.

e (C3) : The system cannot choose a relay to forward the
source’s signal to the destination since N < K. Hence,
in this case, the signal is dropped.

III. PERFORMANCE EVALUATION

A. Derivation of the CDF and PDF of the Instantaneous SNR
by Kth-best Relay Selection

We observe that among N successful relays of the set
Q1, there are (K-1) relays whose Wy, is larger than

Uy, and (N-K) relays whose Wy , is smaller than WUs; ,
where ¢t € {1,2,.. N} /{c}. We, respectively, denote
these sets as W, {R.,,R.;,...,R.pe_,} and Wy =

{RZK+17RZK+27"' ZN} where W, C Q1,Ws C @1 and
Wy N Wy = Q1/{R;.}. Thus, from [10, Eq. (8)], we can

write the CDF and PDF of Wq;, i € {1,2,..., M}, as follows
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Let us denote Y7 = min(¥s,,,...

max(Wozp 1, ..., Yo, ). Now we can express the CDFs of
the RVs Y7 and Y5 as
K-1 \
Fy () =1— (ex —@x
Yl( ) J;[l p( 7p )
)\2z, x )\2,2
— - — exp(——=% — A4z, )
A2z, T + Az, pYP p( AP 4 ,u)
and
o A
Fr@)= ] (1-exp(-Z2a)
v=K+1 TP
)\2z )\2z,
il exp(— 2225 — Ay, ).(5)
A2z, T + Az, HYP p( Ap 2.1)

In addition, we can formulate the CDF of Wy, as follows

Fu,, (z Z D Pr(Wy, <z, Y1 < Uy <Y3) (6)
c=1 W, ,Ws

which is equivalent to the following expression
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Based on (7), the corresponding PDF is given by
f‘llzjc (.CE) = 8F\P2jc (I) /aJC (3
which is evaluated as
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Substituting (5) into (9), the PDF of Wy;_ is given as in (10)
(see the top of next page).

X exp(—%x - /\4jcﬂ) (1
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B. Exact Outage Probability of Non-homogeneous Networks

We assume that the relay R; (the destination D) can decode
the signal successfully if the instantaneous SNR of the S —
R; (R; — D) link exceeds a threshold ~;,. Therefore, the
outage probability of the proposed protocol can be calculated
as follows

Pout :PI‘(N < K)—FPI‘(\I/QJ‘C < ’YthyN > K)

out
Pl

(1)

out
P2

where PPU represents case C; where the system cannot
choose any relays to forward the source’s signal to the
destination, while P2Out represents case Co where the system
can choose the K'th-best relay for the cooperation but the
transmission between the selected relay and the destination
is in outage. Considering the outage probability PYU, we can
formulate it as

PPt =Y Pr(Wyy, > s

Q1,Q2
N<K

Uiin = Yeh,

\Ijle+1 < Ythy oo \Ille < ’Yth) (12)

which can be rewritten by (13) at the top of next page where,
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With some manipulations, we can readily obtain V; and V5

N
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Having expanded [] (1 —exp(—A1j,prz)) by the bino-
t=N+1

mial identity, we have the following expression for V5
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Collecting (14) and (16), the closed-form expression of the
exact outage probability (13) is given by

N
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Note that in the derivation of (17), we used ppé*yth /7p and

7)

Plé%h/ (17p). Next, we calculate the term P9t in (11). We
first rewrite it as follows

Z Pr(¥i5, > ven, -

Q1,Q2
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W < M) Fuy,. (in)- (18)

With the same manner as in the derivation of (17), and using
(7), we can obtain the closed-form expression of PSU' as in
(19) at the top of next page.



PPU'= 3" Pr(vs < i Vij Z PPy Vi Z PPy Vijnsr < PPy oo Vijns < PP)

Q1,Q2
N<K

+Pr(vs > 1 Vijs = P13, o Vijn = PIV3 Vijnas < PIV3s -oos Vijnr < PIV3)
A
=) n+W), (13)

Q1,Q2
N<K

N M
ot — Z (1 — exp(—Asp)) Hexp(—)\ljt ’;t—;) H (1 — exp(—Ayj, %—h))+

Q1.Q2 =1 t=N+1 P
N>K
A3y S
3UYP th
~ eXp(—Asu—ZA1jt%)+
AspAYP + D A1), Veh =1
=1

N v
(—=1)"A3pyp exp (_/\S,U - (Zl Atj, + ZZ Aljz)%h/’VP)
= -1

Y oy vy

N v
v=1 jiyeju=N+1 e=1 Wi, W, AspAp + (3 Ay, + 20 Aty ) en
7J1<...<Jo t=1 =1 :

/ e [ A2j. exp(— A2j y) + Aajo Mj 7P eXD(—Noj y /TP = Aajopt)?
0 Ap vp (A2iy + A 17p)

A2j. Azj.yexp (—A2;,.y/7p — A4;;#)} Iﬁl {exp(_ A2z, y) - Aoz, y exp(—Aaz, y/7P — Mz, M)}

yp A25.Y + Ay, pyp vt Ap Aot + Mo P
N
A )\ _)\ z Yp — )\
H {1 . exp( 22, y) n 22,9 exp (— A2 ,,y/’YP_ 421,/-//)i| dy. 19
=K +1 P A2z, Y + Aaz, HYP

C. Exact Outage Probability of Homogeneous Networks Similar to the derivation of PP"* in non-homogeneous net-

H,out
works, P, %"

can be obtained as
K—

1

In these networks, we assume that Aj; = A1, Ao; = Ao, and pHout _ Z l( ) (1 — exp(=Agp)) exp( - 1’Yth>

Ag; = Mg for all 7, so that (13) can be rewritten as follows

where
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and
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P

In these networks, by using the K-th best order statistics,
Pr(¥s;, < yn) is given by

M—-N K
) Fao =3, ) (P (e
(1 — Uy, Fu,., (x))"". (23)

By using the results obtained in (4) and (23), we can express
PH " by (24) which is given at the top of next page. Flnally,
by adding either PPt and Pg"t or P/ and Py,

“+o0
VZH _ / [)\3 exp(—A3z) exp(—N A przx) obtain a closed-form expression for the outage probab111ty
w

To see an asymptotic outage diversity gain, we will make an
x(1 —exp (=X prz))M—N |dz.  (21) asymptotic outage probability analysis next.
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D. Asymptotic Outage Probability

We shall derive the expressions of Py, in the high pp re-
gion. By choosing only first two terms of Maclaurin expansion
series for g(z) a function of x, we have g(z)“2%¢(0) +

(% \mzo) x. Applying this result for exp(—z), we obtain
exp(—2) 21—z and 1—exp(—x) “ 1. Thus, at a very high
~p value, i.e., yp — 400 (or pp — 0), we can, respectively,
obtain asymptotic (25) and (26) from (14) and (15) as follows

pp—0
Vi (1 - exp (—Asp)) ( I1 Alﬁ> pH=N - (25)
t=N+1
and
PPHO M=N
Vy '~ H A, (—)
t=N+1
+oo
x/ oMN exp (=A\3x)da
w
M pp \ MY
:< 11 Aljt> (M—N +1, A3M)<)\ ) (26)
t=N+1 3K

where I'(a,z) = f;oo 2% Lexp (—x) dz denotes the incom-
plete gamma function [11].

Similarly, an asymptotic CDF of Wo; is given by

)\27; exp(—)\4z-u)) i (27)

pp—0
F‘I’zz(x) ~ ()\2¢+ At ~p

which results in the asymptotic PDF of Wy; in the following
form:
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Now using Eqgs. (27) and (28), we can first obtain
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Theorem 1: Using Egs. (25) and (26), and (30), asymptotic
outage probabilities for non-homogeneous and homogeneous
networks are, respectively, given by
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M
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+T(M = N +1,23) (A /Aap)™ ).
From (31), we can see that the outage diversity gain is G4 =
M-K+1.

Proof: A proof of this theorem is provided in Appendix
A. ]
Note that from Theorem 1, Gy is in the range of [1, M].



E. Ergodic Channel Capacity

The channel capacity of the proposed protocol can t
expressed as

0, if N <K,
%logz(l—kkllzjc)7 it N> K.
From (32), the average channel capacity can be formulated ¢

1
Cavg = 5 Z Pr(Wij, > Yo, o Y1jy > Vih,s

Q1,Q2
N>K

C(Vyy.) = 3

\I/le+1 <7th7"'7\Ille < 'Yth)
X / logy (1 + ) f,,, (v)dx. @3
0

Combining results obtained in (10) and (19), the exact expre
sion of (33) is given by (34) (see the top of next page).

I'V. NUMERICAL RESULTS

In this section, we present various Monte Carlo simula-
tions to verify the theoretical results derived above. In two-
dimensional network, we assume that the co-ordinates of the
source, the destination, the relay and the primary user are (0,0),
(1,0), (;,0), and (xp,yp), respectively. Hence, the distanc
are calculated as dy; = z;, do; = 1 — @y, d3 = \J/2d +y;

and dy; = 4/ (z; — xP)2 +y2. In all of the simulations, w
assume the path-loss exponential S equals 3, the threshold -,
equals 1 and the ratio p between I;; and Py, equals 1.

In Fig.1, we present the outage probability as a function of ¥
in dB. In this simulation, the number of relays M equals t
3, the co-ordinates xR, of relays are 0.3, 0.4, and 0.5, and tt
positions of the primary user are (0.4, 0.4). As expected, tt
outage probability is best when the best relay is chosen (K=
and that is worst once the worst relay is selected (K=3).

In Fig. 2, we present the outage probability as a function «
~p in dB in the i.i.d network with g, = 0.5, zp = yp = 0..
and K = 2. It can be observed that the outage performanc
is better when increasing the number of relays M. Figure
presents the average capacity as a function of 4p in dB. ]
this figure, the parameters are fixed as follows: y =1, M =
and zg, € {0.4, 0.6}. It can be seen that the average capacii
increases when the better relay is chosen or the primary user
is further the secondary network. From Figs. 1-3, we can see
that the simulation results match very well with the theortical
results. In addition, it is also seen that the diversity order
obtained equals to M — K + 1.

V. CONCLUSIONS

In this paper, we considered the N-th best reactive DF
relay selection for CR to enhance the performance of licensed
user under a stringent constraint from licensed networks.
In particular, the exact expressions for outage probability
and ergodic capacity have been derived over i.n.i.d. fading
channels, which enable us to evaluate the impact of using
reactive DF relays in improving the CR networks performance.
The asymptotic outage probability has been also obtained
to reveal two important high SNR performance metrics, i.e.,
diversity and coding gains. Finally, the numerical results have
been provided to illustrate the correctness of our analysis.
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APPENDIX A: A DETAILED DERIVATION OF (31)

Using Egs. (25), (26), and (30), the corresponding asymp-
totic outage probability of (17) is given by

M
Poutppjo Ars ( )M—K+1
1 ~ 1j:\PP
Q1,Q2 t=K
N<K

I'M — K+ 2, sp)
(/\3M)M7KH

x (1 — exp(—Asp) + ) (A1)
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Fig. 3.  The average capacity as a function of 4p in dB when zRr, €
{0.4, 0.6}, and M = 2.

Using again Egs. (A.1) and (30) for (19), we get (A.2) as

M
~ pp—0
o | Y
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Thus, combining (A.1) and (A.2), we can obtain ]30ut. Simi-
larly, an asymptotic expression for Py ot in the homogeneous
networks can be readily computed as Py oyt in (31).

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES

A. Ghasemi and E. S. Sousa, “Fundamental limits of spectrum-sharing
in fading environments,” IEEE Trans. Wireless Commun., vol. 6, no. 2,
pp. 649-658, Feb. 2007.

A. Bletsas, H. Shin, and M. Z. Win, “Cooperative communications with
outage-optimal opportunistic relaying,” IEEE Trans. Wireless Commun.,
vol. 6, no. 9, pp. 3450-3460, Sep. 2007.

H. A. Suraweera, P. J. Smith, and M. Shafi, “Capacity limits and perfor-
mance analysis of cognitive radio with imperfect channel knowledge,”
IEEE Trans. Veh. Technol., vol. 59, no. 4, pp. 1811-1822, 2010.

V. N. Q. Bao, T. Q. Duong, D. B. da Costa, G. C. Alexandropoulos,
and A. Nallanathan, “Cognitive amplify-and-forward relaying with best
relay selection in non-identical rayleigh fading,” IEEE Commun. Lett.,
vol. 17, no. 3, pp. 475-478, Mar. 2013.

S. Sagong, J. Lee, and D. Hong, “Capacity of reactive DF scheme
in cognitive relay networks,” IEEE Trans. Wireless Commun., vol. 10,
no. 10, pp. 1536-1276, Oct. 2011.

X. Zhang, Z. Yan, Y. Gao, and W. Wang, “On the study of outage
performance for cognitive relay networks (CRN) with the Nth best-relay
selection in Rayleigh-fading channels,” IEEE Wireless Commun. Lett.,
vol. 2, no. 1, pp. 110-113, Feb. 2013.

T. Q. Duong, D. B. da Costa, M. Elkashlan, and V. N. Q. Bao, “Cognitive
amplify-and-forward relay networks over Nakagami-m fading,” IEEE
Trans. Veh. Technol., vol. 61, no. 5, pp. 2368-2374, May 2012.

K. J. Kim, T. Q. Duong, and X.-N. Tran, “Performance analysis of
cognitive spectrum-sharing single-carrier systems with relay selection,”
IEEE Trans. Signal Process., vol. 60, no. 12, pp. 6435-6449, Dec. 2012.
J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

J. Lee, H. Wang, J. G. Andrews, and D. Hong, “Outage probability
of cognitive relay networks with interference constraints,” IEEE Trans.
Wireless Commun., vol. 10, no. 2, pp. 390-395, Feb. 2011.

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products, 6th ed. San Diego, CA: Academic, 2000.



	Title Page
	Title Page
	page 2


	Interference Investigation for Cognitive Spectrum Sharing Networks with Reactive DF Relay Selection
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7


