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Abstract—In this paper, we consider a cognitive two-way relay
system with multiple relay nodes and multiple primary receivers
over Nakagami-m fading channels. Relay nodes process signal
following selective decode-and-forward (DF) relay technique. The
opportunistic relay selection is used to choose the best relay. We
derive the exact closed-form expression of the overall outage
probability over Nakagami-m fading channels. These analytical
results are exactly verified by Monte-Carlo simulation.

Index Terms—Two-way relaying, cognitive radio, multiple
receivers, decode-and-forward, Nakagami-m fading.

I. INTRODUCTION

Cognitive radio technique has emerged as a promising
solution in order to increase in system spectral efficiency [1].
In cognitive radio systems, secondary users (SUs) are allowed
to operate on the radio frequency spectrum that have been
licensed for primary users (PUs) as long as the communication
of primary networks are protected [2]. To avoid any interfer-
ence to primary networks, the transmit power of secondary
transmitters is usually limited resulting the secondary network
coverage relatively small. To increase the network coverage of
secondary networks, relaying and cooperative communications
are efficient solutions [2], [3].

To further improve the system spectral efficiency, two way
relaying has been considered for cognitive radio networks [4]—
[10]. In particular, Boris el. al. in [4] proposed two half-
duplex relaying protocols where a bidirectional connection
between two wireless terminals is established using one half-
duplex AF or DF relay that is able to mitigate the loss
in spectral efficiency due to the half-duplex operation of
the relays. Duy et. al. in [5] derived an exact formula of
outage probability for opportunity node selection DF two-
way relay communication systems. Paper [6] solved the best
relay node selection problem and simultaneously allocated
optimal power among secondary nodes. In [7], the authors
analyzed the performance of opportunity node selection two-
way relay communication systems having a primary receiver
and derived an exact expression of system outage probability
and average bit error rate probability over Rayleigh fading
channels. Considering primary transmitter effect on secondary
system in two-way relay network, Zhang et. al. [8] derived the
exact outage probability of the best relay node selection two-
way secondary communication systems. Considering two-way
relay systems having many primary transmitters and receivers,
in [9] and [10], the authors analyzed the performance of the
opportunity the best relay node selection AF (amplify-and-
forward) and DF two-way relay communication systems on
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Rayleigh fading channel. However, it is assumed in [9], [10]
that the number of relay nodes should be greater than the
number of primary receivers making the results inapplicable
for the case of arbitrary number of relay nodes and primary
receivers.

In this paper, we study the outage probability of secondary
two way relaying networks with multiple relays and multiple
primary receivers . We also propose a new derivation approach,
which is valid for all cases of the number of secondary
relays and the number of primary receivers. Different with
all of the above-mentioned papers, the channel model under
consideration is Nakagami-m fading channels, which is well
known as a versatile statistical distribution used to model
a variety of fading environments covering Rayleigh fading
channels as a special case.

The rest of this paper is organized as follows. In Section II,
we introduce the system and channel model used in this paper.
Section III presents the detailed derivations of the outage
probability. Section IV will give the numerical results used
to examine the effects of the system and channel parameters,
followed by some conclusions in Section V.

II. SYSTEM MODEL
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Fig. 1. A cognitive two-way relay network with multiple primary receivers.

In the considered cognitive two-way relaying network, two
secondary sources are denoted as A and B, respectively. N
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secondary relays are denoted as R; with7 =1,2,..., N coex-
isting with a primary transmitter, denoted as PU — Tx, and L
primary receivers, denoted as PU — Rx; with k = 1,2, ..., L.
These mentioned nodes are illustrated in Fig. 1. In this model,
we assume that there is no direct link between node A and
node B due to the severe shadowing and channel pathloss.
Each node is equipped with single antenna and is assumed to
operate in a half-duplex mode.

Assuming that the channels amplitudes are flat-fading
Nakagami-m distributed, the fading channel gain, i.e., |hxy|2
with hxy representing the channel coefficient of the X — Y
link with X € {A,B,R;} and Y € {A,B,R;, P}, is arandom
variable having gamma distribution with parameters myy and
Qxvy. As a result, the cumulative distribution function (CDF)
and probability density function (PDF) of |hxy|® is can be
written respectively as

I’ (mxy, axyz)

F|hXY|2(Z) =1- T (mXY) (1)
it () = ey 20T @)

Each transmission period between node A and node B is
divided in three phases, where the transmit powers of all
secondary transmitters are properly adjusted, i.e., below the
peak interference constraint at primary receivers denoted as
I,,, to protect the communication of the primary network.
Considering the maximum power of secondary transmitters
(Prm), the transmit power of node A, node B and relay R; are
respectively given as

. ~ I
PA = min Pma E ) (3)
max |hap,|
k=1,2,...,.L
. =~ Tp
max
k=1,2,..., BP
. = Ip
PRi, = min Pm; |h |2 &)
max .
k=1,2,....L RiP

In the first phase, node A transmits its data to all relay
nodes. Then, node B broadcasts its data to relay nodes in the
second phase. The instantaneous signal-to-noise ratios (SNR)
received at the ith relay node in the first and second phase are
respectively written as

. I
Yar, = |har, | min | Py, L 5], ©®
max  |hap,|
k=1,2,...,L
2 . Ip
YBR; = |hBRr,|” min [ Py, |- D
max |hpp, |
k=1,2,...,.L

where P,, = P,./No, I, = I,/Ny and the additive white
Gaussian noise at secondary receivers have the common dis-
tribution CA (0, Ny) (circularly symmetric complex Gaussian
variables with zero mean and variance Np).

At the end of the second phase, all relays will decode the
received signals from A and B using selective decode-and-
forward. Denoting Ra and Rp as the set of successfully
decoding relays from A and B, respectively, we can write the
set of relays both successfully decoding relays from A and B
as R = Ra NRp.

In the third phase, only the best relay among R will
broadcast the encoded signal towards A and B. Denoting R;-
as the selected relay, we have [8]:

i* =arg max g,, (8)
i=1,2,...,n

.....

where n is the cardinality of R, i.e., n = |R| and

YR, = Min (Yr;A, YRB) - 9)

In (9), Yr,A and ~yg,p are of the form as follows:

(10)

TR;A — |hR,;A|2 min | Py, R

Ip

2
7m2ax I |hRiPk |

(1)

YR, = |hr,s|° min | P,

Making use the fact that g, are independent each other, we
can write yR,. as

R, = MAX .. (12)

i=1,...,

III. PERFORMANCE ANALYSIS

In this section, we will derive the closed-form expression for
the system outage probability over Nakagami-m fading chan-
nels. Recalling that the number of successful decoding nodes
in the first phase is a discrete random number, the probability

of the event |Ra| = na with ny € {0,1,2,...,N} is as
follows:
PI‘(|RA‘ = nA) (13)

N
= Pr| n 2> » N ; <
<nA> ! |:€RA (Yars 27tn) i¢RA (v, <)

?

All related channels are assumed to be independent, then

Pr(‘RAl = nA) (14)
N . L
:<n A) (1= P, (ven)] ™ [Fyam, ()] ™,

where 1, is the outage SNR threshold and F,,, (v) denotes
the CDF of 7R, . '

Similar to the first phase, we have Pr(|Rg| = np) for the
second phase as

Pr(|RB| :TLB)
MYPr| 0 Gmrzam)s 0 (e <)
= T . .
ng ieRe TBR; Z Vth ’ieRB TBR; < TVth
N N
= (nB) [1 - F’YBRi ('Yth)] " [F’YBRi (’Yth)] "

5)
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At the end of the second phase, the selected relay is chosen
from the intersection of two sets R and Ry, i.e., R = RaN
R a, contains all of relays that are success in decoding in the
first and the second phase. Then, we have n < nuy, n < np
and n = |R|. For ease of presentation and with no loss of
generality, it is assumed that

Ra ={Ri.Ro,...,Ru,Rus1s. s Ruses ) (16)
7?’B = {R17R2) .. -7Rn7Rn+tA+17 s >Rn+tA+tB}7 (17)
R ={R1,Ro,..., Ry}, (18)

where 0 <tp < N—nand 0 <tg < N —n —ta.

For the given combination of (n,ta,ts), we shall have
(]Z ) (NtA”) (N T *4) instances having n relay nodes decoding
successfully both from node A and node B with ta nodes
only decoding from node A successfully and ¢g nodes only
decoding from node B successfully. Based on the theorem of

total probability, we have

N
OP = > Pr(|R| =n)Pr(yr,. < ym)-
n=0

19)

The following theorem will provide the closed-form expres-
sion of OP.

Theorem 1: Over Nakagami-m fading channels, the system
outage probability is expressed under a closed-form expression

as
N N—-n N—n—ta
—n\ [N —n—tx
OP =
13) S5 S ) [ QNS [ QR
n=0tr=0 tp=0
n+t N—n—t
X [1 - F’YAR,i ('Yth)} " I:F'YAR,i (Vth)] B
n+tp N—n—tpg
X [1 - F’YBRi (7th)} [F'YBRi (Vth)]
X [For, ()] (20)
where Fy, . (7), Fopr, (7). and F, (1) are given as (21),
(22), and (23) shown at the top of the next page.

Proof: To obtain OP, we need to calculate F, (Ven)»
Flor, (vn), and Foyp (o). We first consider F, . (7), which
can be written as

Fyin, (0) = Pr(yar, <7)
2 . Ip

=Pr|har,| min | Pp,, 5 | <7, (24)

max jlhAPk‘

k=1,2,...,

For notational simplicity, we introduce X,; = ; 2, Xia =
2 X, = max |hap \2 Xip = max |hg,p |2
P k=1,2,...,L LR o SV ZL A

€= é%, the CDF of yaR, can be rewritten as

F’YAR,; (’Y) =Pr (Xai < ,Plv KXok < 5)

X,
1 Pr (Xai < IRak x> s> .25
p

It is noted that X, is the maximum of L i.i.d. gamma random
variables. The following corollary will be useful in deriving
the CDF and PDF of yaR;.

Corollary 1: Let Z be the maximum of L i.i.d. gamma
random variables Z;, (i =1,2,...,L) with parameters m,

and «,. The CDF and PDF of the random variable Z are
respectively given by

u!
Z Wl L)

l
102,50, >0 ma
Lidlo++lm, =u

—1 W lw+1
« I —
H z lee ozzuz7

(26)
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Z Lt L !
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w!

(1) = Fren and 0 < k <,

w=0
Proof: See [11]. O
From (24) and utilizing Corollary 1, we have
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Using [12, Eq. (8.352.2)] to expand the incomplete Gamma
function as a finite sum, the integral in (29) is computed as
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where lor, = > Wily, 41

wi1=0

With the help of [12, eq. 3.351.2!!] and making use the fact
that yar, and ygR, take the same form, the CDF of yagr, and
vBR, are derived as (21) and (22), respectively, shown at the
top of the next page, where X, = _max

|hBPk| Joe =
mpk—1 o

Z W2[W2+1'

wo=0
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Having F,,, (7) and F.. (7) at hands, we are now in a leading to (32) being of the form as
position to derive the CDF of Tr; () = min(yr, A, Yr,;B). It
is noted that v, and R, are correlated due to the common
random variable X;,. Using the conditional probability, we can
. €
write the CDF of R, as follows:
F'YR,i (7) :/FVR,- (7| Xip)inp (xip) dxip
o0 0
/F’YRl 7| sz lep (xlp) dx;p. (31) I
0 (oo}
4 [ B, Gl X, ). 69

where F,;. (7| Xip) is given by

Fo (1 Xip)=1=Pr(wr,a > 7 Xip) Pr (r:B > 7| Xip)

=1- [1 F’YR A (’V|X2p)} []- F’YR B (’7|XZ:D)] :
(32)
From (10) and (11), we easily find out
ol
Xiu P—) , for X, <e
Fo . (7] X)) = m (33)
'YRlA( | Xip) Fx., %Xip) for X, > ¢
and
Fx, (p-), for X <e
F’YRiB (’7‘ Xip) = ' ’Ym (34)
Fx,, KX ) , for X3, > ¢

€

I

To obtain Fl, (fy) we need to derive I; and Ip. We first
consider I, which is computed as

I, =

(A ES) | PES) Pt

= fX'ip (xip) dxip (36)

/
/

_ I'(mia; @iay/Pm) T (Miv, ivy/Prm) [1 B

I (map, Oéipf):| r
T (Mia) I (may)

T (map)

144



2016 International Conference on Advanced Technologies for Communications (ATC)

For I,, we have
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Wa=0 W33! T (mlp)
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where lip = Z W31W3+1
W3:O

€
Observing I; and I, we note that [ fx, (zip)dxi, +
0

J fx., (xip) dxy, = 1. In addition, using the identity [12,

Eq. (8.352.2)] for the second integral in (37), after tedious
manipulations, we obtain the closed form expression for
F.. (v) as in (23), which also completes the proof. O

MR;

IV. NUMERICAL RESULTS

The purpose of this section is to verify the proposed deriva-
tion approach and to study the performance of the system
under consideration. For the network model, it is assumed that
all nodes are located on a 2D plane and the distance between
the two source terminals are normalized by one. Without loss
of generality, we set coordinates of all nodes as follows:
A(0,0), B(1,0), PU — Rx(0.5,1), and R;(0.5,0) Vi. Taking
into account the channel path loss, we adopt axy = d;(j,
where dxy is the physical distance between node X and Y
and 7 is the path loss exponent. For illustrative purpose, we
set n =3 and y, = 1.

Fig. 2 presents the secondary system outage probability in
three different cases with P,,, = 10 dB, i.e., Case 1: N = L =
1, mijg = Lmg, = 2, myp = 1,mgp = 3, mp, = 1; Case 2:
N:LZQ, mia=2, mib:2,mip:2, map:2,mbp:
1;and Case 3: N = L = 3, mj, = Lmy = 3, myy, =
1,mq, = 2, my, = 3. It can be seen that the analysis results
are in excellent agreement with the simulation results confirm
the correctness of the derivation approach. Among three cases,
Case 2 outperforms Case 3, which, in turns, outperforms Case
1, showing that the system outage probability depends not only
the number of secondary relays but also the number of primary
receivers.

In Fig. 3, we study the effect of number of relays on the
system performance by plotting the system outage probability
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Fig. 2. System outage probability versus Ip,.
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Fig. 3. Effect of the number of relay nodes on the system outage performance.

as a function of I;,. We fix the channel and network parameters,
e, L =3, mig=1,mp =2, myp =1, mgp = 3, mpp = 1,
P.n=10 dB while varying the number of relays from 1 to 3, i.e.,
N =1 — 3. It can be seen that increasing the number relays
will improve the system outage probability significantly. In
addition, there exists the irreducible outage probability at high
regime of I, due to the constraint of 7,,. As one would expect,
the irreducible outage probability becomes smaller since the
number relays increases.

In Fig. 4, the effect of P,, is investigated by increasing
Py, from 5 dB to 10 dB. We consider two cases of network
models including N = L = 2 and N = L = 3. As
expected, we can see that increasing P,, will make the
system outage probability floor smaller. Stated another way,
the system outage probability just depend on the P,, at high
regimes of I,. This observation is also repeated in Fig. 5,
where we plot the system outage probability versus I, by
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Fig. 5. Effect of the number of primary receiver on the system outage
probability.

varying L and fixing . Fig. 5 shows that for a fixed number
of L, diminishing gain is obtained as the number of relays
increases. Also, we can see that the system outage probability
does not depend on the number of relays at high SNRs.

V. CONCLUSION

In this paper, we have studied the outage performance of
cognitive two-way DF relay network with multiple primary
receivers and multiple relay nodes over Nakagami-m channels
is investigated. The obtained results consider the results in [10]
as a special case. Numerical results showed that the system
outage probability of secondary networks depends not only
on the number of relays but also on the number of primary
receivers and the maximum transmit power at secondary
transmitters.
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