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Abstract— In spectrum sharing systems, a secondary user (SU)
is permitted to share frequency bands with primary user (PU) as
long as its transmission does not interfere with the PU’s
communication. In this paper, the outage probability is
investigated for the physical-layer network coding (PNC) based
cognitive two-way relay network over Nakagami-m fading
channel. By applying the interference temperature (IT)
constraints at the transceiver nodes and relay nodes in
secondary systems, we analyze the outage performance in

underlay spectrum sharing with the best relay selection criterion.

The cumulative distribution function (CDF) of the signal to
noise ratio (SNR) for each link is derived to obtain the tight
upper bound on the outage probability of the secondary relay
system. Simulations results demonstrate the validity and
accuracy of the theoretical analysis.

Index Terms—Cognitive two-way relay network, physical layer
network coding, outage probability, Nakagami-m fading
channel.

I.  INTRODUCTION

In cognitive radio network, unlicensed users
(secondary users) are permitted to use the licensed band
so long as they protect the data transmission of the
licensed user (primary user) using spectrum underlay,
overlay and interweave approaches [1]. Recently,
underlay spectrum-sharing protocols have drawn
increasing interest[2], [3]. The underlay paradigm allows
cognitive (secondary) users to utilize the licensed
spectrum if the interference caused to primary users is
below a given interference threshold. Owing to the
constraint on the transmit power, the performance of
cognitive underlay protocols is severely degraded in
fading environments.

One efficient method to improve the performance of
the secondary network is to use cooperative
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communication with multiple relays [4]-[6]. As we know,
cooperative  communication is able to improve the
channel capacity and achieve higher diversity gains in
fading environments. Besides, owning to the diversity
techniques, the cooperative cognitive relay is able to
mitigate the signal fading arising from multipath
propagation and improve the outage performance of
wireless networks.

Due to bidirectional nature of communication
networks, a promising relay technique, two-way relaying,
has attracted much attention. Two-way relaying has
higher spectral efficiency than the traditional one-way
relaying. It is thus natural to incorporate two-way
relaying into cognitive networks to further enhance the
spectrum utilization [7]-[9]. Authors in [7], [8] introduced
analog network coding into the cognitive relay network
where two secondary user (SU) transceivers exchange
their information with the assistance of a relay under IT
constraint. The physical-layer network coding (PNC)
based cognitive two-way relay network (CTRN) is
discussed in [9] where two secondary transceiver nodes
who are located on two different primary user (PU)
coverage areas, exchange their information with the
assistance of a relay in underlay spectrum sharing
environment.

As we all know, the outage probability is an important
performance indicator for cognitive relay systems.
However, previous works mainly focus on the traditional
one way relaying [10]-[12], there are few works on the
outage performance of cognitive two-way relay network.
As an initial attempt to this work, the authors in [13]
analyzed the outage performance of a cognitive two-way
relaying system under opportunistic relay selection
strategy over flat and block Rayleigh fading channels.
Though the two-way relaying scheme was proposed for
three time slots, it had verified the two-way relaying
scheme has better outage performance than one way
relaying. In this paper, we build upon the work of [9] and
analyze the outage performance for the PNC based
CTRN with IT constraint to PUs. Meanwhile, in order to
give an explicit relation between the practical channel
fading and the outage probability of cognitive relay



Journal of Communications Vol. 8, No. 7, July 2013

network, the outage performance under Nakagami-m
fading channels is analyzed, since this channel model has
been extensively studied in various wireless
communication systems and can capture the physical
channel phenomena more accurately than Rayleigh and
Rician models. Eventually, we derive the tight upper
bound on the outage probability of the PNC based CTRN
and then investigate the impact of various key system
parameters, such as interference temperature and channel
fading severity on the outage probability of the system.

The rest of this paper is organized as follows. In
Section II, the system model is described. In Section IlI,
the outage probability of the spectrum sharing relay
system over the Nakagami-m channel is mathematically
analyzed. Simulation results are provided in Section 1V
and conclusions are offered in Section V.

Il. SYSTEM MODEL

Fig. 1 presents the system model for the PNC based
cognitive two-way relaying under interference constraint.
In this figure, there are two secondary sources S1 and S2
attempting to transmit their packet to each other. We
assume that there is no direct link between the sources
and hence the data transmission between these sources is
realized with the help of M potential relays. It is assumed
that each node is equipped with a single antenna and
operates in half-duplex mode. For ease of analysis, we
assume the distances between each source and all relays
are same.

PU coverage
areas A

PU coverage
areas B

. Primary User
A Secondary
transceiver
A Secondary
Relay
,,,,,,,,, Interference
Channel

Transmission
Channel

Relay L

Figure 1. System model for PNC based cognitive two-way relay
networks

As shown in Fig. 1, two PU coverage areas are
considered, users in coverage areas use orthogonal
frequency sets I, and I,. Assuming that m and n are the
most affected PUs due to SU communication. The SU
employ PNC based cognitive two way relaying as [9].
The transmission protocol consists of two orthogonal
time slots. During the first timeslot, we consider the
following. S1 transmits signal to the relay with the
frequency set I, , S2 transmits signal to the relay with

the frequency set I, . During the second timeslot, the

relay firstly converts the received signal to a PNC
modulated signal, then uses both 1, and 1, spectrum sets
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to transmit the PNC-modulated signal to S1 and S2
separately. The whole process has been discussed

detailedly in [9]. The mutual information I/, 17N and

| PNC
sum

are given as [14]:
.1 1

17N = mln{z log, (1+;/1‘i),5|092(1+ 7i,z)} @)
.1 1

TN = mln{E log, (1+72,i)’§|092 (1+7iv1)} @)

| PNC

1
sum :Elogz (1+71,i +7/2,i) (3)
where y,;, 7,; are SNR from S1 at the tth relay, SNR
from S2 at the ith relay. »,,,7, are SNR from tth
relay at the S1, SNR from tth relay at the S2. Constant
value 1/2 denotes the information exchange takes two

time-slots. To protect PNC’s transmission, the following
inequalities should be satisfied [9]:

Vai Vs (4)

Assuming all the channels are reciprocal, as shown in
Fig. 1, we define g;, f; as the channel between S1 and tth

relay, the channel between S2 and tth relay respectively.
Then the inequalities in (4) can be rewritten as

NisViz

Rilail < Pril il Pylfif < Pri al ©®

where P,;; P,; and P,; are the transmit powers of S1;

S2 and relay node when tth relay is selected. And during
the two timeslots, the system should fulfill the following
IT constraints to provide stable PU communication [9]:

2 2
Riltn| <@ Piaf<Q  ®

AN N.f<Q

< n> I:)r,i

where Q,, and Q, are the IT threshold of primary user m
and primary user n respectively. |th| and |h2,m| denote
the channel coefficients of the S1—n linkand S2 —>m
link respectively. |hy hr‘,m| are the channel

coefficients of the ith relay — n link and ith relay —m
link respectively. It is assumed that all channels are
independent but not necessarily identically distributed.

and

P, =Pr (/"¢ <% or 1N <% or 12V <R,)

sum

—Pr (71' c<2™ dory,, <2" 1 ®)
2
or (7/1, e +720)<2 o _1)

Similar to [14], Eq. (15)], we set the target data rate for
each end-source as R, /2 assuming the target data rate

for the whole network is R, . The system is in outage
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when the rate falls out of the capacity region. Therefore,
the outage probability for PNC based cognitive relay
system is given by

I1l.  OUTAGE ANALYSIS

Here, we investigate the outage probability of the
previously described cognitive relay system. We define
the relaying set R(n) to be the set of successful potential

relays which correctly decode the message from the
transceivers. The ith relay selected into R(n) needs to

satisfy (1/2)log, @+ y,;) = R, and
(1/2)log,(1+y,;) = R, . Therefore, the probability that
the ith relay is selected into R(n) is given as

Pr(i e R(n)) = Pr(yy; 2 2% ~1)Pr(y,; > 2% -1)
= (1— F}/LI (2Rth _1))(1_ Fyzy, (2th _1)) C)]

where Fm , Fyz,i

Assuming y,;, 7,; are independent random variables,

are the CDF of y,;,7,; respectively.

we then have

Pr(R(s)) =

ieR(s)

ielFZES)l (

(1 F, (2% —1))(1—52" (2%% —1))><
F, (2% —1))(1— F, (2% —1))

The relay selection criterion is given as

(10)

d =arg max 72, +75,) (11)

where d is the “best” relay node. Consider the secondary
nodes use their maximum allowable power while
satisfying the interference temperature requirement
perceived at the PUs. Then based on (5), (6) and (7), the
transmit powers of S1, S2 and relay can be developed as
following

2
-l &l @
| o
. Q, P |gi |2
P,; =min R > (13)
[T
P, = min{ ) . ’2} (14)

Also we assume that the noise variance &° as 1
without loss of generality. Therefore, the received SNR at
ith relay can be obtained as

7/1,i:rnin Q”| 2| ’ r||f| (15)
2
V2 = min %!Pﬂl '|2 (16)
2,m
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For notational convenience, we define

b ’2}| £
Starting from (15) and knowing the independence of
random variables U, and V,, then the CDF of SNR y, ;
can be computed as
F,. (x)=Pr(min(U,,V,) <x)

=1-Pr(min(U.,V,) > x)

=1-PrU, > x,V, > X) ()]

~1-[(1- R, ) (1~ R, ()]

=F, () +F, () -F, (X)F, (X)

V, =min {Qn

Similarly, when we define

UZ = Qm | fi |2 |hZ,m|72

| Jlonf

the CDF of SNR y,; can be obtained as

1Xm

Vv, :min{ A

F}/z‘i (X) = FUz (X) + FV2 (X) - I:U2 (X) sz (X) (18)

According to (8) and (10), we know that there is only
one outage probability value for one given R(n). Thus,

the outage probability can be written in the form of the
total probability law as follows:

P =Pr{R(n)=g¢}x
R R Rn _
Pr{ or I, <—= orlsum<m_¢}+
Pr{R(n)}x (19)
ZPr{ Rz‘orI<R2‘horlsum< R‘“}

R(n)=¢
= pol + poZ

When R(n) is empty, there is no relay will be selected,
and the outage probability is p,, . When R(n) is not
empty, the outage probability is p,, . Then we have

sum

Pr{lf“c <%or N < R‘h or 15" <Ry, [R(N) =¢}:1 (20)

ﬂor IZPNC Rm or IPNC Ry, |R(n))

sum

Pr(I/™¢ <

Pr(y,g + 724 < ZZRm -1

= [T Pr(y,; +7, < 2% 1) (21)
ieR(n)

< T Pr(y, <2%% 1) Pr(y,; <2* -1)
ieR(n)

=[] F, (2% -1)F, (2°% -1
iell:([n) Y1,|( ) Vz‘u( )
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Then, we can get the closed form upper bound of total
outage probability within the spectrum sharing relay
system as

P =111, (2 ), (2% 1)+
(S <2Rm—1>><1—ez\.<z%—1>>x
I (oo (29, 09 e

(2 > (24

where Fn,i ), Fm (x) are given in (17) and (18).
R, 00, R (x), R, (x) and R, (x) are derived in
Appendix.

ig

ig (n

IV. NUMERICAL RESULTS

Based on the analysis above, the factors which affect

the outage performance are: a. interference temperature; b.

the quality of data and interference channels, i.e. the
fading exponent m in Nakagami-m channel model; c. the
number of SUs which can be relay. In this section,
Monte-Carlo simulations are implemented and the
impacts on outage performance from these factors are
also analyzed. We assume that the coordinates of S1, S2,
relay, mand n are (0, 0); (1, 0); (x1, 0); (0, y1) and (1,
y1) respectively, where 0<x1<1,yl>0. Therefore, the
relay position is measured as d, = x1

These simulations parameters are as follows: the
wireless channels are modeled as Nakagami-m channel,
and the fading exponents of interference channels are
respectively m,,,m, ,m . and m_ .The fading

rn
exponents of data channels are respectively m; and m, .

The threshold of interference temperature of PUs is set as
Q, =Q, =Q. The number of potential relay nodes is M.
The rate threshold of cognitive relay networks is set as
Ry =1bit/s/Hz . Further, we set Q, =Q, =Q, =Q,
=Q,,=Q, =1

Fig. 2 shows the impact of fading parameters on the
outage probability of the cognitive relay system with

interference  temperature  constraints.  We  set
ml,n = rnZ,m = ms,p’ M = 31 mr‘n = mr,m = mr‘p : The
simulation results validate the theoretical results.

Furthermore, the outage probability will decrease when
the interference temperatures Q increases. It can be seen
that the better the channel is , the better the outage

performance is. The interference channel will mainly
affect the interference to primary users from secondary

users. If the data channels are perfect, the better
interference channel can also improve the outage
performance.
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Figure 2. Impact of fading parameters on the outage probability of the
PNC based CTRN with interference temperature constraints.

Fig. 3 shows the impact on the outage performance
from the numbers of potential relay nodes. We set
m,, =m,, =1. Itisindicated that the outage probability
can be decreased by increasing M . Meanwhile, due to

the threshold of the interference temperature, the floor of
outage probability upper bound exists.
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Figure 3. Impact of numbers of potential relay on the outage
probability of the PNC based CTRN.
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Figure 4. Impact of the relay position on the outage probability of the
PNC based CTRN.

Fig. 4 shows the effect of the relay position on the
outage performance. We set Q=15dB, m, , =m, , =1.
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As we can see, if my =m, , the system has the optimal

outage performance when the relay is located at the
center of S1 and S2, whereas the optimal relay position is
inclined to near the transceiver node with bad channel
condition when mg =m, .

V. CONCLUSION

In this paper, the outage performance of PNC based
cognitive two-way relay network over the Nakagami-m
channel is investigated. The impact of fading exponent in
the wireless channel model on outage performance is
analyzed. Accordingly, the PDF and CDF of SNR are
derived at secondary receiver nodes over the Nakagami-
m channel, and the tight upper bound of outage
probability is obtained. The simulation results validate
the accuracy of theoretical analysis. Furthermore, the
interference temperature of PUs will affect the actual
transmission power, and it will cause the floor of outage
probability. Moreover, the better the channel is and the
more relay nodes are, the better the outage performance is.
As expected, the optimal relay position exits at the center
of two SU transceivers when the channel coefficients
from two SU transceivers to the relay are equal.
Therefore, the outage performance can be improved by
modifying the interference temperature of PUs and
optimizing the relay position for the cognitive network.

VI. APPENDIX

This appendix provides the derivation of cumulative
density function (CDF) of U1, V1, U2 and V2 in section
I11. We first present the probability density function (PDF)
and CDF of a gamma random variable g with

parameters m and Q as follows:

f,(x) = % X" e A (23)
r(m, Sx)
F ()= T(m) (24)

where f=(m/Q), and y(a,x) is the incomplete gamma
function [15], which is defined as

7n.x) = r(n)[l 5 J (25)

Note that U1:Qn|gi|2|hlyn|72 Wwhere |g;| and |th| are
independent but nonidentically distributed Nakagami-m
random variables with parameters my ,Q, and m,,, €, ,,
respectively. Then, the CDF of random variable U, is
given by

Qn |gi|2

&
R, (X)=Pr <X :jow fhl,n(y)IoQ" f, (z)dzdy

,n
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ﬁ n'r| e ﬂixy M *
= : Jo 7(mg, = )yﬁydy
I'(mg )I(m, ) Q,  ghn
_ —ﬂg,xy
By’ (ﬂg. ) yml’" '
fy @ ) dy
F(m D R 0 (Q.) 1! gl
|:jw mln -1 ﬁln :|_
F(m )
Bin" mgi_l(ﬂix) Iweilglxy An¥ m +|—1dy
r(m ) = (Q,)ir"
B met (Byx) Tlm, +i)
=T m :Fi (26)
r(m,) [ﬂx p] @
‘ — ) 0!
Qn 1n
Meanwhile, note that the variable
vV, =min{ X “Ih, .. _2} , where
.| .|| and |h,| are independent but nonidentically
distributed Nakagami-m random variables  with

parameters Mo Bn M B and m S

respectively. Then, the CDF of random variable V, is

given by
(-\)nlfil2 (-t)mlfil2
—h - <X

h
2 (?nlfil2 +
Y
2 Qm|fi|2
"X

r.n

? > max &
@

r,m

R, (x)=Pr min{

A
P{

h h

r.n r,m

h h

r,m r.n

. max(Q_m
Q,

. t t
=0 ( )Fh,,m[gijfi [Q—XJdt
+[7 f, (1) Fy. (tg j F, [é—xj dt
m, t m/Mr,m tXﬂ
r,a'”y(mr,m, QQ'B‘ jy[mf,, Qf'j @27)
=[" - "~ dt
k r(m,yn)r(mr,m)r(mfl )tl’"‘ﬂ"e/’mt
J1(x)
f&”y[mr,n,%m}[mf,,tgﬁ“ ]
o "‘ L

F(mr,m)r(mryn)r(mfi)t Mrin g/t

J2(x)
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Then, utilizing the expansion for an incomplete gamma
function defined in (25) , we can evaluate J1(x) as

mmtmrvn 71e7ﬁr,nt Mo
Jl(X) zj‘(;‘o ﬂr‘n _ ﬂr,n x
r(m ) r(m,,)
Qmﬂrm]
Mrm = m+i-1 | Pin* — I
HQuf) A g e 1e{ @ Jdt—
i=0 (Qn) i!

r(rﬁ,n) i ((Q )f")j!L’t Jle{ ]dH

o ety _1Mx

rm.,) i i Qi
—t(Qufr m+XBy +5r nQn)
I:e Qn tmr‘"ﬂﬂ_ldt
i .
ﬁmm Mrm -1 (Qmﬂr,m) l—‘(mr,n +|) _
F(m ) i=0

i Qmﬁrm oo
! 5
@i 5+ %2 |
M n -1

rn " (Xﬂfi )i l—‘(mr,n + J) .
F(mrvn) j=0 . : Men+]
(Q)’ J!(ﬂr,n + XQﬂ ' j

ﬁrm”‘ M -1My ~1 (Qmﬂr,m)i (Xﬂf, )j 1—‘(mr,n +i+ J)

rm.,) i io Qi [ﬁrn +Qmﬂrg+ XB; jm’“””

By the same way discussed above, the last term of (27) can
be derived as follows

(28)

JZ(X) =1- rmr'“’" Mt (Qnﬂf,n)i 1—‘(mr,m +|) _
r(mr,m) i=0 (Q )i I'[ﬁ . Qnﬂr,n er‘m”
m : r,m Qm
rr,n;rim mg, -1 ()(ﬂfi )J F(mr,m + ) . (29)

r o ) My m+J
M) 20y j!(ﬂr,m ; X(f" ]

o mamct (QuB,, ) (%6, ) T(m, +i+ )
r(m.,) i< jo L Qoo+ XB, M+t
)
|£[*|h,,,|* can be directly derived

Qi (ﬁr m

Note that U, =Q,

from the CDF of U, after substituting the respective
parameters by their counterparts (i.e.
Q= Qumy —>my M —m, Q> Q) >0y ).

Then , the CDF of random variable U, is given by

Mom  my -1

ot (Bx) T +i)
1—~ b ) L. +i

Ry, () =1- (30)
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consider that

2 hr_m|'2}, the CDF of V,

Similarly,

V, = min{

can be obtained from the cdf of V, by substituting the
following parameters (m; —my ,Q; —>Q ). Therefore,

we can obtain the CDF of random variable V, as
following

m tQ, txp
ﬂr,;'n }/(mr,m vim)}/(mg_ ' . )
FVz (X) = .[ooO Qn 1—rr|1 ?nt dt+
l“(mrvn )1"(mr‘m )F(mg_ )torretn
J3(x) (31)
m t txp3
B y(m, ., Qnﬁr’")y(mg_, )
[0 Q — Q4
" r(m_)r(m, )r(m, )t e
J4(x)

where J3(x),J4(x) can be easily obtained from
JI(x),J2(x) by substituting m;,Q, with m Qg
respectively.
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