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Abstract
Given imperfect channel state information (CSI) and considering the interference from the pri-

mary transmitter, an underlay cognitive multisource multidestination relay network is proposed. A

closed-form exact outage probability and asymptotic outage probability are derived for the secondary

system of the network. The results show that the outage probability is influenced by the source and

destination number, the CSI imperfection as well as the interference from the primary transmitter,

while the diversity order is independent of the CSI imperfection and the interference from the primary

transmitter, yet it is equal to the minimum of the source and destination number. Moreover, extensive

simulations are conducted with different system parameters to verify the theoretical analysis.

Key words: outage performance, cognitive network, channel state information ( CSI) , primary

transmitter

0 Introduction

As the demand for wireless services has grown ex-
ponentially over last two decades, the availability of
prime wireless spectrum has become severely limit-
ed""’. As a promising technology, cognitive radio
(CR) has emerged as the solution for the spectrum
scarcity in next generation wireless networks. There are
mainly three CR systems: i. e., underlay, overlay as
well as interweave. In the underlay CR system, the
secondary system can access the licensed spectrum al-
located to the primary system under the premise that
the interference from the secondary system to primary
system is below the interference temperature; in the
overlay system, CR utilizes complicated signal process-
ing techniques to maintain or improve performance of
the primary system and interweave refers to that CR ex-
ploits the spectrum holes ( unoccupied frequency
bands) opportunistically to communicate without dis-
rupting primary transmissions > .

Another promising technology in wireless networks
is cooperative relay, which creates a virtual antenna ar-
ray among cooperative nodes to combat multipath fa-

ding, and could be leveraged to achieve transmission
diversity in wireless communications'>). There are 2
main relaying protocols in cooperative relay systems,
namely, amplify-and-forward ( AF) and decode-and-
forward (DF). The AF relay amplifies received signals
and then forwards them to the destination, while the
DF relay decodes and re-encodes received signals be-
fore sending them to the destination.

Recall that in underlay CR networks, the second-
ary system is allowed to share the licensed spectrum of
the primary system as long as the induced interference
from the secondary system to the primary system is be-
low the interference temperature. That is to say, to
guarantee the quality of service (QoS) of the primary
system, the transmission power of the secondary system
should be confined strictly. In this case, however, the
performance of the secondary system cannot be guaran-
teed. The cognitive relay system, i. e., the combina-
tion of CR and cooperative relaying, has been proposed
as a candidate to improve the performance of the sec-
ondary system'*'. Ref. [5] studied the performance of
cognitive AF relay networks with a best relay selection
strategy. The outage performance of cognitive multi-
source relay network with direct link (DL) for AF was
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investigated in Ref. [6], and that of cognitive multire-
lay multidestination with DL for DF was studied in
Ref. [7]. However, the aforementioned work did not
explicitly take into account the interference from the
primary transmitter to secondary system, which has a
great impact on the performance of the secondary sys-
tem. The interference from the primary transmitter to
secondary system in the cognitive relay system was con-
sidered in Ref. [8] for AF, and in Refs[9-13] for
DF. In Ref. [8], the exact as well as the asymptotic
outage probability of the secondary system with the in-
terference from primary transmitter were derived. The
outage performance of the cognitive DF network without
and with DL were investigated in Ref. [9] and Ref.
[10 ], respectively. The authors in Ref.[11] and
Ref. [ 12] studied the outage performance of cognitive
multirelay networks without DL, while the authors in
Ref. [ 13 ] investigated that with DL. All aforemen-
tioned work assumed that the perfect channel state in-
formation ( CSI) was available. In practical networks,
however, due to the feedback delay, channel estima-
tion errors as well as some other factors, the perfect
CSI is hardly available. The authors in Ref. [ 14 ] stat-
ed that under the condition of imperfect CSI, the prob-
ability of guaranteeing the QoS of primary system could
only reach 0.5. Therefore, the transmission power of
secondary system should be adjusted with the channel
variation. An alternative of the tolerate interference
temperature was also studied in Ref. [ 14].

In this paper, given imperfect CSI and consider-
ing the interference from the primary transmitter, the
outage performance for an underlay cognitive multi-
source multidestination relay network ( denoted as
MSMD for simplicity) is studied. The closed-form ex-
pressions of both the exact and asymptotic outage prob-
abilities for the secondary system of the MSMD are de-
rived respectively, by exploiting the correlations among
the received signal-to-interference-plus-noise ratios
(SINRs) caused by multisource and multidestination.
Extensive simulations are conducted with different sys-
tem parameters ( the source and destination number,
the CSI imperfection, as well as the interference from
the primary transmitter on the secondary system) to
verify the theoretical analysis.

1 System model

As shown in Fig.1, MSMD with the interference
from the primary transmitter is considered. The net-
work involves both the primary and the secondary sys-
tem, and the secondary system shares the same fre-
quency band with the primary one ( composed of the

primary transmitter PT and the primary receiver PR).
Specifically, the secondary system is a cooperative re-
lay communication system where one of the source
nodes S, (1 < n < N) intends to communicate with one
of the destination node D, (1 < m < M) by the aid of
relay R. It is assumed that there is no direct link be-
tween S, and D, due to severe channel fading. It is also
assumed that each node is equipped with one single an-
tenna and operates in the half-duplex mode. Moreover,
the whole communication procedure is divided into two
time slots. In the first time slot, the selected best
source S, with maximum SINR in the first hop sends its
signal to R. Then, in the second time slot, R decodes,
re-encodes and forwards its signal to D, with maximum
SINR in the second hop. In addition, channels be-
tween any 2 nodes are subject to independent and iden-
tically distributed (i.i.d. ) zero-mean Rayleigh flat fa-
ding with unit variance. The instantaneous channel fa-
ding coefficient between any 2 nodes x and y is denoted

as h
bel h, | ?, which is exponentially distributed with pa-

and the corresponding channel gain turns out to

x,y 9

rameter A, . The noises at receivers are zero mean

Gaussian random variables with variance N,,.
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Fig.1 System model

In real-world networks, due to the transmission
delay and measurement error, perfect CSI is hardly
available'"™. As in Refs[14] and [15], a common
equation used to reflect the imperfection of the CSI can
be modeled as

h,, =ph, , + /1 -p'e (1)

X,y
where i, denotes the ideal channel coefficients be-
tween x and y, and b, is the channel estimation availa-
ble at the secondary system, which is independent of
h, ,. &is a Gaussian random variable with zero mean

Xy

: 1 : .
and variance of —— The correlation coefficient p(0

< p < 1) is a constant reflecting the degree of imper-
fections of CSI estimations. Note that the channel gain

of h
with parameter A, . Specifically, similar to Ref. [ 14 ],

ie.,l h, | ? is also exponentially distributed

X,y
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CSI among the secondary system is assumed to be per-
fect, while that CSI between the primary and secondary
systems is imperfect. Note that, in order to obtain the
transmission power of the secondary source and relay,
hg pr and hy p ave needed to be estimated by the sec-

ondary system. Therefore, the imperfect estimation of
hs pr and hy pp can be modeled as

hs”, PR = Plhs,,,PR + /1 _P?S

hR,PR = chR,PR + /1 _ng
Although the PT-R link and the PT-D link are as-

sumed to be imperfect, the actual interference power

(2)

from the primary transmitter to the secondary relay and
destination are p, | hpy 4| >and p, | hor p | ? | respec-
tively.

In order to guarantee the performance of the pri-
mary system, the interference power from the seconda-
ry system cannot exceed the interference temperature
Q. Tt can be easily achieved by setting the maximum

Q

transmission power of S, and R as p;, = ———— and
“n

| By, e |
Q

pr = ——<—, respectively, assuming that perfect
|
CSI is available. That is, the interference from S, and R

P9

~ 2
to PRare [5 py = ps, | s, pr " E I hg, pr !
S, PR
_ _ 2o Q 2
=Q,and ly pp = ppl hg ppl” = 2| g e
I hg pr |

= (), respectively, i. e., the performance of the pri-
mary system can be guaranteed.
However, when CSI is imperfect, the interference

Q

from S, and R to PR becomes I pp -
2

| hS"'PR

— | by 1 Thus, the

2 —_
| hSn,Pkl yand Iy pp = — ;

I g pr |
interference from S, and R to PR may probably exceed
(). To solve this problem, in Ref. [14], a calculation
method of the new interference temperature O] and (:)2
was proposed to confine the transmission power of S,
and R under imperfect CSI;

O =mwQ, Q=m0 (3)
where
My =
1-(2 =172 1) =22 -1) /(1 -pD)[1 -pi (2t =1)*]
4t(1 —t) ’
M2 =
1-(2-12205 1) =22t -1) /(1 -p))[1 -p3(2-1)]
4t(1 —1t) ’

and ¢ is the probability that the actual interference pow-
er from secondary source or relay to PU is less than (.

Therefore , the transmission power at source S, and
relay R are

A A~

¢ Q
ps, = 7]2 P = 722 (4)
b, el by pr |
And the corresponding received SINR at relay R
and destination D, turn out to be

Oi1 hy o !’
Ys,.R T " =« 5 5
| hs,l, pr | (Pp | hppp 17+ Ny)
0; 1 hyp, 1’
Yr, 0, = =« (5)

| h’R,PRlz(pPI her, |2 +Ny)

2 Outage performance analysis

The best source n”* is selected to maximize y;
“nos

and the best destination m” is selected to maximize

’YR,D”! , l.€.:

n' = argmaxy (6)
m’ = argmaxyy (7)

If any of 2 hops is in outage, i.e., ys , rOryg -
falls below the given SNR threshold vy

ondary system is in outage. Thus the outage probability

., then the sec-

of the secondary system can be written as
P, = Pr(min(’ysn*,R sYR.D,, ) < ')’m)

Pr(min( max yg p, max 7y,
n=1,- ,N" "7 m=1,- M ’

) < 7m>

1 = Pr(min( max yg », max 7y, )
n=1, N 0T Tp=1 e MY

m

m

=y,) (8)

Since max 7yg pand max 7y, , are mutually in-
n m=1,- M rom

n=1,- N
dependent, Eq. (8) can be rewritten as
P =1 =Pr( max v p =y,)Pr( max yg,,

= ’},lh)
= 1 - (1 - F 7r]nd'< \‘75"_,((’)“/1))
(1 - F 71]113}.%. MyR,Dm(ﬁyth> ) (9>
CDF of

max vy, pand max vy, should be calculated first-
o VR

n=1,- N m

ly. Next, these two CDFs will be derived respectively

From Eq. (9), it follows to acquire P

out

in detail.
On one hand, CDF of max s,k can be repre-

n=1,

sented as

F m?".(.'e\'ys"‘R(e) - Pr(nznll,{:‘l')‘(.f\f"‘ys”’h) < 0) (10)

n=1

From the expression of yg . in Eq. (5), it can be
observed that for different n, there exists a common
term | hpp . |7, so that ¥s,.r With N sources are correla-
ted with each other.

By letting 6, = ys p, CDF of 6, conditioned on
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I hppgl ? can be calculated as Next, note that in Section 1, it is stated the chan-
FH,.<0 1 hpp g | 2) nels between any 2 nodes are subject to i. i. d. zero-
= Pr(ys , < 6) mean Rayleigh flat fading with unit variance. Thus,

" the binomial theorem can be employed. This is also

_ Pr( _ OV hs, ! < 0) suitable for where the binomial theorem is employed in

| hy pp | “(pp | hpr g | N, the following. By employing the binomial theorem, it

ox(p.y + N,) follows that
:Pr(IhS,RIZ PAi)) Ag PROI !
' Q (1 - )
ﬂx(;),w\o) )\5 rOPpY + /\5 RBN + )‘b PR Ql
= | (1 —esur YA ppe S dx
J o A As, . pr Ql i
As, pr 01 = ECN(— » )
=1- r o( N ) 42 @ (11) i=0 As, wOPpy + /\s,,,ReNo + As, e 0,
s, RO\PpY + + As, rr Uy N AL A
i if As p Ag 20Ny, A p
Then CDF of max s, p can be represented as = Z Cy(-1) ( Sl Ql) (y P R Ql)
P (0) n=l =0 As, 1Opp As, rOPp s xOpp
L TSR (13)
” N “AprRY To proceed forward, substituting Eq. (13) into
= | (F, (O11 hppp 17)) Ay pe 70 d P : &
L on e e ¥ Eq. (12), F .. ., R(@) turns out to be
- p=1, N T
® Ae 7 N
J; (1 _ Sp.PR o, _ ) )‘P’l',h’eﬁ\PTym dy
)\s,,,RQPPy + /\S,,,RBNO + )\s,,,PR o,
(12)
Xs pp O s #ONy + Ag py O\ oy
Fo . R(0> _ f 2 Ci(-1) ( SunPR 1) (}’ 4 Ak SunPR 1) Apr g APTR
n=1, S, Repp AS",RGPP

N ;
i i A > 1 o
/\I’T,Rz Cy(-1) (M) J; e MR
i=0

As, kOpp ( As, kONg + As, pp Ql)t
y +
/\S".Repl’
o y )‘S,I,PR O] * 1 ~ ;
= )\PT,RJ(; e A”T""’dy - )\PT,RC}V . 0 L e AR dy
$,.ROPp As 0Ny + Ay p Q)

20 y o+ o f

s,.ROPp

i=1(Jy)

i 3, G D (R QY 1 e dy
/\s kOpp ( N )\S",RHNO + Ag, pr Q )L
Y

As, xOpp
=2 (J)
(14)
Using Ref. [16] (Eq.3.352.4 and Eq.3.353.2), J, and J, can be rewritten as
J, =- APTRN/\SWPR QleW)\m;REi( B As, &ONy + A5, pr O ) (15)
AS”,RHPI’ S, REEP /\5",,\,9]),, PR

and

(l - 1) ! 2 (k=1)1(- )‘PTR)L . ]()\S”'RHNO + As, pr Ql);

N
; A As, #OPp
Jy = A S Ci(=1) (4:5&)
=2 As, .xOPp

i=1 g RONg+A
( /\PTR) S, RONO+As, PRUI

_ o~ AR APT.R 77
(i —1)! € A, RGPP EL(—

As, kONy + As pr Ol )
)‘S”,Rapl’ P
(16)
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respectively. Note here that, Ei( +) denotes the exponential integral function. Eventually, CDF of max s, x can

be acquired as

As pr Ql As".Rﬂ“\'o+)\s,l,1sze(31
F (0) =1+ AppgN—"——e
: PT.R As r0
L TSR Xs x0pp s5,.ROPP

(i -1);2(10 1)1(_)\PTR>lk_1(

i1 Ag RONg+A
( /\PTR) S, RONO+AS, PR

S T )

)\s &Opp

(i =1)!

On the other hand, CDF of max YR, can be

m=1,

represented as

F

max y
m=1,- .M R.Dp

() = Prc max YD, (18)

m=

<60

From the expression Of’)’R.pm in Eq. (5), it can be

observed that for different m, there exists a common

term | Ay pp 1%, As such, Yr.p, among M destinations
are correlated with each other.

By letting 6, = vy, , CDF of 4, conditioned on

/\PT,REL'( _

n=1

As kN + Ag pp (:)1
)ls‘ #Opp

)\PT,R)

)‘S”,RHNO + A, e Ol)_k
)\s,,,RQPP
/\PT,R)

(17)

As, 10Ny + A pr O,

) ¢ )\s #Opp As o6p
S, ROPP

g

<6)
Qs hyp, 1
2(PP | hPT,Dm

6x(p Ly +No)
“ARD,T A
Q2

Pr( Yr.p,

Pr(
I g g |

Lw(l —e

1 -

; <0)
1=+ N,)

“Apr.p ¥
) Appp e 0w dy

AR.D, OV
)\P'/',/)m 0, IR Dy 7T0%
~ €

)\R,/)mep.vx + AP’I‘,DW 0,

Then, after some manipulations similar to obtain

(19)

I By pp | * can be calculated as Eq. (17), the CDF Ofm:n}"{‘?_i VR, CA0 be represented
Fop (011 by 1) as
AR, D, 9\0;\ "
M -AR,PRY ” Apr D QZ 02 A‘ -AR,PRY
Foo R, (0) = f (F (0“ hR PR 1)) Agpre Mdy = L 1 - A Apppe " dx
mete AR,I)mapr + /\P'/‘,l)m Q,
A {) AR, D, ONO*AR, PRO2 (]
=1+ AppM PT,D, zeW/\PT‘DmEi( _ ()\R,D,,,HNO + Ar.pr Qz)\ ))
Ag.p,0Pp om Agp, 0Pp PT.Dm
i1 ON i ikt N
. 1 z (k - 1 ) !( - ( & I)m 2 + AR PR)) (7)\[)10’" 02)
G-I ) ’ Ak, 0Pp
v s O A, ONoi
+ )\R,PR Z Ctu( - 1) (7PT P 2) ( ( (:) * AR’PR)) AR,D,, ONOI+AR PRZ’Z <2O>
(i-1)! Rr.D,,OPp
Ei( _ (/\R,DmGNoi + Agpr Qz/\ ))
Arp,00p o
At last, on the basis of both Eq. (17) and Fy (011 hppp | )
Eq. (20), the outage probability turns out to be 9*“ y+No)
i f (1- A e
Poul_1_<1_F max y (7 )) (l "
L Sy.R th Qx(p y + N )
(-F ) P W ifo Dy ey
1
. . 0 + N, = ,
3 Asymptotic analysis == As & M( L xe S A( = Ay ppx))
1
To gain additional insights on the system perform- - O(ppy + Ny) <f°° wde s
ance, the asymptotic outage probability is necessary in Skt 0, 0
the high SNR region. Given the Taylor’ s series expan- Xs x 0(ppy + N,)
sion of " = 1 + x for small x, Eq. (11) can be ex- = (22)

pressed as

A S,.PR

0,



374

HIGH TECHNOLOGY LETTERSIVol.25 No.4|Dec. 2019

Then, the CDF of F”:']"fﬁ NYS,“R(G) ,1.e., Eq. (12)

can be represented as

F a0

=1 A , N ,
L ( S, R 0(1’19” + No)) /\PT,RC’_)\PT’R}dy

/\s,,.PR 0,

Ao N e N ‘
_ )\PT‘R( SR PAPO) f (y . %) e MRy
As, pr Q, 0 Pp

(23)
Next, by employing the binomial theorem, it
leads to that;

(re3e) -

To proceed forward,
Eq. (23), it follows that:
F max \\75,,.11( )

n=1

A 0 i1 N
el 5 LR
N
_ )\pm( A,k pfiﬁ) ( ) f e

(25)
6] (Eq.3.351.3), J; can be

ZC (> ) (24)

substltutlng Eq. (24) into

’APT,R) dy

By using Ref. [ 1
calculated as

-]3 = i!<APT,R>_L_l (26)

Eventually, the CDF of F (0) turns out

~

_max YSuk
to be
F o sal®
)\SRPQNN (N !
S e
As, pr Q,/ i=0 Pr
LY A wpr0) s i N\ .
_ ( ) ( s,.RPp ) C\(fo) L!()\PTJ?)
Ql /\S",PR 1=0
N

|

t —_
<L
>

=
=

~
\9

!

—_— =

=

N-i
U *0) i!()\PT,R)_I
1 As, pr =0 pr
1 N /\ . ; N N- ) y
(2 B () an
Q :ul/\§ R’ =0 Pr

(27)

Similarly, by means of the Taylor’ s series expan-

sion of ' = 1 + x for small x, Eq. (19) can be ex-
pressed as

Fo (011 1)

0x(p py+No) N .
f (1 - LIPS YAprp, € PLDw dy
Hx(P,vy + NO) “Aprn,Y |
= N /\P'r,nme mdy

D 0,

(A

( R0, PP VAL (28)
Qz Moro, D,

Then, the CDF of max 'yRD , 1

m=1,

, Eq. (20)

can be represented as

Fm :l]“f].x . ’yR I) ( 0)

f ( 0 ()‘R .0,,Pp A
0,

)\PT,D

M

~AR.PRY
x| Ag pr PR
R,D,nNO) ) R PRE

m

M

0 (Arp Pr T M A
A (A( S U N)) x" e PRy
R.PR 0,\ Ay, r.0,,Vo fo

Ja
(29)
Next, according to Ref. [ 16 ] (Eq.3.351.3), J,
can be calculated as
Jy = M!(/\R,I’R)ﬁMJ (30)
CDF of F

(6) can be eventually repre-

max
1o NTRDy
sented as

F max ’}/RD (0)

n=l,,

Ag.p,P " e
= Ag, PR( ( i + )\R,D,,,NO)) L Ae I dy
2 Dy,
A " M-
= /\R.PR( P ( i + Agop No)) MU(Ag pr) "
2 Aprp, o
- (l)w Ar.p,Prt /\R,D,,LNOG)MM
0, Apr.n, Ar.pr Ak pr
M M
- (L) )\R,D,”pPe )\R,D,”NOH) M (31)
Q :u'z)\PT,D,,,/\R,PR HaA g pr

At last, from Eq. (27) and Eq. (31),
that the outage probability of the secondary system,

it follows

i.e., Eq. (21) can be asymptotically calculated as

Pa = 1= (=F o U =F o (3,))
:1_(1_-]5><1_J6)_J5+J6_J5J6
Js N<M
{16 N>M (32)
Js+Jg N=M
where ,
NN i
J. = (L)A(/\S",Rp[)e) ZCK(%)A i1(Aprp) " and
¢ /"LI/\S",I’R i=0 Pp
I, = (L)w( Agp,Pp0 )\R,D,,LNOH)MM!
Q /Jvz)\PT,D,,,/\R,PR Mok pr

From Eq. (32),
tem diversity order is min( N, M) , which indicates that

it can be observed that the sys-

whether N = 1 or M = 1, the diversity gain is always
equal to 1, although the outage probability decreases
with the increase of M or N. The diversity order can be
increased by increasing the numbers of N and M simul-
taneously. Moreover, the system diversity order is in-

dependent of both the imperfection degree of the CSI
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and the interference from the primary transmitter.
4 Simulation results and analysis

In this section, simulations are performed to verify
the analytical results for MSMD. The parameters used
for numerical analysis and simulations are

Aprr = As,pp = Asp = Agpr = Aprp, = Agop,
=1andy, =3bps/Hz, p, =0dB, N, =1, p =
0. 95.

Fig.2 shows the outage probability of MSMD un-
der different channel correlation coefficient p(p, = p,
=p),forN =M =1land N = M = 2, respectively.
It can be observed that with the increase of 0, the out-
age probability will reduce. It can also be observed
that the outage probability is greatly influenced by p:
the smaller p is, the worse the outage probability gets,
and the changing rate of the outage probability gets
smaller as p decreases. Moreover, for fixed p, the out-
age performance of N = M = 2 is significantly improved
compared to that of N = M = 1. In addition, the simu-
lation results are in well agreement with the analytical

results.
100y T -
1014 ] . i Vs
= -
< — N=M=1, p=1(analysis) \,\
"§ 102| | = N=M=1, p=0.9(analysis) N
& —+— N=M=1, p=0.8(analysis) e .
& —— N=M=1, p=0.7(analysis) \,\
g ------- N=M=2, p=1(analysis) 5
S | gl | o B-M=2, p=0.(analysis) e
E [—— N=M=2, p=0.8(analysis) "
et N=M=2, p=0.7(analysis) R
> N=M=1(simulation) ‘o,
o N=M=2(simulation) N
104 i n A . . i
0 5 10 15 20 25 30
0(dB)
Fig.2 Outage probability of MSMD versus ( with different

p(p, =p, =p)forN =M =1andN =M =2

Fig. 3 demonstrates the outage probability of MSMD
under different channel correlation coefficient p(p, #
p.),forN =M =1and N = M =2, respectively. It
can be seen from the curves of N = M = 1 that, the
outage probability with perfect CSI only available on
the relay primary receiver link (i.e. ,p, =0.8, p, =
1) is the same as that with perfect CSI only available
on the source primary receiver link (p, = 1, p, =
0.8). It reveals that the CSI imperfection of the relay
primary receiver link has the same impact on the out-
age probability as the source primary receiver link.
Furthermore , for the curves of N = M = 2, the curve of
p; =1, p, = 0.8 approaches more closely to that of p,
= 0.8, p, =0.8, compared with the curve ofp, = 0.

8, p, = 1, which illustrates that the CSI imperfection
of the relay primary receiver link has a greater impact
on the outage probability than that of the source prima-
ry receiver link. More efforts should be put on the
channel estimation for the link with a greater impact on
the outage probability. In addition, it can also be ob-
served that the outage probability decreases with the in-
crease of both () and p, and increases with the increase
of both N and M. The simulation results are also in well
agreement with the analytical results likewise.
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Fig.3 Outage probability of MSMD versus ( with different

p(p, #p,),forN=M=1andN =M =2

Fig. 4 shows the outage probability of MSMD ver-
sus () with differentp andp,for N = M =T and N = M
= 2. It can be observed that the bigger the p, is , the
worse the outage probability gets. It can be also ob-
served that with the increase of p, the outage probabili-
ty will reduce. Moreover, with the increase of (), the
outage probability will reduce.
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Fig.5 shows the outage probability of MSMD ver-
sus p, with different Q for different N and M(N = 2,3,
M =2,3). It can be observed that the outage probabil-
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ity increases as p, increases. It can be seen that when
Q =20 dB, the outage probability of N =2, M =3
and N =3, M = 2 is smaller than that f N =2, M =
2. And when the numbers of N and M are changed into
3,i.e., N =3, M =3, the outage probability decrea-
ses very significantly. The same results are also appli-
cable to the case with =15 dB. Meanwhile, given
fixed N and M, the outage performance of =20 dB is
better than that of () =15 dB. Generally, the outage
probability can be reduced through increasing () and
the number of either sources or destinations when there
exists the interference from the primary transmitter.
The effect is more distinct by increasing both the
sources and destinations than only increasing one of

them.
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Fig. 6 presents the outage probability of MSMD
versus pp, with different Q for different N, M(N = 1,2,
M =1,2). It can be seen that with the increase of p,,
the outage probability will increase. It also can be seen
that when ) =20 dB, the outage probability of N = 2,
M =1and N =1, M = 2 is smaller than that of N =
1, M =1. WhenN =2, M =2, i.e., the numbers of
N and M are changed into 2 , the outage probability
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Fig.6 Outage probability of MSMD versus p, with different Q
for different Nand M(N = 1,2, M =1,2)

decreases very significantly. The situations of @ =
15 dB are in agreement with ) =20 dB. Meanwhile,
given fixed N and M, the outage performance of Q =20
dB is better than that of ) =15 dB. Generally, the
outage probability can be reduced through increasing
the number of either sources or destinations given the
interference from the primary transmitter. The effect is
more distinct by increasing both the sources and desti-
nations than only increasing one of them.

Fig.7 gives the exact and asymptotic outage prob-
ability of MSMD versus Q with different p for different N
and M. It can be seen that whenp = 1, the exact out-
age probability of N = 1, M = 1 is higher than that of
bothN =2,M =1and N =1, M =2, and the exact
outage probability of N =2, M =2 is lower than that of
both N =2, M =1and N =1, M = 2. Similarly, the
exact outage probability of both N =3, M =2 and N =
2, M =3 is lower than that of N =2, M = 2, and the
exact outage probability of N = 3, M = 3 is lower than
that of both N =3, M =2and N =2, M = 3, which
indicates that by increasing either N or M, the outage
probability could be reduced, and the outage perform-
ance will be better improved through increasing NV and
M simultaneously. Meanwhile, it can also be observed
that the asymptotic outage probability of N =1, M =1
and N =2, M =1aswellasN =1, M =2 are in par-
allel with each other, implying that the diversity order
of these 3 cases are identical, yet the case of N =2, M
= 2 has a bigger diversity order. Similarly, the asymp-
totic outage probabilities of N =2, M =2 and N = 3,
M =2as well as N =2, M = 3 are in parallel with
each other, which indicates that the diversity order of
these 3 cases are identical, and the case of N = 3, M
= 3 has a bigger diversity order. This is consistent with
the asymptotic Eq. (32), that is to say, the system di-
versity order is equal to min( N, M). Moreover, given
fixed N and M, the exact outage probability withp =1
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Fig.7 Outage probability of MSMD versus ( with different

p for different Nand M(N = 1,2,3, M =1,2,3)
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is lower than that with p = 0.9, but their asymptotic
outage probabilities are in parallel with each other, re-
vealing that the system diversity order is independent of
it. In addition, the asymptotic results are very tight
with the analytical curves in the large SINR region.
Fig. 8 presents the exact and asymptotic outage
probability of MSMD versus Q with different p, for dif-
ferent N and M. When both N and M are fixed, the ex-
act outage probability with p, =0 dB is smaller than
that with p, =10 dB, yet the asymptotic outage proba-
bilities of these 2 cases are in parallel with each other.
This implies that the outage probability also increases
as the interference from the primary transmitter increa-
ses, but the system diversity order is independent of
the interference. The asymptotic results are matched
well with the analytical curves in the large SINR re-

gion.
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5 Conclusion

An underlay cognitive multisource multidestination
relay network is studied given the imperfect CSI and
considering the interference from the primary transmit-
ter. Both the exact and asymptotic outage probabilities
are derived for the network, which provides an efficient
approach to investigate impact of the number of sources
and destinations, CSI imperfection, as well as interfer-
ence from the primary transmitter, on the outage per-
formance of considered networks. Eventually, simula-
tion results verifies the correctness of theoretical analy-
ses.

References

[ 1] Goldsmith A, Jafar S A, Maric I, et al. Breaking spec-
trum gridlock with cognitive radios; an information theo-
retic perspective[ J|. Proceedings of the IEEE , 2009, 97
(5): 59-67

[ 2] Giorgetti A, Varrella M, Chiani M. Analysis and per-

formance comparison of different cognitive radio algo-

rithms [ C ]//Proceedings of the 2009 2nd International
Workshop on Cognitive Radio and Advanced Spectrum
Management, Aalborg, Denmark, 2009 127-131

[ 3] Ding HY, Ge J H, Costa D B da, et al. Asymptotic
analysis of cooperative diversity systems with relay selec-
tion in a spectrum-sharing scenario[ J ]. IEEE Transac-
tions on Vehicular Technology, 2010, 60(2) . 457472

[ 4] Luo L P, Zhang P, Zhang G C, et al. Outage perform-
ance for cognitive relay networks with underlay spectrum
sharing [ J]. IEEE Communications Letters, 2011, 15
(7). 710-712

[ 5] Bao VN Q, Duong T Q, Costa D B da, et al. Cognitive
amplify-and-forward relaying with best relay selection in
non-identical Rayleigh fading[ J]. IEEE Communications
Leiters, 2013, 17(3) . 475478

[ 6] FanL S, Lei X F, Duong T Q, et al. Multiuser cognitive
relay networks: joint impact of direct and relay communi-
cations[ J |. IEEE Transactions on Wireless Communica-
tions, 2014, 13(9) . 5043-5055

[ 7] Guimaraes F R V, Costa D B da, Tsiftsis T A, et al.
Multiuser and multirelay cognitive radio networks under
spectrum-sharing constraints [ J |. IEEE Transactions on
Vehicular Technology, 2014, 63(1) ; 433439

[ 8] Guan X R, Yang W W, Cai Y M. Outage performance of
statistical CSI assisted cognitive relay with interference
from primary user [ J]. IEEE Communications Letters,
2013, 17(7) : 1416-1419

[ 9] Xu W, Zhang J] H, Zhang P, et al. Outage probability of
DF cognitive relay in presence of primary user’ s interfer-
ence[ J]. IEEE Communications Letters, 2012, 16(8) :
1252-1255

[10] Yang P, Luo L P, Qin J Y. Outage performance of cogni-
tive relay networks with interference from primary user
[J]. IEEE Communications Letters, 2012, 16 (10):
1695-1698

[11] Tran H, Zepernick H J, Phan H. Cognitive proactive and
reactive DF relaying schemes under joint outage and peak
transmit power constraints [ J ].
Letters, 2013, 17(8) ; 1548-1551

[12] Salhab A M, Zummo S A. Cognitive DF generalized order
relay selection networks with interference from primary us-
er[ C]//Proceedings of the 2015 IEEE Wireless Commu-
nications and Networking Conference (WCNC) , New Or-
leans, USA, 2015 357-362

[13] Huang HY, Li Z, Si J B, et al. Outage analysis of un-
derlay cognitive multiple relays networks with a direct link
[J]. IEEE Communications Letters, 2013, 17 (8):
1600-1603

[14] Zhang X, Xing J, Yan Z, et al. Outage performance
study of cognitive relay networks with imperfect channel
knowledge[ J]. [EEE Communications Letters, 2013, 17
(1).27-30

[15] Suraweera H A, Smith P J, Shafi M. Capacity limits and
performance analysis of cognitive radio with imperfect
channel knowledge [ J]. IEEE Transactions on Vehicular
Technology, 2010, 59(4) . 1811-1822

[16] Gradshteyn I S, Ryzhik I M. Table of Integrals, Series,
and Products [ M]. 7th Edition. San Diego: Academic
Press, 2000 . 424426

IEEE Communications

Liu Shuai is currently a Ph. D candidate in the
Department of Telecommunications Engineering, Xidi-
an University, Xi’ an, China. His research interests
include cognitive radio, cooperative and relay commu-
nications, and MIMO techniques.



