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This paper analyzes the outage performance of a dual-hop relaying system in which the relay is equipped with multiple antennas,
while the source and destination have a single antenna. New exact closed-form expressions for the outage probability of both the
amplify-and-forward (AF) and the decode-and-forward (DF) relaying systems are derived, assuming that the relay and destination
are impaired by cochannel interferers and additive white Gaussian noise (AWGN). Numerical results are presented to verify the

theoretical analysis.

1. Introduction

Relaying methodologies such as amplify-and-forward (AF)
and decode-and-forward (DF) have received considerable
interest by virtue of improving the range and link reliability
in fading wireless channels. Meanwhile, the more aggressive
frequency reuse strategy results in increasingly complex
interference environment. Several recent works have studied
the impact of cochannel interference (CCI) on the outage
performance of the relaying system when the relay or/and
destination are subjected to single or multiple cochannel
interferers. In [1], the effect of multiple Rayleigh fading
interferers in an AF relay system was investigated and exact
expression for outage probability was derived. Reference [2]
also studied the outage probability of a fixed gain AF relaying
system under the influence of interference at the relay and the
destination terminals. However, [1, 2] only considered a single
antenna system, which is one common limitation in most of
the prior literatures.

Despite the importance of multiple-input multiple-
output (MIMO) technology, few papers have studied the
performance of multiple antenna relaying systems in the pres-
ence of CCI. For example, [3] derived an exact closed-form

expression for the outage probability of a dual-hop AF MIMO
relay network where the source and destination have multiple
antennas and the relay has only one antenna, while [4]
addressed the case where only one of the nodes is equipped
with multiple antennas and the relay node is subjected to a
single interferer, and later [5] extended [4] to systems with
arbitrary number of interferers at the relay node, assuming
that the relay is subjected to CCI and additive white Gaussian
noise (AWGN) while the destination is corrupted by AWGN
only. In [6], the outage expressions for different configura-
tions of the multiple antenna relay network with interference
in the context of AF relay with fixed gain were derived. Most
recently, [7] proposed a two-hop AF relaying scheme consid-
ering a system with CCI and thermal noise at both the relay
and destination, and [8] investigated the outage probability
of an AF relay system in which the source is equipped with
multiple transmit antennas and adopts the orthogonal space-
time block code to increase the system performance.

Unlike the aforementioned works, this paper aims to ana-
lyze the outage performance of a dual-hop multiple antenna
relay system with arbitrary number of cochannel interferers
at both the relay and the destination along with thermal
noise. For the reason of mathematical tractability, we neglect
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FIGURE 1: System diagram.

the effect of noise in AF scheme. The main contribution
is the derivation of new exact closed-form expressions for
the outage probability of the system under consideration
employing either an AF or a DF relay.

2. System Models

Consider a dual-hop relaying system, where the source S
and destination D have only one antenna while the relay R
is equipped with N antennas, as illustrated in Figurel. It
is assumed that both the relay and destination suffer from
CCIand AWGN. All the channel coefficients are independent
and identically distributed (i.i.d.) complex Gaussian random
variables with zero mean and unit variance. Besides, there
is no direct link between the source and destination due to
obstacles or deep fading.

Each transmission consists of two phases. In the first
phase, the source transmits the signal to the relay, and the
received vector at the relay is given by

Ng
Y, =hix+ Zhl,iSR,i +n,, ®

i=1

where the N x 1 vectors h; and h;; denote the channel
from the source and the ith interferer, respectively. Ny is the
number of interferers at the relay node, x is the information
symbol satisfying E{|x|’} = P, sg; is the ith interference
symbol with ﬂE{IsR)iIZ} = Py andn, ~ €.4(0,071) represents
the AWGN at the relay.

In the second phase, an AF relay retransmits a trans-
formed version of the received signal to the destination, and
the signal at the destination is expressed as

Np
AF
Vi =hWy, + Zgl,jSD,j +ng, (2)
Pt

where h, € C"" and g1, denote the channel from the
relay and the jth interferer, respectively. N, is the number
of interferers at the destination, sp, ; is the jth interference

symbol with [E{IsD,]-IZ} = Pp;j, ny is the AWGN with
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[E{Indlz} = 0;, and W is the N x N transformation matrix
and will be specified in the following section.

Asaresult, the instantaneous signal-to-interference-plus-
noise ratio (SINR) experienced at the destination is given by

AF _ |h2Wh1|2Ps

Ya = : ©)
Zf\:]}i |thh1,i|2PR,i + ||hzw||2‘7r2 + 24

Here, z; = Zj\i”l lgr, jIZPD,j + afl denotes the undesired
interference-plus-noise signal received at the destination. For
a given threshold value yy,, the outage probability of the AF
relaying system can be mathematically expressed as

Ph =P (v <yn). (4)

On the other hand, when the DF protocol is adopted, the
relay first decodes the received signal and then forwards the
reencoded message s, to the destination with [E{Is,lz} =P.
We consider two cases: (1) the DF relay applies some sort of
transformation to the message s,; (2) the DF relay does not
perform any linear diversity combining. In the first case, the
received signal at the destination is

Np
DF,1
Ya =hWs + Zgl,jsD,j + 1y, (5)
j=1

where W is the N x 1 precoding matrix. The SINR at the
destination is given by

Ih,W|*P,
R TR R ©)
Zj:l 'gI,j| PD,j +0y;

The outage probability of the DF relaying system can be
expressed as

P = Py < ¥w)- )

out

For the second case, the received signal at the destination
becomes

ND
DF2 _
Vi =hps+ Zgl,jSD,j +ny. (8)
j=1

Then, the outage probability of the DF relaying system can be
defined as

DF,2 . DE2|  DE2

Pout =P (mll’l {max {Yr,k } 4 yd } < Yth) > (9)

where yko % and yall)F’z represent the SINR at the kth relay
antenna and destination, respectively. Let h ; and h; ; ; be the

kth element of h; and h; ;; from (1), the received signal at the
kth relay antenna is given by

NR
Yrk = hygx + ZhI,i,ksR,i T k- (10)

i=1
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Thus, we have

h, . |’P
O Vsl P -, k=1L,
Yt |hrik| " Prj + 07
) (11)
DF2 _ |h2| Pr
Ya =

Np 2 2.
24 'ng| Ppj+ 05

3. Outage Probability Analysis

In this section, we derive new exact analytical expressions
for the outage probability of the considered system. For
mathematical tractability, if AF protocol is adopted, the relay
and destination are assumed to be interference-limited; that
is, the effect of the noise at the relay and destination can be
neglected.

3.1. AF Relay Systems. Since the optimal relay precoder
matrix is analytically intractable, although performing max-
imum ratio combining will not minimize CCI, we still use
a two-stage relay processing strategy, that is, the maximum
ratio combining/maximal ratio transmission (MRC/MRT)
scheme [5]. Therefore, the relay transformation matrix W can
be written as W = G(h;h‘;/llh2 [k, [). In order to satisfy the
transmit power constraint of the relay, that is, [E{IIWyrIIZ} =
P, G can be chosen as

P
G= L (12)
PN+Z PR,+0

Substituting W into (3) and after some derivations, ;"
can be expressed as

AF
Ya
o, P,

= 2 .
I, |* (|h{h”| /||h1||2) Py, + [hy|*0? + 2, (1/G?)
(13)

For notational convenience, we define y, = (P, /Gr2 )b, ||2, VY, =

N, 2
(/oI v = T2 (Pl 0o iy = Thihy /Iy
and yp = Zi\; N (Pp,;/ algr. ; *. Since the relay and destination
are interference-limited, y;" can be further derived as

1Yz

= 14
Y2Yr + C¥p (14)

AF
Ya

where the constant C = (P, /a )N + Z (PRI/O‘ )+ 1.

To evaluate the outage performance, the probability
density function (PDF) of y;, y,, g, and yp, is required. It
is easy to observe that y, and y, are i.i.d. random variables
with PDF

£, ) = Y e U (y), (15)

N(N 1!

where p, = P,/o’, p, = P,/o;, and U(") is the unit-step
function.

Given that {hR,} areii.d. exponential random variables
with unit variance, then, yr follows the hyperexponential
distribution with PDF [1, 5] as

o) 7,,(cf) PR
m n-1_— R,[m
f () = Z Z%mn(d) T e VPiny (y),
m=1 n=1

(16)

where o = diag(pp 1> - - > Pr N, ) PR = PR)i/af, o(&/) denotes
the number of distinct diagonal elements of </, {pg )} are
the distinct diagonal elements in decreasing order, T,,(</)
is the multiplicity of pg ), and 2, (&) is the (m,n)th
characteristic coefficient of &. Similarly, the PDF of y, is
given by

o(B) 7, (B) PD - ’
fyD (Y) Z Z ‘%‘mn 1)')/ VPD’[m]U()/),
m=1 n=1
17)

where # = diag(pp-.-»Ppn,)> Ppj = PD’j/Gﬁ, 0(AB),

7,,(%), and X, ,,(B) are defined the same as (16).
Combining (4) with (14) and using the PDF of y, given by

(15), P2F can be formulated as (18), where the last equality of

out
(18) is obtained by using the binomial expansion

PAF

out

=P <Y1 < Ym¥r * Ychc);_D)
Py

SR n
o P\ o Pr V2

=i/ PR ,~ (Y C/ P YD/ V2)
X e Yin/P1 YRe Y&l PYD/ Y2 f}’z (,yz)

X fyR (=) fyD (vp) dy, dyg dyp

SR
= S \q

p

(o]
% L yg—q e w/p)vr fVR (YR) dyg

L

o q
* J J 0 < yy_D ) e PN £ (1) £, (vp) dy2 dyp.
2

L
(18)



Substituting the PDF of y, given by (16) into I, with the
help of [9, Equation (3.351.3)], I; can be derived as

o) 7, ( —o
a (=D v 1
h=2 ,;"C[’””W’p“m]( 1>!(E+pk,[m]) :
19)

wherea =n+p—q.

To calculate the integral of I,, we first substitute the PDF
of y, given by (15) into I, and then use the integral identity
[9, Equation (3.471.9)] to obtain

e L[t}
PUpNN- e TPU py
XKy ( \]Yt’l; PYD ) T (vp) dyps

(20)
where K, (z) is the nth order modified Bessel function of the
second kind [9, Equation (8.407)].

Substituting (17) into (20) and using [9, Equation
(6.631.3)], after some algebraic manipulation, we get

(B) T,,(B) b
o1 <)’thc> 4;92 i T PD,[m]
TN -DI\ py = ma € (n—l)!

B _
xT(n+N)T (n+q)exp <—> W_(n1b),(N-g) /2 () >
(21)
where a = (N - g -1)/2,b = (N + q - 1)/2,

Pm = YaCPp,im)/ P1P2> and Wy ,(2) is the Whittaker function
defined in [9, Equation (9.222.1)].

Now substituting (19) and (21) into (18), the closed-form
expression for the outage probability of the AF relay system
can be obtained as

AF
Pout
L))
(N_l)'poqo P1 P>
o(st) 7,,() -a
K -n (0‘ 1) (Yth 1 )
X X ) Priim +
mz& ,;1 PRI ](” DI\ p PR,[m]
o(B) 7,(B) PD
x Yy stuv(%) [“])F(V+N)F(v+q)
u=1 v=1

xexp<p2“>

X W_ it (N-gys2 (Pu) -
(22)
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For the case of equal-power interference, that is, pp; = pg,
Vi=1,...,Np, pp; = pp, ¥j=1L...,Np, (22) reduces to

N-1 p pta b
et LA
out (N - 1! Z:;') ;P' P P2
Ny (Ng+p-g—-1)! <& . L>ng+q
(23)

X
& (N - 1)! Pr Pr

X mr(ND"'N)F(ND"'Q)eXp(?)

X W_ sy N-gy/2 (Pu) -

3.2. DF Relay Systems. In the analysis of DF relay channels,
the relay and destination are assumed to be interference-and-
noise-limited, and the effect of noise is taken into account. We
consider two cases, respectively. In the first case, we use the
maximal ratio transmission scheme and the relay precoding
matrix W is set to be W = G(h; /Ih, ). In order to meet the
relay power constraint [E{||Ws,||2} = P,, G can be chosen as

G = /P, /Ps,- After some substitutions, (6) becomes

DEL _ V2
yp+ 1

(24)

Then,

pPRL _ P< Y2

out T m) =P(y, <ym(yp+1))

- p
-1 R li JOO (Vth (vp + 1)) e Yo tD/p

B !
=0 P P2 (25)

x fyD (YD) dYD

S O

where I3 _[;O yb e (alp)vo fy,(yp)dyp. Similar to the

DF 1
Pout

o1y SL(r) (1)

PO‘ZO

integral of I, in (18), we obtain as follows:

o(A) 7,,,(RB)
% ¢ /P2 Z Z L (B) prl[m] (26)

m=1 n=1

1) ’“
G 1).()/11 L] ) .
=D\ p,  Ppm
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For the second case, we first define y, ;. = p, Ihl,klz, wh=

p,lh,|%, and YRk = ZZRI PR,ilhI,i,k|2' As a consequence, the
SINR in (11) can be written as

poE o Mk oy N,
’ Yri +1
DOF (27)
DE2 _ V2
Ya —VD i1

Here, y; ;. and y2F are exponentially distributed with param-
eters p; and p,, respectively, and yy; is distributed the same
as Y defined in (16).

From the definition in (9), considering the mutual inde-
pendence of {yko }y,, and after some simple manipulation,

DF,2
poh

i can be alternatively expressed as

N
DF,2 DF,2
Pout =1-11- Hp(yr,k < Yth)
k=1 P, (28)

x(1=P (3™ <vm))-

By utilizing the known distribution of y, ;, it is easy to
show that

(29)
=1- J e‘}’m()"*l)/PlfYRk (Y) d)/

0

Substituting the PDF of yp, into (29) and using [9,
Equation (3.351.3)], we have

o) 7, (A)
—n
Pk =1- Z Z ‘%‘m,n (‘d) PR,[m]
m=1 n=1
(30)
-n
% e—m/m(& n 1 ) )
P1 Pr[m]
Likewise, using the PDF of y and y,,, we obtain
e
DE,2 _ 2
P(Yd <Vth)—P(yD+l<Yth>
o(AB)1,,(B)
=1= Y Y L0 (B) pppe ™ (D)
m=1 n=1

P2 Ppm]

Finally, substituting (30) and (31) into (28), we can obtain
the closed-form expression for the outage probability of the
DF relay system.

4. Numerical Results

In this section, we present some numerical results to verify
the theoretical analysis. In Figures 2, 4, and 5, N = 2,
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% Simulation
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FIGURE 2: Outage probability of the AF relaying system versus SNR
(g = 0dB).

Outage probability
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FIGURE 3: Impact of interference power distribution on the outage
performance of the AF relaying system (p, = 0dB, pp = pg, Y =
0dB).

Np = Np = 2, p = p,, E{yr} = Eyph pruy/Priz =
Po,/Pp,z) = 1, and the signal-to-interference ratio (SIR) is

defined as 1 = py /(2% pr; + 3% o).

Figure 2 shows the outage probability of the dual-hop AF
relaying system with the MRC/MRT scheme for different #.
It is clear that all the analytical results are in exact agreement
with the simulation results. Also, it is observed that in the
high SNR range there is a floor effect, due to the impact of
cochannel interference.

Figure 3 examines the impact of interference power dis-
tribution on the outage probability of the AF relaying system.
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FIGURE 4: Outage probability of the DF relaying system with MRT
versus SNR.
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FIGURE 5: Outage probability of the DF relaying system without
MRT versus SNR.

As illustrated, the equal interference power case yields the
worst outage performance.

Figure 4 illustrates the outage probability of the dual-hop
DF relaying system when maximal ratio transmission scheme
is used at the relay. Also, it is clear that all the simulation
results match the analytical results very well. As a result of
the cochannel interference, the curves converge to a floor
in the very high SNR range under the constraints of SIR #.
The effect of threshold value y,, is also depicted, and we see
that increasing yy, deteriorates the system performance as
expected.

Figure 5 shows the outage probability of the DF relaying
system without adopting any linear diversity combining
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FIGURE 6: Comparison of AF relaying system with MRC/MRT and
DF relaying system with MRT versus N (p, = p, = 0dB, py; =
pp,; = 0dB, Vi, j, y, = 0dB).
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FIGURE 7: Comparison of AF relaying system with MRC/MRT and
DF relaying system with MRT versus SNR (p; = p,, pr; = pp; =
0dB, Vi, j, y, = 0dB).

schemes for different . From Figures 4 and 5, it is obvious
that the DF relaying system can benefit from linear diversity
combining scheme which has the capability of improving
SINR.

Figure 6 compares the outage probability of the AF
relaying system and DF relaying system as a function of the
number of relay antennas N. We observe that increasing N
reduces the outage probability significantly, while increasing
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the number of interferers Ny and N, degrades the outage
performance.

Figure 7 compares the analytical results of AF relaying
system with MRC/MRT scheme and DF relaying system with
MRT scheme, using (22) and (26), respectively. The solid line
denotes AF while the dashdot refers to DE Because the DF
relay fully decodes the source message x and the noise at the
relay is not amplified and forwarded to the destination, the
outage performance of DF relaying system is superior to the
AF system.

5. Conclusion

We investigated the outage performance of a dual-hop mul-
tiple antenna relaying system by taking into account the
interference and noise at both the relay and destination. New
exact closed-form expressions for the outage probability of
the system employing AF and DF protocols were derived,
which paved a fast and efficient way for understanding the
effects of multiple antennas and interference on the system
performance.
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