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ABSTRACT In this paper, we study a decode-and-forward (DF) relaying network with random interferers,
in which the source transmits its message to the destination with the help of N DF relays. We consider
the interference-limited environments, where the reception at the relays and the destination are corrupted by
random interferers, which are distributed according to a homogeneous Poisson point process. To improve the
system performance, relay selection based on received signal-to-interference ratio (SIR) has been employed
to select the best relay among N ones. We examine the network performance by deriving the analytical outage
probability under Rayleigh fading transmission channels and Nakagami-m fading interference channels.
Moreover, we compute the asymptotic expressions of outage probability, and confirm that the system
diversity order on SIR is equal to %, where « denotes the path loss factor. Furthermore, we see that the
major limitation of system results from the second hop. Numerical and simulation results are demonstrated
to validate the proposed analysis as well.

INDEX TERMS DF relaying networks, random interferers, Poisson point process, outage probability,

diversity order.

I. INTRODUCTION

Cooperative relaying has been proved to be an efficient
method to extend the network coverage, mitigate shadowing
fading and increase transmission reliability without addi-
tional transmit power at the sources [1]-[12]. The major
performance limitations on wireless networks are noise and
interference. As [13] suggested, cooperative relaying net-
works might be more vulnerable to co-channel interference
than noise under certain scenarios, such as high signal-
to-interference-plus-noise ratio (SINR) regime. Co-channel
interference might weaken the transmission reliability and
degrade the system performance, hence extensive literatures
have been dedicated to study the statistical models of inter-
ference and their impact [14]-[19].

Taking into account the mobility and uncertainty of ter-
minals in wireless networks, a practical communication sce-
nario in which the number and locations of interferers are
randomly distributed has been considered. With stochastic
geometry, [19] suggested that interferers in an uncertain

wireless network were distributed in a plane according to
a homogeneous Poisson point process (PPP). By applying
stochastic geometry, [20] characterized the random interfer-
ence with the first two moments, and therefore derived an
approximate expression of probability density function (PDF)
for the interference modeled under the PPP assumption.
And more importantly, [21] provided the Laplace transform
function of random interference associated with PPP under
independent fading channels.

In recent years, researchers extended the above work
to relaying networks in a Poisson field of interferers, and
analyzed the system transmission performance by examin-
ing the outage probability. For instance, [22] considered
the interference at the destination solely, while [23]—[25]
analyzed a three-node relaying system with interferers dis-
tributed according to PPP at both the relay and the destination.
In [26]-[28], multiple-hop relaying communications were
studied with the distributions of interferers following PPP.
Moreover, [29] studied multiple decode-and-forward (DF)
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relays networks with interference-limited relays, and it also
considered direct link and noise at the destination. However,
the results were untraceable and no diversity gain on the
system was revealed analytically.

In this paper, we study a DF relaying network with ran-
domly distributed interferers corrupting the reception at both
the relays and the destination, where the number and posi-
tions of interferers are modeled according to independent
PPP. To improve the performance of the proposed system,
we aim to achieve the minimum system outage probability.
To this end, relay selection based on signal-to-interference
ratio (SIR) has been employed. System performance is ana-
lyzed by deriving the outage probability under Rayleigh
fading transmission channels and Nakagami-m fading inter-
ference channels. In order to acquire some insights into the
system, we also provide the asymptotic outage probability in
the high SIR and the low interferer density regimes respec-
tively. Numerical and simulation results are demonstrated to
validate our analysis as well.

The main contributions of our work can be summarized as
follows:

o We analyze a DF relaying network degraded by
randomly distributed interferers at the relays and the
destination, where the number and positions of interfer-
ers follow independent PPP. Close-form expressions of
outage probability for the proposed system are given.

« We provide new asymptotic expressions of outage prob-
ability, which enable us to determine the crucial system
parameters in the high SIR regime and evaluate their
effects on the system performance.

« Attribute to the asymptotic expressions, we can observe
that the system diversity order is equals to % Moreover,
we can confirm that the system is unable to gain extra
system diversity by increasing the number of relays,
since the limitation of the second hop.

This paper is organized as follows. Following the introduc-
tion, Section II provides a detailed description of a two-hop
cooperative relaying system model with multiple fixed DF
relays and randomly distributed interferes. Then Section III
presents the outage probability analysis, including the ana-
lytical outage probability and asymptotic outage probability,
and a specific case will be introduced as well. In Section IV,
numerical and simulation results are demonstrated to verify
our analysis and provide desirable insights on the system
performance. Conclusion of our work will be revealed in
Section V.

Notations: X ~ CN(0, %) denotes a zero-mean circularly
symmetric complex Gaussian random variable (RV) X with
variance o2. Y ~ Naka(m, 1) denotes a RV Y following
Nakagami-m distribution. Pr[-] denotes the probability.

Il. SYSTEM MODEL

As depicted in Fig. 1, we consider a DF relaying network,
which comprises one source S, one destination D and multiple
DFrelays {R,|n = 1,2..., N}. There are multiple interferers
degrading the transmission from the source to the relays
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FIGURE 1. Selective DF relaying system model with random interferers.

as well as the transmission from the relays to the destina-
tion. We assume that all transmission channels experience
independent flat Rayleigh fading. Moreover, we adopt the
assumption that interference channels experience indepen-
dent flat Nakagami-m fading, since the Nakagami-m distri-
bution often offers the best fit to the land-mobile [30]-[32]
and indoor-mobile [33] multipath propagation.

During the first time slot, S transmits the normalized signal
s. In this work, we consider an interference-limited environ-
ment, where noise is negligible with respect to interference,
hence we ignore the effect of noise on the proposed system.
The signal received at relay R, can be accordingly expressed
by

YR, =V Psrsg’ hsg,s + Ik, , ey

where Pg is the transmit power at the source; rsg, is the
distance from S to R,; o > 2 is the exponential path loss
factor; hsg, ~ CN (0, 1) is the channel fading coefficient for
S — R, link and I, is the aggregated interference at the
relay R,. We assume that the interferers around each relay are
randomly distributed in a two-dimensional plane according to
independent homogeneous Poisson point process ®z, with
node density Ag, and ®g, varies from different time slot.!
Therefore, I, can be expressed by

Ig,= ) \/ITIhIiRanTR%an"R" @

i€edg,

where P; is the transmit power at interferers;
hir, ~ Naka(m, 1) is the channel fading coefficient for
I; — R, link; ry;g, is the distance between interferers I; and
relay R, and x,z, is the transmit signal from interferer /;.
Once the received SIR at R, is above the given thresh-
old yu, R, can successfully decode the information. Out of

TAs noticed in [29] and [34], relays might be interfered by the same
source of randomness, and therefore, the correlation of interference degrades
the reception at relays significantly. However, according to the analy-
sis from [35], this correlation decreases as the distance between each
relay increases. Thus, by independent homogeneous Poisson point process,
we assume that the distance between each relay is far enough, hence the
correlation of interference is negligible.
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the successfully decoding relays, the optimal relay R, is
selected to forward the information. The signal received at
the destination can be accordingly expressed by

Yp = \/PRV[;”ED//ZR,,*DS +1Ip €))

where Pp is the transmit power at relays; g . p is the distance
from relay Ry« to D; hg.p ~ CN(0, 1) is the channel
fading coefficient for R, — D link and Ip is the aggre-
gated interference at D. We also assume that the interferers
around the destination are randomly located according to a
homogeneous Poisson point process ®p with node density
Ap, and ®p varies from different time slot. Therefore, Ip can
be expressed by

Ip=>Y" \/fTIhIiDV;D%inD “

iedp

where hy,p ~ Naka(m, 1) is the channel fading coefficient for
I; — D link; ry,p is the distance from interferer /; to D and
xy;p 1s the transmit signal from interferer /;.

For the simplicity of notation, we use w, = |h5Rn|2 and
v, = |hR,,D|2 to denote the channel gains of S — R, and
R, — D links, respectively. In addition, we use ng, =

3 |h1iRn|2r[71§fl andnp = > |h,iD|2r;g to represent the
iedg, iedp
summed power of interference at R, and D, respectively.
Moreover, we adopt notations that p; = ?—f and p» = };—’1‘.
Therefore, p1 and p; represent the source-to-interferer trans-
mit power ratio and the relay-to-interferer transmit power
ratio, respectively. Accordingly, the SIR at relay R, can be
obtained as

—
P1Tgp Dn

SIRg, =
an

&)

and the SIR at the destination through § — R, — D link is
given by

—
P1Fgp @
0, 8l <y,
SIRg p = — nf” . 6
! p2"R§)Un P1TgR, Wn ©
: , If — > Vi
np R,

We denote the set composed of all successfully decoding
relays by C and the set including all relays by Q. To max-
imizing the received SIR at the destination, the best relay R,
is selected by

—a

P2V p pY

n* = arg max (M> . @)
neC np

Ill. PERFORMANCE ANALYSIS

The aim of this section is to measure the quality of
the proposed communication system in terms of outage
performance, thus we derive the analytical and asymptotic
expressions of outage probability. In addition, a reduced but
practical case is discussed to demonstrate our analysis.
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A. EXACT OUTAGE PROBABILITY ANALYSIS

According to the system model and the relay selection cri-
terion in eq. (7), the outage probability for the considered
system can be written as

Pour = Pr [SIRR,,*D = Vth]- ®)

The outage probability of this system represents the averaged
probability that outage of transmission occurs over different
positions of interferers with Poisson distribution. By consid-
ering that each relay is influenced by interference following
independent PPP @ , and then applying total probability
law, the outage probability can be rewritten as

N
Pout = Z Z 1_[ Psuc,R,, X Pout,C X 1_[ Pout,Rm

=0 \"/CCQ. VneC Vme(Q2\C)
)
where
B —a
P1TgR, Wn
Psuc,Rn =Pr| —— > Vth:| (10)
L an
B —o
P1Tgg ©m
Pout R, = Pr| ——— < Vth:| (11)
L "R,
e (i)
Pou,c = Pr | == < ¥in (12)
D

and |C| denotes the cardinal of set C, which represents the
number of successfully decoding relays. Here Py, g, denotes
the success probability of S — R, link. Py g, and Poy.c
denote the outage probabilities of S — R, link and second
hop respectively. The exact close-form expressions for the
PDFs of ng, and np are difficult to obtain, except for some
approximate approaches, such as [20]. However, by using the
result from [36] and applying the PDF of w,, f,, (x) = ™,
Pguc,r, and Py g, can be computed as

Psuc,R,,

o 00
N /0 f Y Sy, Jo (X)dxfig, (¥)dy
o1

VYT,
= ;C] {—t SR” }

P1
2
2 o
— exp {—,\RnE [|h|§] F<1—&)r§ ’ <%> } (13)
Pout,Rm
VY SR,

/ / " Lo ()dy
0 0

YT,
1— £ {—’ SR }
p1

2 2
= l—exp {—kRnEﬁh|2]F<l—;)r§Rm(%) } (14
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where £;(s) is the Laplace transform of the interference in an
4
infinite network; E [|h| 07] can be calculated as

4 .,
E [ Ihf< ] =f0 X fiyp (O)dx

2 _2
r (m + E) m «
= 15
T om (15)
andfj,2(x) = %x’”_l exp (—mx) is the PDF of interference
channel gain |hg, |* and |hy,p|>.
Similarly, by using the PDF of v,, f,,(x) = e™*, we can
calculate P, c as

~ VYR, D
P
Pour,c Z/ l_[/ ’ So,)dx | fop )dy.
0 VneC 0
VthernD
/ [T1i=c 2" o
VneC
<l 4 2
=S Y exp{ —ADnE[|h|&] r (1 _ —>
k=0 VBCC, o
|B=F
2
(m 3 RD) } (16)
VYneB

where B is a subset of C, and |B| denotes the cardinal of set B.

To conveniently analyze the proposed system and demon-
strate the analytical results in a straightforward form, we con-
sider a scenario in which all source-to-relay distances are
identical with rgg, = rsg, and all relay-to-destination dis-
tances are identical with rg,p = rgp, since relays are placed
symmetrically. Moreover, we set m to 1, which is associ-
ated to Rayleigh fading interference channels. Accordingly,
the outage probability for identical rsg and rgp with Rayleigh
fading interference channels is expressed as

N l —a
N Psrep @
P =5 (%) HPr|:—S KO m}

P
1=0 n=1 ITIRy

! PrroSv
X pr| —f> 2 <vm|- a7
l_[ [ Prnp !

J3

By applying the results of eqs. (13), (14) and (16), we can
calculate J;, J> and J3 as follows
2

D2 (2)"

Ji=exp|— e (18)
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2
o

o ()} |
JHr={l—-exp| —————+—"— 19
2 { p asin%’ } (19)
2
! —Ap272r2 (W—”‘)a
l D RD\
J3 = —D)ex . (20)
: z()< rew| <

B. ASYMPTOTIC OUTAGE PROBABILITY ANALYSIS

To acquire some meaningful insights with the crucial network
parameters, we aim to investigate the asymptotic behavior of
the outage probability for the proposed system in the high SIR
and the low interferer density regimes. By using the Taylor
expansion method of ¢ >~ 1 + x for small value of |x| and
omitting the higher order terms, P,,; can be approximated by

o If py > coorAp — 0,

. AptD(1= ) (m+2)ma
Z( 1) Z ex { -
|BI=

2
o

x (% 3 r;gnD) @

2 VneB

o If pp > c0corAp — 0,

Jrn (1= 2T nt-2)rde m™e
I'(m)

x <@>“ )
P1

o If py =kp2, 00 > c00Or Ag =OAp,Ap —> 0

2 2 2
nF(l——)F<m+—>m @
o o
I'(m)

h h
[ARrSR(V#)a + RD(VL) }
ItftN=1

S0 Tanca (Svie ,0)

2 2\ 2
ApaT|{1—— | (m+—)m ™«
y o o (m @

]"(m) 1%}
IfN>2

N
Py >~ 1_[ 1 —exp

n=1

Poyr >

Qo

[N}
[N]

(23)

For the identical rsg and rgp with Rayleigh fading interfer-
ence channels scenario, we can further simplify the asymp-
totic expressions for Pidertical ag eq. (24), as shown at the
bottom of the next page.
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From the above approximate expressions of outage prob-
ability, the following meaningful insights can be achieved
accordingly:

Remark 1: As p; and p, tend to infinity with p; = kp2,
we use p; as the SIR parameter, and define the system diver-
sity order A as

- lOg (Puut)
log (p1)

A =

p1—>00

(25)

which is equal to % This indicates that the system perfor-
mance mainly depends on channel condition. Specifically,
the diversity gains of system decrease as the path loss factor
increases.

Remark 2: According to egs. (21), (22) and (24), we see
that the improvement of either hop may confront the bottle-
neck results from the other hop. Moreover, the degradation of
multiple relay networks mainly results from the interference
at the destination, since the performance of the first hop
can be significantly improved with the increasing number
of relays by obtaining more diversity gains, yet the second
hop fails. This is due to the fact that as interferers emerge
nearby the destination, it is highly possible that outage of
transmission occurs. However, the system can select other
optional relays as outage is inevitable at one relay.

Remark 3: As the SIR at the first and second hops tend
to infinity or the overall interferer density tends to 0, when
N = 1, the outage probability is effected by both the first
and second hops. However, when the number of relays N > 2,
the second hop becomes the crucial link of the system, which
indicates that the second hop is the dominant link of the whole
system. This is due to the fact that the interference at the
destination has made the second hop a weaker link regarding
the whole system, as the first hop is able to gain full diversity
while the second hop fails.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, by several numerical and simulation results,
we verify the aforementioned analysis results, and evaluate
the effects of several important networks parameters on the
system performance. We adopt the scenario in which the dis-
tance from source to destination is 400 meters and all trans-
mission channels experience flat Rayleigh fading. Unless
specified otherwise, the distances from source to relays and
the distances from relays to destination are both identical with
rsg = rrp = 200 meters, and m is set to 1 for interference
channels. Besides, Ag and Ap are set to 107>, The simula-
tion performed 10 iterations with different interferer posi-
tion configurations and transmission channel realizations.
For each interferer position configuration, the interference
nodes are placed according to Poisson point process within
a square plane with side length of 10° meters, where the
relay or destination is placed in the central. Normalized as
benchmark, the transmit power at interferers is set to 1. The
transmission rate is configured to 1 bit per second per hertz
(bps/HZ) and the corresponding SIR threshold yy;, is equal
to 3.

Fig. 2(a) and 2(b) show how the outage probabilities vary
with SIR for p; = p». Fig. 2(a) corresponds to the scenario
in which relays are evenly placed on a straight line between
the source and destination, and thus the sum of rgg, and rg, p
is a constant and set to 400 meters. In addition, we set m to 2.
Fig. 2(b) refers to the scenario with rsg, = rsgr, 'r,p0 = ¥grD
and m=1. It can be observed that analytical results approx-
imately match the related simulation results for different N
and «, due to the fact that we consider an infinite network
in previous analysis. Moreover, the asymptotic results are
consistent to the related simulation results in high SIR regime,
which confirms our analysis. Furthermore, we see that the
increase of the number of relays is able to improve the system
performance yet slightly, and the diversity gains are inversely

Y 2

v —Ap27 213 ( s )a
D o (n)(—l)" exp o , If py > 00, orAg —> 0
o sin —
Yith 2

lR2ﬂ2r§R(—[)a N

{l—exp — zjfl } , If pp > 00, orip — 0
o sin —
o
Yih (2 Yth 2
Pi)zietntical ~ 272 [XRVSZR(IO—[])O! + )\DVI%D(IO—[Z)& (24)
= ; If p1 =«kp2, p2 = 00
o sin —
o
(OI‘ )‘-R = QKD, )LD e 0), N=1
)»D2712r12w(m)a; ,
2;)2 Yo ()=1yna, If p1 =«p2, p2 — 0
o sin —
o
(or Ag = 6Ap, Ap — 0), N=>2
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FIGURE 2. Outage probabilities versus SIR p; = p, for A\g = 1p = 1075,
(a) Relays with different distances. (b) Relays with identical distances.

proportional to the path loss factor «, resulting from the
interference at the destination.

Fig. 3 plots the variation of throughput with relay
number for py = pp = 10 dB, A, = Ap =
1073, m=1 and rqg = rgp = 200 meters. For the
unit target data rate, the system throughput is equal to
(1 — Poyr). We see that the network throughput increases
as the relay number grows. In addition, for smaller value
of «, the enhancement is more obvious, since more diver-
sity gain can be obtained, which is consistent to our
analysis.

To evaluate each hop individually, Fig. 4 and Fig. 5 plot
the variation of outage probabilities with source-to-interferer
transmit power ratio p; and relay-to-interferer transmit power
ratio pp respectively for « = 3. As expected, for either
p1 — 00 or pp — 00, their exact outage probabilities
converge to corresponding asymptotic outage probabilities
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FIGURE 3. Throughput versus relay number, for p; = p, = 10 dB,
Ag = Ap = 1075, m=1 and rgp = rpp = 200 meters.
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FIGURE 4. Outage probabilities versus source-to-interferer transmit
power ratio p;, for p, = 10, « =3, g = Ap = 10~3, m=1 and
Fsp = rgp =200 m.
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FIGURE 5. Outage probabilities versus relay-to-interferer transmit power

ratio py, for p; =10, @ = 3, kg = Ap = 10~2, m=1 and rsg = rgp =200 m.

for different values of N. Moreover, Fig. 6 and Fig. 7 show
the outage probabilities versus interferer densities Ag and
Ap respectively for « = 3. We note that for either Ag — 0
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FIGURE 6. Outage probabilities versus interferer density at relays 5, for
Ap =105, ¢ =3, m=1 and rep = rpp =200 m.
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FIGURE 7. Outage probabilities versus interferer density at the
destination 1p, for \g = 1075, « = 3, m=1 and rgg = rgp =200 m.

or Ap — 0, their exact outage probabilities converge to
related asymptotic outage probabilities. From Fig. 4 to Fig. 7,
we see that the enhancement of either hop, such as increasing
p1 or loweringf down Ag, may confront the bottleneck results
from the other hop. In addition, for pp — oo or Ap — 0,
augmenting the number of relays can significantly improve
the system performance, yet the improvement for the scenario
when p; — oo or Ag — 0 is much less obvious. This is due
to the fact that the interference at the destination degrades the
transmission of the second hop, hence it reduces the influence
of the number of relays, especially on relay-to-destination
links.

Fig. 8 plots the variation of outage probabilities with inter-
ferer density Ag = Ap for « = 3. As both approximate
outage probabilities and numerical results suggested, increas-
ing p; is unable to fundamentally improve the system per-
formance, which is evident in low interferer density regime.
However, the enhancement of p, can noticeably decrease
the outage probability. This indicates that the second hop is
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FIGURE 8. Outage probabilities versus interferer density »p = Ap, for
o« =3, m=1and rgg = rpp =200 m.

the dominant link of the whole system, which validates our
analysis.

V. CONCLUSION

In this work, the performance of a DF relaying network
in a Poisson field of interferers has been evaluated. Both
analytical and approximate expressions of outage probability
for the proposed communications system have been derived
under Rayleigh fading transmission channels and Nakagami-
m fading interference channels. With the given asymptotic
expressions, we can confirm that the system is unable to gain
extra system diversity by increasing the number of relays, due
to the interference at the destination. Moreover, the improve-
ment of either hop may confront the bottleneck results from
the other hop. In addition, in the high SIR or the low interferer
density regime, the second hop becomes the dominant hop for
the whole system. Numerical and simulation results illustrate
the proposed analysis and bring some meaningful insights as
well.
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