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Abstract: The performance of interfered cooperative ad-hoc
networks is analyzed by stochastic geometry analysis and a
selection region of relay is presented. First, assuming that the
distribution of nodes in the random network follows the
Poisson point process (PPP), a closed-form expression of the
outage probability is derived for the best relay selection ( BRS)
scheme. Secondly, the capacity of the network is presented
for this scheme. Finally, a performance factor is defined to
evaluate the performance gain obtained from the BRS. By
using this factor, a relay selection region is found to guarantee
the performance gain from the BRS. The analysis and
simulation results show that the performance of the BRS not
only depends on the densities of source nodes and relay nodes
but also on the factors of networks such as the path loss factor
and the decoding threshold. And the BRS has a greater
advantage than direct transmission (DT) in hush environments
such as the long transmission distances, much interference and
the high decoding thresholds.
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ooperation is a useful technique to exploit the spa-
C tial diversity without installing multiple antennas on
a device. It encourages single-antenna devices to coopera-
tively share their antennas such that a virtual antenna ar-
ray can be constructed, thereby, enabling performance to
be significantly boosted. The best relay selection ( BRS)
is an attractive alternative of the cooperative schemes,
wherein each source is paired with a single best relay cho-
sen from a set of potential ones. The best relay provides
the highest capacity between it and the destination. Com-
pared with multi-relay strategies such as distributed space-
time coding, BRS strategies are simpler and more effi-

[1-3]

cientt . It has been proved that the BRS can achieve

full-order spatial diversity while avoiding the reduction of
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spectral efficiency compared with multiple-relay coopera-
tion. The outage performance of the BRS scheme in a

point-to-point system has studied
1451

been in previous
work

However, previous analyses for a point-to-point system
are not suitable for a large-scale random wireless network
such as an overlaid wireless ad-hoc network, a spectrum
sharing cognitive radio network or a heterogeneous net-
work constituted by both ultra wide band (UWB) and
normal wideband (NWB). On the one hand, interference
is a non-ignorable issue in such networks with a large
number of concurrent transmissions. On the other hand,
the topology is random due to the mobility, death and
new arrivals of nodes which leads to random large-scale
fading. Thus, both interference and random distances be-
tween nodes need to be considered to evaluate the per-
formance of the BRS in a large-scale ad-hoc network.
Stochastic geometry' provides a natural way of defining
and computing macroscopic properties of large-scale net-
works by averaging over all the potential geometrical pat-
terns of nodes. Based on this theory, several works have
been done to extend the investigation from a point-to-
point system to a network. Outage performance is presen-
ted for the case of non-cooperation communication in
Refs. [7 —8]. For the cooperation case, the outage per-
formance and transmission capacity are investigated with-
out relay selection. Then a relay selection region is
presented for decode-and-forward cooperation which is
based on a uniformly distributed relay set for each
source'”’. But this assumption cannot guarantee that the
best relay will be selected. In this paper, the assumptions
discussed above for a point-to-point system are removed
and the analysis of the BRS is extended to a random net-
work. Then the average outage probability of the BRS
and the transmission capacity are presented. Finally, the
relay selection region is discussed to find the appropriate
density of relay nodes for benefit.

1 System Model and Best Relay Selection
1.1 System model

A wireless ad-hoc network is considered as shown in
Fig. 1, which consists of a large number of transmitters
distributed over a large plane. The number of transmitters
follows a homogeneous Poisson point process ( PPP) at a
snapshot in time. This assumption is roughly equivalent
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as the transmitting nodes are independently and uniformly
distributed, which is often reasonable for networks with
indiscriminate node placement or substantial mobility''".
Transmitters select themselves as source nodes, potential
relay nodes or free nodes (at sleeping mode) with some
fixed probabilities. According to the thinning theory of
the Poisson point process'”, the distributions of source
nodes and potential relay nodes still follow homogeneous
PPPs, which are denoted by @(p,) and @(p,) with node
density p, and p,, respectively. The set of receivers is dis-
joint with that of the transmitters, and each source node
has a unique intended receiver at a distance d,. In this pa-
per, a symbol standing for a node can also be used for
denoting the location of this node; e. g., the location of
node j is also denoted by j. For easy explanation, a re-
ceiver D located at the origin and its associated source S
in @ (p,) is considered as the reference communication
link. The statistical property of this reference communica-
tion link can also be applied to others due to stationary
character'"”' .

@ Source
® Receiver
A Relay

— Opportunistic relaying; —--# Interference
Fig.1 An example of a wireless ad-hoc network

Signals are subject to large-scale path loss proportional
to d “ for distance d and exponent o >2 as well as small-
scale fading following the Rayleigh distribution with unit
variance. Let H; and d; characterize the fading power fac-
tor and the distance between nodes i and j, respectively.
For example, d,, denotes the distance between i and D,
and then the probability density function (PDF) of H; can
be written as

f(H,) =ei

For such a channel, the received power at j from the
transmitter i is

H,=0 (1)

Pj :leijdij_u (2)

where p, is the transmission power. Then the interference
at j induced by other simultaneous source nodes except its
source §; can be expressed as

I(~)(p\) = Z Py = z leijd,’;a (3)

icO(p).i#S, icOlp).i#s,

where I, denotes the sum of the interferences induced

(p)
by simultaneous transmissions. The link between nodes i

and j is outage when the signal interference ratio ( SIR) at

receiver j is below a certain decoding threshold 7,,, i.e.,

P, = P(SIR < n,} = P{leijdij - nm}=
O(p)
Y L (4)
<7
{ Hijdij_'a lh}
icO(p,).i#S,

From Eq. (4), it can be seen that the outage probabili-
ty is independent of the transmission power. Hence in the
following analyses, the transmission power will be ig-
nored as many previous works have done'”™ and the
comparison between the BRS and the direct transmission
(DT) will also be equal without the consideration of the
transmission power.

1.2 Cooperation with best relay selection in ad-hoc
networks

In the protocol of the decode-and-forward BRS, nodes
which decode data from the source correctly will consti-
tute a decoded set. And the best relay is the one with the
best channel to the receiver in this set. It is demonstrated
that for a broad class of fading distributions, the strongest
signal strength at the receiver comes from the closest node
at the low and the medium regions of the outage probabil-
ity"'"'. Hence, in this paper the nearest node is selected
as the sole best relay to aid the transmission of the refer-
ence link. The selection process is divided into two pha-
ses. During the first phase, each source node in @ (p,)
sends its data. The potential relay node in @(p,) tries to
decode the data and evaluates the distance from it to the
destination. And then the best relay is selected according
to its distance to the receiver. As indicated in Ref. [15],
it is nearly impossible for a source to have the same re-
lay. In the second phase, each selected relay node acts as
a transmitter and helps its source node send data to the
destination.

2 Performance Analysis and Relay Selection
Region

In our strategy, the source node transmits its data in the
first time slot and then the best relay is selected according
to the distance to the destination. In the second time slot,
the relay retransmits data to the destination. Since both
the destination D and the potential relay nodes in @(p,)
directly receive data from S, the receiving set of S is de-
fined to be ¥=DU B(p,). Concerning the outage proba-
bility, the following proposition is obtained.

Proposition 1 Denote the receiving set of S to be ¥
=DUG®O(p,). For Vje ¥, the outage probability is

P =1 —exp( —c*rrdij) (5)

out, Sj

where ¢ = p.kny, k =mI'(m)T'(1 -=m), m=2/a and
exp(+) denotes the exponent function. Let j = D, and
then the outage probability of the DT can be obtained.
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Proof According to Eq. (4) and the definition of the
Laplace transform function for a random variable, the
outage probability can be written as

Hgdg*

Poul,Sj = P < nlh = 1 - [exp( nlh ('9(‘0‘) ) :| =
I@(pJ
1 - L(n,dg) (6)

where E (+) and L () are the expect value and the
Laplace transform function for random variable I, ,,, re-
spectively. And the Laplace transform of the integrated
noise I, ,, can be written as o

(7)

Let w = 5, d5; and substitute the value of L(n,ds) =

L(w) =exp( —mp cw”)

exp( — mp,kny, dy;) into Eq. (6). Then the proof com-
pletes.

Denote the subset of @(p,) to be D, in which the node
can decode data from S correctly. Then the distribution of
D, is presented in the following proposition.

Proposition 2 The locations of relay nodes in set D,
follow a nonhomogeneous PPP with intensity measure

A(A) = fpreXP( —co)do , where ACR’ is a closed area.
A

Proof Define o to be the area surrounded by the cir-
cle whose center is S and the radius is r. Let do be an in-
finitely small area on the interval [ r,r +dr]. According
to Eq. (6), for a node r away from S, the probability
that it can decode data from S correctly is exp( —cmr’).
This means that the node in D_ chooses the location do
with the probability p,exp( — cmr”). Thus, for a closed
area A C R”, the average number A (A) of nodes deco-
ding data correctly from S is

A(A) = fprexp(—ca)do' (8)

it is shown that the distri-
bution of the decoded nodes of S follows a nonhomoge-
neous Possion process which is often assumed to be uni-
form distributed in previous work. In the BRS scheme,
the node in D_ which is the closest to the receiver will be
selected as the relay; i. e.

From the above proposition,

, R= ar(g)mln {d,}. Before
P,

Jje O
analyzing the outage performance for the BRS, the cumu-

lative distribution function ( CDF) of the distance d,
from the best relay to the destination D is presented as
follows.

Proposition 3 The CDF of the distance d,,, from relay
node R to the destination D is

F, (x) =

1 —exp(_

kK k

s 1)
k!; I

p.exp( - cmd, — cx’) &

c

Z(

%)
C

1 - exp( -
(9)

Proof  According to the definition of the CDF,
F, (x) can be written as

de(x)zP{ RD\X‘D#®€+P dlD\x\D a1
1_ %dRD>x9DS7é®}

(10)

The event {d,, >x,D,# | means that there is no
node in the circle whose center is D and the radius is x.
Since the transmission nodes follow the Possion distribu-
the probability of {d,, > x, D, # | is
exp( —A(mx’)). Thus, the numerator in Eq. (10) can
be obtained as

tion,

-Pldy>x,D.#D} =1 -exp( —A(mx’)) (11)

The distance x between node j and D can be expressed
by d;;, d, and the included angle @ between them,

Sj o

X =dy +dy -2dgd; cosf (12)

Then substituting Eqs. (8) and (12) into Eq. (11)
yields

1 -Pld, >x,D, #@| =
0 X

1 —exp( —f daf mp.exp(—cen(F +d; —2m’ocos0))dr) =
2m 0

1 —exp( — mp,exp( — cq-rd2)f2re"’”110(261-rd0r) dr) =

2k

o
S (cndy) %ZT‘)
(13)

In a similar way, the denominator in Eq. (10) can be
calculated by

pexp(—cmd) —ex’) &

c

1 —exp( -

P{D,  # @} =
1 —exp( —f:r de J: mp.exp(—c(r +d, —2rd0c080))dr) =
1 —exp(_%) (14)

Then substituting Egs. (13) and (14) into Eq. (10)
completes the proof.

There are infinite series in Eq. (13) which can quickly
converge according to d’Alembert’s ratio test. Hence the
following formula can be used for approximating it by
using the former L factors and then the CDF of the nearest
distance d,,, can be written as

—emd: = cx
l—eXP( _peexp( —cmd, cx)ab(x))
F,(x) = ) )
1 —exp( p,)
C
L x2k k 1
_ 2% X 2
where @ (x) =~ ;(C“do) k! ; n:

So far the distribution of the distance d,, has been ob-
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tained which will be used for the analysis of the outage
performance. According to Eq. (4), the outage probabil-
ity of the BRS can be expressed as

1+ [ F(dy)d(exp( - cd)) (16)

Substituting the CDF of d,, derived in Proposition 3 in-

H,d.; to Eq. (16) yields the expression for the outage probabili-
Powses = P{% < 17“‘}z L= Pt > dinulo, | = ty as follows:
Op,) y
! p.exp( — emdy) x (=1Inx)* lnx) 1 P
jexp(_% (emd))* 2 T')dx—exp(_ff)
Poprs = : < = e - (17)
1 - exp( P r)
c

As indicated in the previous part of this paper, the se-
ries in above formula converge quickly. Here the first two
factors of the series are used and then a simplified expres-
sion for the integration in Eq. (17) can be obtained,

S (endyy Sy e~

cmd)) x

1

joexp(

1

f eXp( _p.exp( -
0

c

(p(p‘)y("“’z dl)

prexp( C’.‘sz )x
c

(1 = 2cmd;Inx) )dx =
(18)

—cend®)\*
where @(pr):(M) and ;
c

Thus, the outage probability can be written as

dﬁ(pr)y(mz > ) —eXP( —&)

1 —exp( —p—')
c

The transmission capacity is defined as the number of
successful transmissions per unit area''®’ | which is an im-
portant performance metric for random networks. Given
the source node density p,, the transmission capacity of
the BRS is

P =

out,BRS

(19)

1 —<P(pr)7(u,2 iy )

l—exp( p,)
c

For comparison, the transmission capacity of the DT is
also presented here. The outage probability of the DT can
be obtained from Proposition 1. Then the transmission ca-
pacity of the DT is

TC

TCprs =p, (20)

prr = P, €Xp( _Cﬂpsdtz)) (21)

To evaluate the performance gain provided by the
BRS, the relay selection gain G(p,) is defined as the ra-
tio of the transmission capacity of the BRS and the trans-
mission capacity of the DT, namely

B p-l
! (p<p‘>y(ﬂ’2cwd§)

G(p,) = (22)

(1—exp( p’))exp( - cmpdy)

It can be noticed that there is a relay region to guaran-
tee the performance gain from the BRS; i. e
low relay density p, to make sure that G(p,) =1. Hence,

, there is a

p.=cE "(exp( —cmp.d;)) (23)

where
1 -a"y(2endia+1,a)

E(x) = ~

1-e
a=exp( - cmwd,x)

and E ' (-) is its inverse function.
3 Simulation Results

In this section,
the outage probability and the transmission capacity ob-
tained in Section 2. The simulation parameters considered
here include the density of source nodes p,, the density of
potential relay nodes p,, the threshold for decoding data
correctly n,, and the path loss factor a. The following re-
sults will evaluate how these parameters impact on the
performance of the cooperative random networks.

The outage probabilities vs.
node p, for different transmission distances d, are shown
in Fig.2 when p, =1, 5, =10 dB and « =3. By compa-
ring the curves for the DT and the BRS,
served that the outage probabilities are greatly reduced by
the BRS. Furthermore, the outage probability decreases
with the distance d, for the DT which is easy to find.
However, the larger path loss fading (larger d,) has less
effect on the BRS, especially, at the region of low p_. It
means that when the transmission range is larger,
benefits from the BRS can be obtained.

The transmission capacities vs.
node p, for different densities of potential relay nodes p,
are shown in Fig. 3. The transmission capacity cannot al-
ways increase with the density p although the greater den-
sity of simultaneous transmitters brings more space reuse.
That is because greater p, can also lead to severer interfer-
ence, and then communication links are more likely to re-
sult in outage. It is also indicated that the maximum gain
G ... can be achieved by choosing appropriate p,. Com-

several results are presented to verify

the densities of source

it can be ob-

more

the densities of source

max

paring the curves for different p,, it can be found that
the transmission capacity largely increases with p, in the



Xu Yanli, Xia Weiwei, and Shen Lianfeng

12
1001 g
x) *
a’B.’” ¥
B 1n-11 e ,*'
= 10 ”‘g‘ *,.*
E e «
-2 2
E10-2f o &
S g s & —o-DT,d, =4
g - —BRS,d, =4
q
C10-3F -e-DT,d, =2
-%-BRS,d, =2
10-4 1 1 ]
1073 104 103 102
ps

Fig.2 Outage probability vs. p, for different transmission dis-
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Fig.3 Transmission capacity vs. p, for different relay densities

Pr

medium and high intervals of p, while enlarging has little
effect on the transmission capacity at the small value of
Ps-

The performance gain defined in Eq. (22) vs. p, is
shown in Fig. 4 when p, =10 . In this figure, benefit re-
gions are described for different curves which are encir-
cled by dash lines. By using these regions, it is easy to
find when to use the BRS for better performance gain. As
described in Fig. 4, the BRS cannot always perform better
than the DT. That is because the links between the source
nodes and the potential relay nodes are more probable to
result in outage when p, is small. As for the path loss fac-
tor a, the BRS performs better at a smaller « when p, is

2.0
18_*‘1:3’77:}::10(13
¢ %[ ea=4,9,=10dB
S 1.6 =a=3,m,=1dB
£
% 1.4
8
g 1.2
£
G L0 w8l
= X
0. 8( i Benefit region
i | |
b [ L )

10! 10°
Pr

Fig.4 Performance gain obtained by BRS vs. the density of
relay nodes p, with different n,, and «

in the benefit region. Concerning the threshold 7, , the
performance gain increases with 7,. From the above re-
sults, it can be noticed that the BRS has a greater advan-
tage than the DT in harsh environments such as the long
transmission distances, the high decoding thresholds and
the large source node densities. These results will be use-
ful for choosing appropriate relay regions for different pa-
rameters such as «, 5, and p,.

4 Conclusion

In this paper, the performance of a large-scale coopera-
tive ad-hoc network with the BRS has been investigated in
the Rayleigh fading environment. Using stochastic geom-
etry theory to handle the spatial distribution of nodes, and
considering the influence of interference, the analytical
expressions for the outage performance and transmission
capacity are derived. Furthermore, a performance factor
is defined to evaluate the performance gain supplied by
the BRS, which can be used for adjusting the density of
relay nodes to benefit from the BRS. This provides us a
practical way to guarantee the performance of a coopera-
tive network. The numerical results from the analytical
expressions show that the performance of the BRS not on-
ly depends on the density of transmitting nodes but also
on the transmission distance. Thus, it is important to
choose appropriate densities of source nodes and relay
nodes to guarantee the performance of the network. Fur-
thermore, the results indicate that the BRS can obtain a
better performance gain over the DT in harsh environ-
ments such as the large distances needed to transmit,
much interference induced by high densities of source
nodes and the high required decoding thresholds.
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