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Abstract

In this paper, we propose a Cooperative Transmission Strategy using Entropy-based Relay
Selection in Mobile Ad-hoc Wireless Sensor Networks (MAWSN) with Rayleigh Fading
Environments. The main features and contributions of the proposed cooperative transmission
strategy are as follows. First, entropy-based relay selection is used to improve data
transmission reliability from a source node to a destination node. Second, we present a
theoretical analysis model for the proposed cooperative transmission strategy with the outage
probability of the end-to-end performance. The performance of our protocol is evaluated using
analysis and simulation.
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1. Introduction

| n mobile ad-hoc wireless sensor networks (MAWSN), a set of wireless mobile nodes form

the network infrastructure in a self-organizing ad-hoc fashion [1][2] to send messages from
mobile nodes in sensor fields to the gateway (sink)(or vice versa). The network layer contains
randomly moving mobile sensor nodes. It has bandwidth and power limitations, and lacks
fixed infrastructure. Thus, the development of efficient protocols to support the various
networking operations in MAWSN presents many issues and challenges [1][2][3]. Routing
protocols in MAWSN can be categorized as proactive and reactive. Proactive routing
protocols, such as Destination Sequenced Distance Vector (DSDV) [4], attempt to maintain
consistent up-to-date routing information from each node to every other node in the network.
Reactive protocols, such as AODV [5] and DSR [6], only create the route when the source
needs to communicate to the destination. A route, once established, is managed by
maintenance procedures.

At the physical layer, a cooperative diversity protocol [7] has been proposed to improve the
reliability of data transmission in wireless networks. Currently various cooperative
transmission protocols have been studied in the literature [7][8][9][10] from the viewpoints of
implementation issues and performance evaluations with outage analysis. In [11], the outage
analysis of multi-hop diversity protocol has been analyzed. In this protocol, each node in the
multi-hop route listens to all of its previous nodes and combines them optimally, therefore
there is no need to select a relay at each hop.

Relay selection is crucial to cooperative communication. Efficient relay selection will
increase the performance of cooperative communications. [10][17] use the optimal channel
state with the minimum timer; this is considered optimal. However, when each node moves
continuously in MAWSN, these approaches become complex and costs increase. The relay
selection strategy should consider the mobility information in MAWSN to solve these
problems. This will also decrease power consumption and collisions.

In this paper, we consider a realistic approach based on mobile sensor nodes, as well as fixed
sensor nodes in sensor fields, while the conventional research for sensor networks focuses on
mainly fixed sensor nodes. We focus on the cooperative transmission issue from each
viewpoint in MAWSN. The proposed cooperative transmission can select the stable relay
node at each hop along the routing route using an entropy-based strategy from the viewpoint of
the node mobility in MAWSN [2][12][13]. In addition, the proposed cooperative transmission
can increase the packet delivery ratio with advanced SNR [14][15][16].

The remainder of this paper is organized as follows. The proposed cooperative transmission
strategy is described in section 2 and the theoretical analysis of the cooperative transmission is
presented in section 3. The performance evaluation of the cooperative transmission is
presented in section 4 and section 5 concludes this paper.

2. The Cooperative Transmission

2.1 Basic Concepts and Overview

Fig. 1 describes the basic concepts and overview of the proposed cooperative transmission.
The main goals of the proposed cooperative transmission strategy are to show how to select
the relay node to improve the reliability of data transmission and how to theoretically analyze
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the cooperative transmission, together with the outage probability, between a source node and
a destination node. A cooperative communications strategy that can support both SNR
efficiency and network resources (i.e., power, bandwidth) efficiency between a source node
and a destination node can increase transmission efficiency. In the cooperative transmission
strategy, data messages are forwarded over the constructed route as well as the neighbor nodes
(i.e., relay nodes) together. The relay nodes also forward the data message to the next node.

Destination
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Mobile node over

. the route at t

Mobile node over
the route at t+At
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given network at t

' Relay node
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Fig. 1. Basic concepts and overview of cooperative transmission

Relay selection is one of the most important tasks for cooperative communications.
However, due to the random movement of nodes in MAWSN, the bandwidth and power
limitations, and the lack of fixed infrastructure, the development of efficient relay selection
methods presents many issues and challenges [10][17][18][19]. Even if we can select a good
relay node between a node N; and a node N at timet, the selected relay node may be
disconnected during some time interval A, due to the location uncertainty of mobile nodes in

MAWSN. In this paper, we propose a relay selection strategy that can choose the stable relay
node from the viewpoint of node mobility to improve the packet delivery ratio, as well as the
outage probability, by cooperative data transmission. The proposed relay selection uses the
entropy concepts utilizing node mobility information to select the stable relay node. Therefore,
the proposed relay selection can improve the reliability of data transmission during some time
interval A, to increase the packet delivery ratio with a long route lifetime between a source

and a destination in MAWSN.
Route construction is an interesting challenge, due to the mobility and location uncertainty
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of mobile nodes in MAWSN. There is much research in this area; especially, stable route
selection using mobility information in MAWSN has become an active research field. Even if
we can find good routes between a source node and a destination node at timet, the routes can
be broken during some time interval A, due to the location uncertainty of mobile nodes in

MAWSN. The cooperative transmission in this paper uses the routing protocol, ERPM, in the
literature [20] to solve these problems. ERPM uses entropy concepts utilizing node mobility
information to select the stable routing routes between a source node and a destination node.
ERPM [20] is an active (on-demand) and non-tree (mesh) based routing protocol. The basic
problems, goals and concepts of ERPM are as follows. Stable route selection in mobile ad-hoc
wireless networks is an interesting challenge, due to the mobility and location uncertainty of
mobile nodes. There is currently much research in this area. Especially, stable route selection
using mobility information in mobile ad-hoc wireless network has become an active research
field. Even if we can find a good routes between a source node and a destination node at time

t, the routes can be broken during some time interval A, due to the location uncertainty of

mobile nodes in the mobile ad-hoc wireless networks. Thus, ERPM’s goals are to construct
stable routes that will be active at least during time interval A,, to increase packet delivery

ratio with a long route lifetime, as well as to quantitatively evaluate the stability of the routes,
to select the most stable route between a source and a destination, in an environment where
multiple paths are available in mobile ad-hoc wireless sensor networks.

The basic motivations of the proposed ERPM stem from the commonality observed in the
location uncertainty in mobile ad-hoc wireless networks and the concept of entropy. These
common characteristics have motivated our work in developing ERPM using entropy concepts
and utilizing mobility information as the corresponding variable features. Thus ERPM can
select stable routes and quantitatively evaluate route stability in self-organizing mobile ad-hoc
wireless networks.

2.2 Entropy-based Relay Selection

The entropy concept is defined in [12] and is used to evaluate the stability and availability of a
route. We use this concept to choose the most stable relay node. Fig. 2 considers the second
hop of the route established in Fig. 1. Let us denote Sg, (Srz = {M1, M, M3, My, Ms}) as the set
of nodes existing in the neighborhood of nodes N, and N3 (or the set of relay nodes in the
second hop). In this paper, two nodes are called neighbors if they can reach each other in a
single hop (i.e., direct transmission). Each node of the set Sg, knows the mobility information
(including velocity and direction) of node N, and node N3 and the distance to node N, and node
N due to route construction. Relying on the entropy concept in [12], we define a new entropy
concept using both relative mobility and distance. The entropy H, (t,A,) at node M; during the

time interval A, can be calculated as follows,

=Py, v, GA)I0G R, (6A) =Py, (EA)I0g R, . (tA)
log2

H;(t.A) = )

where,

d .Q, d a
PMi,N2 (t’At): M;, Ny "2*M;, N, ' lj'\/li”\‘2 (t,At): M;, N3 "M, Ng

dMi,Nz'aMi,N2 + Mi,Na'aMi,N3 dMi,Nz'aMi,N2 + Mi,Na'aMi,N3
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Ay, v, A, defined as [12], are the relative mobility between node M; and node N, and
between node M; and node Nj, respectively. dM.,Nz’ dM,,N3 are the distance from node M; to
node N, and to node Ns, respectively. We will explain a,, \ , ay , and dy, \ , dy y, as

follows.
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\ . Relay node
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d N3 M .
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Fig. 2. Basic concepts of relay selection

The variable features a,, \ represent a measure of the relative speed between two nodes
M, and N,. Any change in the system can be described as a change of variable values
ay, y, over the course of time t, such as a,, \ (t)—>a,, \, (t+4,). Let us also denote
v(M,,1), the velocity vector of node M; and V(N,,t), the velocity(mobility) vector of node
N, at time t. Velocity vectors v(M,,t) and V(N,,t) have two parameters, speed and
direction. Therefore, the relative velocity v(M,, N,,t) between nodes M, and N, and the
relative velocity V(M,, N,,t) betweennodes M, and N, attimet are defined respectively
as:

v(M,,N,,t)=v(M,,t) -Vv(N,,t)
V(M,,N,,t) =v(M,,t) —V(N,,t).

We consider the variable features, the relative mobility between two nodes. Therefore, we
have:

am, N, =| V(Mi'Nz’t)l
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CIVIRYE: =[v(M;,N;,t) .

dy v, @nd d,  are defined as follows:

dMi,Nz :\/(XN2 _XMi)Z "‘(YN2 - YMi)2

Ay v, =y (X, =X )+ (Y, = Yir,)?

where (Xy ,Yu ), (Xy, Yy,) o (Xy,,Yy,) are positions of nodes M;, N,, Nj

respectively.
We can see that H; (t, A,) always takes non-negative values and equals 0 when the relative

mobility a,, \ or a, , equals 0. If a, , and a,, , equal 0, node N,, M; and N; have the
same mobility, an ideal case for relay selection. in addition, if d, \ (ord,, \ ) is high then
ay, n, (oray y, ) mustbe small in order to avoid disconnection between node M; and N, (Ns)

during time interval A, . Therefore, similarly to [12], we propose a relay selection strategy: the

relay node that provides the maximum entropy value among the set Sg, nodes is selected as the
stable relay for cooperation. Now, we describe the operation of the entropy-based relay
selection as follows. Initially, the source generates Route Request packet (RREQ). The RREQ
packet is forwarded to destination, or intermediate nodes that know the route to the destination.
In MAWSN, the RREQ and RREP packets consist of the additional elements, such as the
position and mobility information of the node that sends them. Since node M; is a neighbor of
node N, it can receive the RREQ packet from node N, and calculate the relative
mobility a,, . , as well as the distanced,, , . When the destination receives RREQ, it replies

to the source by sending a Route Reply packet (RREP) along the chosen path. In addition,
node M; can receive the RREP packet from node N; and calculate the relative
mobility a,, ,, and the distance d,, , . Now, node M; can calculate the entropy H, (t,A,) asin

the equation (1) and send this value to node N,. Node N, collects the received entropy values
and chooses the neighbor with the maximum entropy (for example node Ms is chosen by node
N, as in Fig. 2). Similarly, this strategy is used for other hops. Then, when the source receives
RREP from the destination, it can send the data packets to the destination and at each hop,
cooperative transmission is used to transmit data packets. The chosen relay node at each hop
should be used during the lifetime of that route to decrease the overhead and complexity.
However, when a route is broken, the source finds the new route to the destination. The relay at
each hop is also updated following this new route.

3. Analysis of the Proposed Cooperative Transmission

3.1 System Model

We consider a mobile ad-hoc wireless sensor network (MAWSN) that has a selected route
consisting of nodes Ny, N», N3, ...... , Nm, Nm+1,a@s shown in Fig. 3.N; is a source node and Np+1
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is a destination node. In each hop, a relay assists the transmitting node to forward the
information towards the next hop. Therefore, we exploit cooperative diversity hop by hop.

Mobile Ad-hoc Wiy

estination
Gateway)

/™ Mobile node in the
- given network

. Mobile node over the

selected route

. Relay node

Fig. 3. System model for cooperative transmission

Consider that the nodes are randomly distributed over the network area and the channels
between two nodes are subjected to flat Rayleigh fading plus AWGN. The baseband
equivalent received signal at node j due to the transmission of node i for symbol n is given by

ri,j(n):ai,js(n)+77j(n) (2)

where 7;(n) is AWGN noise sample with variance No /2 per dimension at terminal j, «; ; is the

fading coefficient between node i and j, s(n) is the signal transmitted by node i.
We consider flat Rayleigh fading, hence «; ;is modeled as independent samples of zero

mean complex Gaussian random variable with variance o-fj per dimension. The fading

coefficients are constant over the channel coherence time. We can model the variance of the
channel coefficient between node i and node j as a function of the distance between two nodes
[14], to consider path loss.

o =d;”’ (3)

where S is so the path loss exponent. It ranges from 2 to 6 based on the channel environment.

djj is the distance between node i and j.

In cooperative transmission protocols, relays must process the signals received. However,
current limitations in radio implementation preclude transmitting and receiving
simultaneously using the same frequency band. In this paper, each node has a single
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half-duplex radio and a single antenna. Each relay node must transmit on separate channels
due to the half-duplex constraint. Hence, for medium access, a time-division channel
allocation scheme is used to implement orthogonal channels. Thus, no inter-relay interference
is considered in the signal model. However, the basic idea and operation of our proposed
protocol does not depend on the specifics of the channel access protocol.

3.2 Outage Probability Analysis

In this paper, we focus on the end-to-end (source node-to-destination node) outage
performance of the cooperative multi-hop scenario, shown in Fig. 3. For hop i, node N;
transmits data to node Ni.; with the help of relay R;. We define the outage probability of hop i
between two nodes, N; and N;.4, as

Pyt (1) =Pr[1(N;,N;,;) <R] 4
where I(N;, Nix) is the mutual information between N; and Ni.1, and R is the target rate of the
system.

3.2.1 Direct Transmission.

In this case, we consider the system fails to find a relay at hop i and a hon-cooperative direct
transmission (DT) has taken place between node N; and Ni.;. Now, the outage probability of
direct transmission can be given as

P2 (i) = Pr[1 (N, N,.,) < R]=Pr[log(L+ 7|, . .[ ) <R]

out
R_ ©)
:Pr|:‘aN,N12<2 1:|
I 1+] }/

where y =P/N,.

Now, we consider «; ; has a Rayleigh distribution so ‘ai,j‘ has an exponential distribution

R . 2
with parameter Ui,-_z- Therefore, using the CDF of ‘ai,j‘ we can calculate the outage
probability of direct transmission as

2f ~1

Pt () =1-exp(-c? ) (6)

out

3.2.2 Cooperative Transmission

Assume a selection relaying [7] at each hop; the relay will forward the data packets when the
received SNR at the relay satisfies a predefined threshold. In this protocol, the relay will
forward the received packets if it satisfies the predefined rate R, otherwise it will be silent.
Thus, in the first time slot, the sender transmits the data packets to receiver; then, relays that
decode successfully will transmit the received packets to the receiver in the second time slot.
Next, the Maximal Ratio Combining (MRC) technique is used to combine the received
packets at the receiver. Therefore, the mutual information between N; and N;.; can be given as

[7].
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2

1|og(1+y\aNi,NM ); I(N.,R)<R
I(N,N,_) =12 @)
i i+1 1 ) )
Elog(1+7/UaNi'Nm +‘aRi'NM‘ }); I(N,,R)>R

where I(N;,R;) is mutual information between N; and R;, and given as

1(NR) =2 log(L+ 7]y 1 ) ®)

Since the two events in equation (7) are mutually exclusive, the outage probability can be
written as

P& (i) =Pr[I(N;,N,,;) <R] o
=Pr[I(N;,R) <R]xP_, +Pr[I(N;,R) > R]x P, ®)

where B,; = poT (i) represents the outage probability of direct transmission between node

out
N;and N, and P,; is the outage probability of cooperative transmission between node N,

i+17?

and N, , with the help of relay R;, and is given as
1 2 2
Pi= Pr[EIOg(l"' 7/{105Ni,Ni+1 +‘aRi,NM H<R]
2 2 22R _1 (10)
=Pr ‘aN-,N- . +‘“Ri,Ni | <
i i+] 4] 7/

The CDF of the random variable ‘aN,,NM‘Z +‘0‘R.,N.+1‘2 can be given as [7]

1-(1+o7x)exp(-07°x);  forof, =op’y =0

O-';lzvNHl -2
FO)=11-[F——"5—exp(-oy s X+ (11)
GRi'NHI _O-Nime

2
O

Ni . Niy: -2 . -2 -2
172 exp(_O-Rime X)]' for ON, N * OR Niy

-2
GNi 'Ni+1 O-Ri YNi+1

We can rewrite equation (10) using the CDF of (11) as
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1-(1+ o plexp(-o7p); foroly =op’y =0

GF;inNm -2
Ri(p)=11-[F—"5—exp(-oy . P)+ (12)
GRI !N|+1 - 6N| vN|+1

-2
O,
Ni Niyg -2 . -2 -2
> > eXp(_GRl,NMp)]i for ON Ny 7 ORr N
NI !N|+1 N GRI rN|+1

where p=(2*" -1)/y
Similar to equation (5) and (6), we can write the outage probability between N; and R; as

i+l

Pr{I(N,.R) <R]=1-exp(-c}’, p) (13)
Therefore, we can obtain the probability of success between N and R as
Pr{I(N;,R)=R]= eXp(_O'ﬁiz,Ri P) (14)

Replacing the values of equation (6), (12), (13) and (14) in equation (9) we can calculate the
cooperative outage probability of hop i.

3.2.3 End-to-End Outage Probability

In this subsection, we derive the end-to-end (source node to destination node) outage
probability of our proposed cooperative transmission in the given MAWSN. We consider
M-hops cooperative routing route, whilst all hops are independent. We assume L is the number
of hops that has successfully selected a relay, where L is a subset of M (i.e. L = M ). Therefore,
the end-to-end outage probability for the M-hops cooperative routing is a simple
multiplication of the outage probability of each hop and can be given as

M M

P =1-TT(1-Ps ®)[T(1-P2 (D)) (15)

ieL jel

4. Performance Evaluation

4.1 Simulation Scenario and Frameworks

The performance of our protocol is evaluated by means of analysis and simulation using the
Optimized Network Engineering Tool (OPNET). The simulation models a MAWSN
consisting of 50 nodes placed randomly within a rectangular region of 1 km x 1 km. Each node
is modeled as an infinite-buffer, store-and-forward queuing station. It is assumed to be aware
of its position with the aid of a reliable position location system (i.e., GPS). The mobile nodes
are assumed to have a constant radio range of Z=250m. The radio range is used to construct a
route and find the most stable relay at each hop of this route, but it is not used in data
transmission over Rayleigh fading channel. We use the random mobility scenario, in which
the speed and the direction of each move are uniformly distributed with speed range [0,
v_max] km/h and direction range [0, 2 7z ] respectively. During the simulation, a node moves
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around the network and if a mobile arrives at the boundary of the given network coverage area,
the node reenters the network.

4.2 Performance Metrics

The performance metrics for analysis and simulation follow:
* PDR: the ratio of the number of packets received at the destination to the number of
packets transmitted at the source.
*  Qutage Probability: the probability that the system model is in outage.

4.3 Numerical Results

In this section, we present simulation results of the cooperative transmission (CooPTR) over the
Rayleigh Fading channel. We choose the system target rate R = 1 packet/s/Hz, the path loss
exponent g =3, simulation time of 200 seconds, packet sending rate 1pkts/sec and 5 seconds

to reconstruct a new route from a source to a destination.

We compare the simulation results of the cooperative transmission (CooPTR) with the
analytical results. We calculate the average outage probability, to present the theoretical
results in MAWSN, as follows. First, we calculate the average distance between node N; and

Nis1 (d ), between node N; and R; (d,), and between node R; and Ny (d, ). Second, the

average number of hops per route (m ) and the average number of hops per hop (n) that selects
successfully a relay for cooperation are calculated. Thus, from equation (6), (12), (13) and (14),

we can calculate the average outage probabilities substituting p= (2% -1)/y O =d’,

O'&iz,Ri = d_lﬁ and O-};iZ,NM = d_zﬁ .
Next, the average outage probability of a route can be given

P =1- (- P2 )" (1P (16)

out out

Finally, the PDR of a route in the analysis can be approximated by

_ (1_ poT )Efﬁ (1_ pcT )ﬁ (17)

out out

PDR =1-P,,

Fig. 4, 5 and 6 draw the packet delivery ratio (PDR) as a function of SNR when the value of
v_max is fixed. The theoretical results and the simulation differ . In this paper, there is a
deviation compared to the real distance and the real number of hops in the simulation, because
the average distance and the average number of hops are used to calculate the theoretical
results. However, the simulation results can approach the theoretical results and the diffence is
acceptable in the high SNR region. In these figures, the PDR of the cooperative transmission
(CooPTR) and AODV increases when the SNR increases, but the PDR of cooperative
transmission (CooPTR) is larger than that of AODV in the high SNR range. This is due to the
cooperative transmission (CooPTR) using cooperative communication that can improve data
transmission reliability.

In Fig. 7, 8 and 9, we fix SNR and draw PDR as a function of velocity. For all values of
v_max, the PDR of cooperative transmission (CooPTR) is still larger than that of AODV at
the high SNR values. When mobile nodes move at high velocity, the established routes
between the source and destination are easily broken. Therefore, the PDR of AODV, as well as
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of cooperative transmission (CooPTR), decreases when v_max increases.
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5. Conclusion

In this paper, we propose a cooperative transmission strategy using entropy-based relay
selection in Mobile Ad-hoc Wireless Sensor Networks (MAWSN) with Rayleigh fading
environments. The main features and contributions of the cooperative transmission are as
follows: (i) stable relay selection, using entropy-based concepts, supports the reliability of
cooperative data transmission, and (ii) a theoretical analysis model for cooperative
transmission to calculate the average outage probability. Performance of the proposed
cooperative transmission is evaluated by theoretical analysis and via simulation using OPNET.
We compare the results of theoretical analysis, simulation, and AODV for the packet delivery
ratio (PDR). The theoretical analysis and simulation results for cooperative transmission are
similar at high SNR. Cooperative transmission performs better than AODV.
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