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Abstract— In inter-working multi-hop wireless networks,
establishing resilient connectivity between sourcdestination
node pairs is a major issue. The issues of connetty in multi-
hop wireless networks have been studied. Howeverdbe analyses
focused on network connectivity in ad-hoc networksSince the
next generation of wireless networks will be inteworking, an
understanding of connectivity as it applies to suchmetworks is
needed. Specifically, this research emphasizes thathe
connectivity of node pairs in inter-working multi-hop wireless
networks can be evaluated based on the availabilityf radio links
and communication routes. This paper presents an afytical
study of the link and route availability in inter-working multi-
hop wireless networks.

Index Terms-Availability, Connectivity, Inter-worki ng, Multi-
hop Wireless Networks

l. INTRODUCTION

Connectivity is a fundamental property of any wess
network. Normally, in all networks, links are tHmsic
element that ensures connectivity. In wired netwplikks are
readily provided by the communication cable andsé¢hknks
are stable and predictable. However, in wirelessvorks,
links are provided by the air interface (wirelebamnel).

Generally, in wireless networks, nodes have to kbiinv
an appreciable distance of each other before a comcation
link can be established between them. Any node ithatot
within the recommended range is said to be out h&f t
network. In single hop wireless networks, it isfwignt for
each node to be within the transmission range t¢éaatt one
of the centralized base stations in order to comoat@ with
another node. In multi-hop wireless networks, durce-
destination pairs are not within each other's tnaission
range, packets reach their destination nodes sftere hops
on nodes in between the source and destination. dDilee
advantages of multi-hop communications is thatnsuzes
efficient spatial re-use.

In multi-hop wireless networks, the choice of text hop
depends on the availability of a link between aenadd its
nearest neighbour node.
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Most importantly, an available link must also béatade
for a good quality communication to be establisbetveen
node pairs. One major characteristic of the wielelsannel
that affects the quality of communication is theiaton in its
strength over time and frequency. As a result efvtariation,
communication links in wireless networks tend to be
unpredictable. Moreover, this variation affects the
connectivity between two communicating nodes.

Another factor that affects connectivity betweenotw
communicating nodes is mobility. Since mobility meguse
connected radio links to be disconnected, a clitisaue is for
nodes in the network to be able to communicateirdks lthat
can last as long as the required packet transmishioation.
Therefore the link between node-pairs has to lmgtenough
to ensure a lasting connectivity.

The developments of the theory of connectivity ineless
networks have been done in research works such-a@$. [
However, most of the theoretical and analyticakstigations
have been developed with ad-hoc and sensor netwiarks
mind. This research studies the theory of conniégtin inter-
working multi-hop wireless networks. The main cdnition
of this research is to provide an analysis of caotinigy
between any node pair in inter-working multi-hopreléss
networks. Specifically, this research focuses ok &nd route
availability between node pairs in inter-working ltirbiop
wireless networks.

In a wireless network, link and route availabildgpends
on the distance between two node pairs and thartiigsion
range of the nodes. Link and route availability besed on
probability since the wireless network is stoclasii nature.
The probability that a route is available betweagy source-
destination node pair depends on the probabiliy & nodes
on the route between the source and destinatioa &dwk to
another node closer to the destination node. Lirdilability
is the probability that two node pairs are withinneost the
maximum transmission range that is sufficient for a
communication link to be established between thBwute
availability is the probability that a certain nuentof links are
available to form the communication route betweeunrce-
destination pairs.

In particular, this paper presents the analysistha
relationship that exists between link availabiléyd route



availability in inter-working wireless multi-hop tweorks.
Such analysis is needed in order to establish ithieaility of
route availability for source-destination node pain this
paper, a link refers to the connection betweenrarte pair in
the network, while a route refers to the last ntdmnection
path between a source and destination pair.

In section IlI, a description of the model of theem
working wireless network and the node distributimodel;
and an explanation of the node degree conceptrasemmted.
The analysis of link and route availability is given Section
I, while section IV concludes the paper.

II. NETWORK MODEL
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Figure 1. NetworkQ

The network Q) in fig 1 represents an inter-working
wireless network. Networl contain three subset networks
(sub-networks) A, B, C. The total number of nodeiis
denoted by B, while the number of nodes in each of these
sub-networks (A, B, C) are NN, and N respectively, where
Nat Np+ Ne = Np and N= Ny= N; =N (i.e. the sub-networks
contain the same number of nodes). All the node= Hhe
same transmission capability and packets are trigieshfrom
the source node towards the destination node wmilé-hop
path.

A. Node Distribution Model

In these sub-networks in fig. 1, nodes are indepethg
and randomly placed on a 2-dimensional area A, altiee
node densityp =N/A (number of nodes per unit area). These
nodes are distributed randomly within the area Ahef sub-
network. The maximum transmission range of eaclthef
nodes is R and the distance between any two nXilesd Xj

VijeZandi#]in the network is represented by
d(Xi,Xj). In a wireless multi-hop network, two noslare able
to communicate with each other if d(Xi, XR [2].

B. Node Degree

The degree of a node in a wireless multi-hop netvisr
defined as the number of neighbor nodes that it [BhRsA
node is said to be a neighbor node to another rifottee
distance between them is less than or equal to thaximum
transmission range, which means that both nodeslaeeto
link directly to each other. Therefore, a node’grée is the
number of nodes within its transmission range.

The node degree of a node Xi is denoted by D(Xi)ah
instance where for a node, D(.) = 0, the noderined a “lone
node”. The existence of a “lone node” in a multpheireless
network is an undesirable condition. For a statigltinihop
wireless network, this type of node is totally @ssl to the
whole network in terms of connectivity. Howeverammobile
scenario, a lone node becomes useful as it mouestlie
transmission range of another node or when anatioele
moves into the node’s transmission range. The aldsir
condition for any multi-hop wireless network is have D(.)
for all nodes greater than zero i.e D(.) > 0. TPhebability
that D(.) > 0 for any node pair is the same aspitedability
that a link is available for the node, and the pility density
function is given by equation 1. R is the transioissange of
the node and f(x) depends on the distribution efribdes in
the network.

P(D(.) > 0) = P(link availability) = f f (x)dx
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Figure 2. Spatial Point Pattern.

A. Link Availability

Consider each sub-network in fig.1 as a collectain
random points (nodes or data or events) whosezadiaghn is
called a spatial point pattern shown in fig.2 [Bhese nodes
are contained in a Euclidean space of 2-dimengiBfjs and
their positions in the network are independent axheother.
The lack of dependence between these nodes isdcalle
complete spatial randomness (csr) [9]. From theory, these
nodes can be said to form a realization of a Planar
Homogeneous Poisson Point Process. With regardheo



analysis of spatial point pattern, the distributibaory of such
points (nodes in this case) under complete spatr@lomness
is well known under the theory of the Nearest Nbah
Distance (NND). These theories are used to anapgiat

patterns in biological sciences and are applicablaireless
networks [2].

Note that the distance of a node to its neighbdesas the
nearest neighbor distance. Letdenote this distance, so that

B= d(XiXj) YiL.JEZandi*] Wit theorem 1 given
below, the probability thdi is greater that R can be evaluated.

Theorem 1: For a Homogeneous Poisson Point Process in
0z (two dimensional plane), the probability that there are no

o : . : oA
point within a distance y of an arbitrary point (p) is€ ,
where the parameter A is the expected number of points per
unit area [9, pg 636].

The above theorem applies to any of the three sub-
networks in fig. 1 in the following way:

1) For an arbitrary node in any of the three sutwvoeks,
the probability that there are no nodes withinstatice < R,
(probability that a node has no neighbor/probapithat a
node is a lone node) is:

P(8>R)=e”® for R>0 @)
wherep is the number of nodes per unit area of each @f th
sub-network.

2) Also, for an arbitrary node in any of the thredb-
networks, the probability that the distance betwaeandomly
chosen node and any of its nearest neighbor nolésssthan
or equal to the node’s transmission range R (tlodadsility
that a node has at least one neighbor) is:

P(B<R) =1-€”® for R>0 @)

The availability of a link for a node (R) is as given by
equation 3. Ry exists as long aB< R. A node becomes a
lone node (no link is available) onfeR, and the probability
of this occurring is given in equation 2.

In a multi-hop networks, R is a monotonically increasing

function as shown in fig. 3. Fig. 3 gives a plottloé R« and

the normalized transmission range, R. The caseradtaork

of N=20 nodes in an area of 10 square unit has been
considered. The effect of the increase in thestrassion
range of nodes was observed. As R increasgg, d&so
increases because more nodes become available Hfdroa

link.

At R=0.2, only 22.2% of the total nodes are avaddbr a
1- hop link to any chosen node and 99.8% of nodes a
available if R=1. All (100%) of the links are awdile at
higher values of, which means that every node Haxkao all
other nodes in the network, This phenomenon indgc#hat
the network is fully connected.
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Figure 3. Link Availability vs Normalized R
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Figure 4. Link Availability vs Number of Nodes (N) for diffent values of

Fig. 4 gives a plot of the link availability () at fixed
transmission range (R) as the number of nodeseimétwork
increases. The same area of 10 square units has
considered, but the number of nodes was increasad 20
nodes to 120 nodes at fixed values of R=(0.1,@3,0.7 and
1). Generally, Rk increases as the number of nodes increases,
indicating that in multi-hop wireless networks, h@bability
of having a node-pair linked up is higher in a genstwork.

For high values of R, R is at very high values for a high
node density network.

bee

Then the upper bound for link availability betweany
node pair is given as:



Piuper =1- €77 for R>0 @

While the lower bound for the unavailability ofiaK is

2

Proiinciones =€ fOr R>0 (5)

The availability of a link is a sufficient conditiofor
connectivity, but it is not sufficient enough tosene a reliable
transmission of packets between node pairs. Howeoer
simplicity at this stage, let's assume that theilabdity of a
link (Pj.) between any node-pair is dependent only on the
distance between the nodes and that links in th&onk are
identical.

B. Route Availability

Figure 5. A sub-network
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Figure 6. Number of hops (I) vs distance between node pairs

In inter-working multi-hop networks, it is unlikethatp < R
will always be the case for all source-destinatimae pairs.
In instances wherd > R multiple hops are utilized for
communication. If3>R, it means that a link is not available
between the source-destination node pairs. Foisti@aario, a
route consisting of multiple links will be establesl between
the nodes. The number of links (hops) that will tiized

depends on the distance between the node pairsnifii@um
number of links (hops) that can connect any two esod
together is given by:

2

[X—‘ represents the greatest integer that is greaterxh&or
the same network scenario in section Il A, figcdhfirms that
the longer the distance between node pairs, reldtivtheir
transmission range, the more the number of hopks{ji

Let /represent the link between any two nodes in nétwor
Q, where L is the set of all links that exists ie thetwork. If a
transmitted packet from a node have to hop onah 66 links
to arrive at the destination node, theh intermediate nodes
will be required on this route. Note that in oréierensure end
to end route availability, each intermediate nodette route
must have at least two 1-hop neighbor nodes. These
neighbors are for the purpose of packet receptiod a
transmission towards the destination node.

Consider a network with N nodes as in a sub-netvirork
fig. 5. If a route is to be established between @vo nodes
Xi and Xj, where Xj is the specific target destinat then
there are N-2 possible intermediate nodes betweemd X;.
Depending on the value gfand R, the maximum number of
hops that can link Xi and Xj in this network is Nahd the
minimum number of hop is 1.

If a route with a definite number of hops gdops is to be
established between Xi and Xj, then onBlL nodes are
required on this route, as stated earlier. Let Ghbenumber of
ways that intermediate nodes can be linked up tougpe
distinct routes of only hops between Xi and X|. Since there
are N-2 possible intermediate nodes for the commeetnd/1
nodes are required to establishzaop route, then

= (N =2)! 1<l<N-1
(N-2)-(-1) )

From the equation 7, there are 8 distinct ways ahzathop
route can be set up in a network with 10 nodes.aRoetwork
of N nodes, the probability of arhop route (B, between
any source-destination pair, e.g. Xi and Xj, isegisbelow for
1</<N-1,

I:?—hop =% (R| nk)I
(N-2-(-D)!
P =G (P )l 8

The derivation in equation 8 is based on the astomp
that for all nodes in the network,Pexists and it's the same
for all nodes. It is also possible to find,g if the R



between any node pair in the network varies. Famge, in
the case where X (k takes values within Z such

thatDi' LkOZ,i# j# I() are intermediate nodes between

Xi and X and P(X%,X;) is the availability of a link from node
Xk to node X. If P(X,X;) is the same for all intermediate

nodes, X and the Ry for all other node pairs are also the

same, then, /Ryis given as in equation 9, forsl/< N-1.

I:)I—hop :(B(F?ink)I lP(Xk! X]) 9)

In case of node or link failures, an alternativéode needs
to be available at any point in order to ensure-tereind
packet transmission. This alternative route mawiregmore
than the minimum number of hops or the same numibleops
as/ So now, what is the probability that in a multigh
network, a source destination pair will be conngéaeyhow
irrespective of the number of hops from sourcedstidation?
Let P, denote the probability that a route is available.

=z
LN

P =

g R (10)
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Equation 10 gives the route availability fdR< /< N-1. R,

depends on the probability of establishing Amop route,
between any pair of source-destination node in itier-

working wireless network. It also depends on théendensity
and the transmission range of nodes in the network.

IV. CONCLUSION AND FUTURE WORK

In this paper an analysis of the link and routeilatsdity
in wireless multi-hop networks has been presentEue
research work focuses on route connectivity inrimterking
multi-hop wireless networks.

In multi-hop wireless networks such as mobile ad-ho

networks, a network connectivity analysis
However, in multi-hop inter-working wireless netwsr an
analysis of the route connectivity is more desgalblor there
to be connectivity between a source-destinationenoair in
an inter-working multi-hop wireless network, a retias to be
available.

Route availability is dependent on the availabitifya link
between the node pairs. A distance-dependent nuddiak
availability has been assumed. However, this mddek not
accurately represent the stochastic nature of tireless
channel. For optimal resource dimensioning and ityualf
service in inter-working multi-hop wireless netwsykthe
randomness in the wireless environment needs to
considered. The second part of this research wmlkides the
physical layer factors that affect the availabibfya link in the
evaluation of BPy.

Although, in mobile multi-hop networkp would be a
stochastic parameter, yet the channel model doemdode

is needed

be

the effect of attenuation, interference and fadimy the
wireless channel. In the second part of this reseatork, the
parameters that induce randomness into the wireleaanel
are considered in the development of a link reliigbimodel
for inter-working multi-hop wireless networks.
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