Determination of Critical Transmission Range in Ad-Hoc Networks

Miguel Sánchez * , Pietro Manzoni

Departamento de Informática de Sistemas y Computadores

Universidad Politécnica de Valencia, 46071 Valencia, Spain

{ misan, pmanzoni}@ disca.upv.es

Zygmunt J. Haas

School of Electrical Engineering

Cornell University

Ithaca, NY 14853, USA haas@ee.cornell.edu

Abstract

Ad-hoc networks are wireless mobile networks that do not relyon preexisting infrastructure. In such networks, multi-hop routing is used to achieve large degree of network connectivityand each node in the network acts as a router for its neighbors. T he range of the radio transceivers is chosen as a trade-off between full network connectivity, the reuse of the available spectrum, and power consumption. T his paper presents an algorithmto calculate the minimumtransmission range of the transceivers that is required to achieve, with some probability, full network connectivity. Furthermore, we also studythe effect of mobilityon this value.

1. Introduction

As the transmission range of the transceivers in an ad-hoc network is typicallysignificantly smaller than the span of such networks, multi-hop routing is commonlyused to achieve high degree of network connectivity. T o implement multi-hop routing, anynetwork node also acts as a router for other nodes. However, due to mobility, the wireless links are frequentlybroken and new links are frequentlyreestablished. Such dynamic network topologypresents a significant challenge for the network routing algorithms. Proposals of several routing algorithms, such as

DSR [6], AODV [13], ZRP[4,5], and T ORA[12], have been recentlypublished in the technical literature. In these algorithms, the routing task is performed using either a proactive or a reactive scheme, or a combination of the two, as it is done in the hybrid ZRP protocol.

Ad-hoc networks can be represented as a connected graph G( v,e) , with a set of vertices v and a set of edges e . Each vertex of the set v represents a network node and each edge of the set e represents a wireless link. T he total number of nodes is n=|v|. Direct connectivitybetween two nodes is possible onlywhen two nodes are geographicallyclose enough, as a transmission needs to be received at least some minimumsignal level to ensure some qualityof service (e.g., Bit

Error Rate). In a mobile network, where relative distances between nodes change all the time depending on the propagation conditions, links are broken and newlinks are established continuously.

* M. Sanchez work has been supported bySpanish CICYT grant T AP96-1090-C04-01 and a PPI-

0 grant fromUniversidad Politecnica de Valencia.

In this paper, we present a method to calculate the minimumvalue of the transceivers´ transmission range, which we termhere the critical transmission range , that allows maintaining full network connectivity(i.e., so there is no network partitioning). T his issue has also been considered using a statistical approach in [3].

We have also studied howthis value changes subject to nodal mobility. In particular, we have examined howthe nodal motion pattern affects to the critical transmission range.

Furthermore, we have analyzed howthe connectivityvalue is affected when the transmission range is lower than the critical range and we have compared howthe level of network connectivitychanges, subject to the choice of the mobilitymodel. T he goal was to examine how much variation in the transmission range and in node connectivityone can expect as a function of the mobilitymodels used in the study.

T his paper is structured as follows: In section 2, we describe the connectivitymodel that we have used in our studyof the critical transmission range. In section 3, we introduce the critical transmission range concept and the approach to its calculation. Sections 4 and 5 present the mobilitymodels and the connectivityparameters used in this study, respectively. Section 6 discusses some simulation results and their implications. Finally, section 7 concludes this work.

2. Wireless Transmission Range

T he optimal reception range of a wireless transceiver cannot be represented bya fixed number. Rather, the factors that condition this value change constantlyin anypractical wireless environment. Different fading mechanisms, some of which are frequency-dependent, have been extensivelystudied and the resulting propagation models that can be used for modeling have been developed for different network operational conditions, such as terrain shape, atmospheric conditions, and man-made obstacles. Another issue that determines the reception range is the transmission power: T he larger the transmitted power is, the longer is the reception range.

However, large transmission power can significantlyincrease the power drainage and reduce the batterylifetime. Another important issue is the antenna configuration; i.e., not onlythe transmitter power is important, but howthis power is spatiallydistributed is important as well.

At a first sight, one could claimthat the longer the transmission range is the better.

However, this is not always so. Although longer transmission range reduces the number of hops that a packet needs to transverse in an ad-hoc network, it also increases the number of nodes that locallycompete on the shared channel, effectivelyincreasing the access delayand reducing the network capacity. Also, short transmission range allows better frequencyreuse and longer battery lifetime.

Conversely, the network throughput can be improved byshortening the transmission range, because more simultaneous transmissions can co-exist at the same time in different areas of the network. T he problemis that for too short a transmission range, the chances of a network being partitioned increase. Of course, as network partitioning prevents some nodes fromcommunicating with their destinations, such a condition should be avoided as much as possible.

We assume that anynode transmission can be successfullyheard at anyother node whose geographical separation fromthe transmitting node is less than certain distance, where distances are calculated as Euclidean distances. We also assume a flat two-dimensional space without any propagation obstacles that could block or reflect signals in anyway. T hus, if a ,b are network nodes and their locations are x a

and x b

, respectively, we saythat a and b can communicate directly if the distance between a and b is less than the transmission range ( l ); i.e., node a can receive from b if | x a

-x b

|<l .

Although the above model of nodal connectivityis verysimple, use of this mode in our work does not reduce the generalityof our algorithm. Rather, this simple model will allowus to concentrate on the evaluation of the critical transmission range and not be burdened bya complex calculation of the network connectivity. When using a more complex propagation model, the condition on Euclidean distance being greater than some value needs simplyto be substituted bya similar condition that would indicate that the received power is above some critical value.

3. Problem formulation

Our model of an ad-hoc network consists of a set of nodes distributed throughout a certain area. As the nodes move, the particular location of anynode changes in time, as do the connectivitybetween the nodes.

T hus, each node´s set of neighbors, defined as nodes within the transmission range of the node in question, will continuouslychange. T o simulate these changing neighbor-relations, it is common to assume some mobilitymodel that represents the motion of the network nodes. Such a model emulate hownodes move in a certain communication environment (i.e. cell phone users in a city, mobile robots in a factory, etc). T hus, the topologyof an ad-hoc network can be viewed as a sequence of snapshots, which represent the location of the mobiles, temporallyseparated by some periodic time interval. Of course, as the actual mobilitypatterns are not well specified, such mobilitymodels are hypothetical in nature. Nevertheless, as shown in this paper, in manycases the results are not sensitive to the choice of a particular mobilitypattern.

Our basic goal in this work is to obtain the transmission range of the wireless transceiver, such that no network partitioning occurs. However, due to the randomnature of the problem, it is difficult to provide a single value. Rather, using the network snapshots, we are able to calculate some statistics of this critical transmission range. Of course, the problemis that one cannot simply construct a graph of the network, as the existence of links between nodes depends on the parameter that we are evaluating, namelythe critical transmission range. In other words, the usual procedure of building a graph byincluding an edge between node i and node j if | x i

-x j

|<l is not possible here, because the value l, the transmission range, is unknown.

A closer look at network links can lead to a simple but useful classification of links into two groups: links that are needed in order to maintain a fullyconnected network and other links which could be removed without partitioning the network. T he first type is essential to maintain full connectivity(we termthese links essential links) , while the latter is redundant.

In order to identifythe essential links, we introduce the concept of a direct neighbor.

Given two network nodes a and b ., we saytheyare direct neighbors 1 if there is no another node c that is closer to a than b is and, at the same time, is closer to b than a is. T hat is, a and b are direct neighbors if and onlyif:

b a c b b a c a

x x x x x x x x c - < - - < - Ø$ ^ ( 1 )

T he geometric interpretation of (1) is that, if the intersection of the circle centered at x a with the radius | x a

-x b

| with the circle centered at x b

with the same radius of | x a

-x b

| is empty, then a and b are direct neighbors. However, if another node exists such that it is closer to both a and b than the distance between a and b, then this node could be used for relaying transmission between a and b. In such a case, the direct link between a and b could be discarded without losing full network connectivity.

Specificallywe are looking for the critical transmission range that we define as:

1 )) , ( ( ) ( * = Î + e v G Conn R l min ( 2 ) where

1 We can saythat node c is in between nodes a and b .

{ } l x x v j i e j i

£ - Î = 2 * ) , ( ( 3 )

T he function Conn (G) measures the connectivityin the graph. When the transmission range is not large enough, that is, when the transmission range is under the critical transmission range, the network gets partitioned. Instead of having onlyone set of connected nodes constituting one graph, we end up with two or more sub-networks, each one clustering a subset of nodes.

In order to be able to compare different partitioned networks we need a quantitative measurement of connectivity. We define connectivity as the ratio of the connected network nodes pairs, divided bythe maximumnumber of such possible connections. T hus, the value of connectivity varies between 0 and 1.

If the network has n nodes, then the maximumnumber of connections is n(n-1) (i.e., when the network is in the fullyconnected state). At anygiven instant, the maybe k separate clusters within the network, and n i

represents the number of nodes in the cluster number i . T he connectivity is expressed as:

[ ]

) 1 (

) 1 (

) 1 (

#

) ( 1

-

-

=

-

=

å

= n n

n n n n

neighbors E

G Conn

k i

i i ( 4 )

If the network is fullyconnected, then k=1 , n

1

=n, and we get maximumconnectivity; i.e.,

C=1. Conversely, for small transmission range, everysingle node is forming a cluster of size one;

so k=n and the connectivityreduces to zero. But if the network is split in two equal size clusters, the connectivityvalue is a bit less than C= ½ , with the value of C=½ when n

® ¥ .

We name as critical link the one, which determines the critical transmission range. We say

that the link between nodes i and j is the critical link (CL) if:

l x x e j i CL

j i

= - Î = * ) , ( ( 5 )

So the critical link is the one that, if removed, partitioning of the network will occur.

Theorem: The critical link is a link between two direct neighbors.

Prove: From(1), (2) and (5) we have that l is the minimum(positive) value that

guarantees full connectivity. Let us assume that this critical link, between nodes i and j , is not a

direct neighbor link, then:

j i c j j i c i x x x x x x x x c - < - - < - $ ^

But, if such node c exists, then we can remove the i to j link without changing the network

connectivity:

) , ( ’

c j c i x x x x max l - - = ,

where l l < ’ , which contradicts the assumption that the link i to j is the critical link.

T he intuitive idea is that direct neighbors are able to communicate directly, without any

other node´s intervention (because this is the shortest path available between them). In our

reasoning, we have conscientiouslyomitted the fact that anytransmission will be practically

restricted in power, which cannot be exceeded due to hardware limitations.

In the Figure 1 , we can see that links ( a ,b), ( b,c) and ( c,d) correspond to pairs of direct

neighbors. However, the link ( b ,d) link is not between two direct neighbors, since node c can act

as a relaybetween them.

We create a graph bylinking the direct neighbors. We refer to this graph as the direct

neighbors set:

{ }

Neighbor

Direct a is m e m e v G G d d * ) , ( Î " = ( 6 )

a b d

c

Figure 1 . Sample network.

Figure 2 . Sample direct neighbors graph.

It would appear that the solution to finding the critical distance is nowto find the maximumlength link in the Direct Neighbor Graph (DNG). However, if the (DNG) contains loops, then network connectivitycould be still maintained byremoving some of the links that create a loop. In particular, it might be the case that the maximum-length link can be removed, leading to shorter critical link. T hus, to find the ^ true~ maximal link, we need to remove links fromour graph, as to eliminate all the loops. Of course, we should remove the links in the order of their length.

Theorem: T he edges of the DNG are a subset of * e

Prove: T his is trivial that because of the construction of the set d e from * e , * e e d Í .

In the Figure 2 we showan example of a DNG graph, where the longest link is fromnode

27 to 21. Note that in this case as there is no loop in the graph, the longest link is also the critical link.

T rees are graphs that do not contain loops. A MinimumSpanning T ree (MST ) of a graph is a spanning tree that covers all the network nodes and whose some of the link values is minimal.

Here, we assume that a link value is its distance. A MST of a graph is another graph:

( )

÷

÷ ø

ö ç

ç è

æ

-

=

= å

Î t e j i

j i

t x x min

G Conn e v G MST

) , (

1 ) (

,

( 7 )

Where t e is a set of edges that, on one hand, provides full connectivity(i.e., covers all the network nodes) and, on the other hand, also represents the minimumsumof the graph edge lengths. T he algorithmto compute this set is described below. We use the minimumspanning tree of the DNG as a wayto remove the unnecessarylinks 2 fromit. T he longest edge of the resulting MST is the critical link, and its length is the critical transmission range. T wo algorithms are well known for the MST calculation:

� Kruskal [8] algorithmstarts with a list of links, sorted bycost, adding one link at a time

to the constructed MST , if the newlyadded link does not create a loop in the current

MST . Otherwise, the link is skipped. T he algorithmterminates when all nodes are

present in the being constructed MST .

2 T o obtain the minimumvalue of the tree, in essence, the MST algorithmremoves the longest

link of each loop.

� Prim[15] algorithmstarts with one node in the constructed MST , chosen at random. It

builds the MST byadding newlinks, one at a time. T he newlink is selected as the

shortest link fromthe current version of the MST and the nodes not currentlyin the

MST . T he algorithmterminates when all nodes are present in the being constructed

MST .

Theorem: t e is a subset of the direct neighbor set d e

Prove: T he definition of a direct neighbor is when the node is closer to the node in

question than anyother node. Fromthe construction of the MST bythe Primalgorithm, one can

observe that each newlink chosen is the shortest possible connecting one node frominside the

current tree with other node fromthe outside. However, because the algorithmselects the shortest

links, these are also the direct neighbor links.

Of course, it is not necessaryto first create the DNG and then use the MST algorithm. One

can use directlythe MST algorithm, starting froma ^ fullyconnected~ graph; i.e., a graph in

which all the nodes are connected to all the other network nodes. In other words, the method is to

obtain the MST of the G(v,v 2 ) without calculating first the direct neighbor graph. T his way, the

number of calculations can be reduced and simulation time shortened.

Once we have the algorithmto calculate the critical transmission range, we can applyit to

a static network. However, as we pointed out in the introduction, ad-hoc network nodes move all

the time. T hus a static determination of the critical range is not veryuseful. We have

experimented with a number of mobilitymodels to evaluate the effect of the different parameters

on the value of the critical transmission range. Of course, it is also of interest to determine how

connectivityis affected bychoosing a smaller value than the critical range.

4. Mobility models

Mobilitymodels attempt to represent the motion of network nodes and are used to evaluate

the effect of the nodal movement on the performance of algorithms and protocols. Similarly,

traffic models are used to represent the pattern of traffic generation bythe network nodes. T o

properlystudythe behavior of a network (and an ad-hoc network, in particular) both types of

models are necessary.

As is the case with traffic models, there are two basic types of mobilitymodels: traces and

synthetic ones. T races are observed motion patterns recorded fromreal life use of the system(i.e.,

a mobile phone carrier could provide the motion pattern of users in a certain area). In principle,

traces can more accuratelydescribe the behavior of a practical system, especiallywhen the

number of samples in the trace is big enough. However, the use of traces has also problems. In a

newsystem, traces maynot be available yet. Besides, traces of current systems mayalso be

difficult to obtain due to several factors like customer privacyissues and confidentialityof data.

T hus, sometimes another type of modeling is needed. Synthetic models tryto present a realistic

motion behavior bycomputer generating data using a certain algorithm. Several approaches have

been studied in this area [9].

In our past work, we have developed several mobilitymodels trying to emulate some

possible mobiles´ behavior when the mobile nodes are robots [16]. Our models were based on

three different types of behavior: a column of nodes, a grid of nodes, and a set of nodes pursuing

some mobile target point. T he basic idea in these models was that anynode has a reference

location, but byintroducing a certain randomness in the model, nodes can move a randomoffset

around their locations. However, because of the importance of inter-nodal distance, the above

models appear to be too restricted and we looked for other, more general, mobilitymodels.

Mobilitymodels are usuallya mixture of more than one behavior: such as moving from one point to another following a straight line, in addition to introducing some level of

randomness, such as choosing the next target point at random. T otallyrandom models have also

been used, like the most knowBrownian motion model, which has onlya random behavior

component. Brownian model is based on the motion of atoms in a solution, which exhibit an

erratic behavior.

We have conducted our simulations using several models: ^ random waypoint~ [6],

RandomGauss- Markov [9], and a random node spreading model. All our experiments have been

conducted on a limited motion area of 500 by500 space units. T o eliminate boundaryeffects,

nodes that hit a boundaryemerge fromthe opposite site of the area; i.e., the coverage area wraps

around. T he random waypoint model is based on three mechanisms:

1. Nodes select a target location at random.

2. Nodes proceed on a straight line fromtheir current location towards the target

location at a certain speed, fixed or randomlychosen.

3. When arriving at the target location, a node waits for a certain amount of time and

repeats the process again.

RandomGauss- Markov model is designed to adapt to different level of randomness by

using one tuning parameter. Nodes maintain a certain speed and direction that are randomly

changed. T he model has a parameter to control the memoryeffect of the previous values of

direction and speed. T he following equation shows howthe newvalue for node speed is chosen

froma linear combination of the previous velocityvector v

n- 1

, an asymptotic mean m , and a

Gaussian process x

n with zero mean.

1

2

1

) 1 ( ) 1 (

- -

- + - + =

n n n x v v a m a a ( 8 )

T he parameter a acts as a ^ knob~ allowing regulation of the motion fromfully

deterministic fixed motion (zero randomness) to totallyrandom, identical to the Brownian motion

(zero memoryeffect). T his model is especiallyinteresting because it can represent different

behaviors through a single parameter.

One characteristic that holds for all realistic mobilitymodels is that nodes cannot vanish on

one location and reappear in other distant location. T his is due that the fact that nodes have a

limited motion range (i.e., limited acceleration) so theycannot reach more than a certain area

fromits current location in a finite time. Our third model assumes exactlythis type of motion, a

sort of Star-T rek ^ tele-transportation.~ We believe that this unrealistic model is useful in

checking the most limiting conditions of the variations in inter-nodal distances.

5. Network Throughput

One of the possible advantages of ad-hoc networking when using a single common channel

for all the nodes is that, due to their geographical spreading nodes, several transmissions can take

place at the same time. We are interested in showing howbig this number of concurrent

transmission can be, if the proper transmission range is chosen. We also want to showhowthe

transmission range affects the network throughput.

In order to evaluate the network throughput, the Media Access Control (MAC) scheme

needs to be implemented. For our studyhere, we used the Dual BusyT one Multiple Access

(DBT MA) scheme proposed in [2]. T his scheme is based on the use of two busytones that

^ mark~ the transmission and the receiving area, effectivelypreventing other nodes frominitiating

a transmission that might collide in a transmission alreadyin progress. DBT MA also uses the

RT S/CT S dialog (as is done in the MACA[7] and the MACAW [1] schemes) before starting a

data transmission to assist in setting up the two busytones. T hrough the use of the RT S/CT S dialogue and the two busytones the hidden/exposed terminal problems are efficientlyaddressed

bythe scheme.

6. Simulation Results

All the simulations have been conducted using Java language programs and the Simjava

library[11]. We have studied the evolution of the critical link using different mobilitymodels. T o

achieve this we have deployed a certain number of nodes ˙from2 to 100˙ inside our working

area of 500 by500 space units. Our programcalculated the critical transmission range, stored it in

a file then rearranged all the network nodes using the selected motion model and repeating the

process.

0

50

100

150

200

250

300

350

Time

Critical range

Figure 3 . T ime evolution of the critical

transmission range length in one Gauss- Markov

mobilitymodel

0

200

400

600

800

1000

1200

1400

1600

1800

2000

100120140160180200220240260280300320340360380400

Transmission range

Relative frequency

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Frequency

% accumulated

Figure 4 . Frequencyhistogramand accumulated

percentage of RandomGauss- Markov model

with 25 nodes

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Transm ission range

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Frequency

% accumulated

Figure 5 . Frequencyhistogramand percentage

of Random waypoint model with 25 nodes

0

100

200

300

400

500

600

700

800

900

1000

0 20 40 60 80 100

Nodes

Critical transmission range

gauss

random

waypoint

Figure 6 . Comparison between values obtained

with different mobilitymodels

Figure 3 shows the time evolution of the critical transmission range in an example run of

our simulations. Although it is bounded, the collected data showhighlyrandom behavior and a

Fourier analysis reveals no periodic patterns hidden in these values. Critical range seems to have

chaos characteristics , so time evolution does not provide much information about the process.

Our next step was to performa statistical analysis, in particular, to obtain the cumulative

distribution function of the critical transmission range. T o do this we have plotted the relative

frequencyof the critical transmission range values that we have obtained fromthe simulations.

Comparing Figure 5 and Figure 4 one can observe that there isn´t too much difference between

the two, except for the different mean values. T hese two figures are using a 25-node network but a

different mobilitymodel. What we can see is that the random waypoint mobilitymodel provides a lower mean value for the critical transmission range. T his means that better connectivitycan be

obtained with this model than with the random Gaus-Markov model. However this is onlytrue for

transmission range values shorter than approximately250 space units or greater, because for these

values both models are providing 100% connectivityand therefore no difference is observed.

In Figure 6 we are presenting a condensed summaryfor the three mobilitymodels,

showing the minimum, maximumand mean values of the critical transmission range. It is

interesting to point out the initiallyhigher values that start to decrease later for networks with

more than three nodes. A log(n)/n function can be fitted to these experimental results; while

minimumand maximumvalues can be likelyapproximated bynegative exponential functions.

(However, these values exhibit some level of noise, due to the randomness of the motion).

One important observation is that the data in the histograms can provide us a guide in

selecting the transmission range for and ad-hoc network. T his value is the relative frequencyof

occurrence of the different link lengths. Choosing the maximumvalue we can ensure full network

connectivity. When choosing a lower value, the graph can provide us with a statistical indication

on the percentage of network connectivity. Assuming that the process is ergodic, this is also an

indication on the percentage of time that our network remains fullyconnected. T his is an

important parameter because it provides input to the radio design process. Another observation

fromthe Figure 6 is the intuitive conclusion that the more nodes a network has, the shorter is the

critical transmission range. Furthermore, the critical transmission range seems not to be much

dependent on the specific mobilitymodel used. T his is an important point, because it suggests that

results obtained with different mobilitymodels could be sensiblycompared.

For throughput calculation we have also used a 500 space units by 500 space units lattice

with 25 nodes generating offered load of 10 ( Erlangs). We have simulated the DBT MA MAC

algorithmwith different transmission. As can be seen in Figure 7 the throughput ranges

approximatelyfromone to three. So it is clear that a careful selection of the transmission range

has a profound impact on the network throughput. Although not in the graph, for transmission

range longer than 500 space units the network experiences constant throughput of 0.93 . For

transmission range of less than 150 space units, the network gets partitioned with high probability,

so the results in this range are not of much interest.

0

0.5

1

1.5

2

2.5

3

3.5

150 200 250 300 350 400 450 500

Transmission range

MAC level throughput

Figure 7 . T he effect of the transmission

range on the network throughput

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

100% 90% 80% 70% 60% 50% 40% 30% 20% 10%

Percentage of critical transmission range

Connectivity

waypoint

random

gauss01

gauss99

exp(-x)

Figure 8 . Connectivityversus transmission

range

We have developed a modified version of the Primalgorithm, so that we can evaluate the

number and size of each cluster when the network is partitioned. T he starting point is the same as

in the Primalgorithm; we select a node and look for the closest neighbor adding it to the set of

alreadyconnected nodes. We continue this process of adding the nodes to the set of already

connected nodes. However, if the distance of the to-be-added node to the cluster is more than the

critical transmission range, we store the current set (cluster) size, and start with the next node

building a newcluster tree. T he algorithmterminates when all the nodes appear in the clusters.

We then use the equation (1) to evaluate the connectivity. T o evaluate connectivity, we have

performed another type of simulation: We start byobtaining the critical transmission range for the

model. T hen we evaluate connectivityfor selected fractions of the critical value, ranging from

90% to 10%. T his evaluation is performed byusing one of the mobilitymodels considered before.

Next figure summarizes our results.

Of course, for values equal or greater the critical transmission range, the maximum

connectivity C=1, because the network remains fullyconnected. As the maximumtransmission

range is smaller and smaller fraction of the critical transmission range, there is more and more

partitions in the network and the total connectivitydiminishes. A negative exponential can be

fitted easilyto anyof the curves. T he figure does not indicate strong dependence on the mobility

model (we used a 25-node network for this calculation). T he biggest difference is (again) with the

random waypoint mobilitymodel, which provides somewhat higher level of connectivitythan the

other models, but the difference is still not a significant one.

7. Conclusions

We have demonstrated a method to compute the critical transmission range for a wireless

network, given that the locations of the mobile nodes are known. Our results suggest that there is

not a strong dependence on the mobilitymodels we have tested. We have calculated the minimum

value for the transmission range that maintains full connectivityin the network. We assume that

all network nodes use the same transmission range. Smarter power control algorithms could,

indeed, reduce this value for some of the network nodes, without penaltyto network connectivity.

We have also shown hownetwork throughput is dependent on the transmission range by

simulating a MAC in a mobilityscenario.

Although we have implemented our algorithms as centralized, a distributed version of our

protocol is possible. Such an approach would make it more suitable for a practical implementation

of a scheme based on the determination of the critical transmission range to, on one hand, ensure

high network connectivityand, on the other hand, limit the transmission power of the nodes.

When we knowthe critical link, we can use this transmission range value to choose the

proper wireless transmission range in our transceivers. We can also use this information to know

which is the impact to choose transceivers with a shorter range (howmuch time ˙on average˙

we will have our network partitioned).

Acknowledgements

T he authors thank Abhijit Warkhedi and Enrique Puig Sapiña for their valuable comments

and suggestions, which allowimproving the qualityof this paper. We also would like to

acknowledge the work of Fred Howell and Ross McNab in authoring the SimJava software, which

has been used in our work.

Bibliography

[1] Bharghavan, V., Demers, A., Shenker, S. and Zhang, L. ^ MACAW: A Media Access

Protocol for Wireless LANs~ . ACM SIGCOMM ’94

[2] Deng Jing and Zygmunt J. Haas, "Dual BusyT one Multiple Access (DBT MA): A New

MediumAccess Control for Packet Radio Networks," IEEE ICUPC’98, Florence, Italy,

October 5-9, 1998

[3] Gupta , P. and P.R. Kumar. "Critical Power for Asymptotic Connectivityin Wireless

Networks.’’ T o appear in Stochastic Analysis, Control, Optimization and Applications. Feb,

1998.

[4] Haas Z.J. and Pearlman M.R, "T he Performance of QueryControl Schemes for the Zone

Routing Protocol," ACM SIGCOMM’98

[5] Haas Z.J. and Pearlman M.R, "T he Performance of the Zone Routing Protocol in

Reconfigurable Wireless Networks," accepted for publication in IEEE JSAC issue on Ad-

Hoc Networks, June 1999

[6] Johnson, D.B., and Maltz, D.A., "Dynamic Source Routing in Ad-Hoc Wireless Networks,"

in Mobile Computing, edited byT . Imielinski and H. Korth, chapter 5, pp. 153-181, Kluwer,

1996.

[7] Karn, P. ^ MACA ˘ A newChannel Access Method for Packet Radio~ . ARRL/CRRL

Amateur Radio 9 th Computer Networking Conference, September 22, 1990.

[8] Kruskal algorithmcan be found in the following URL:

http://students.ceid.upatras.gr/~papagel/project/kruskal.htm

[9] Liang, B. and Haas Z. J. ^ Predictive Distance-Based MobilityManagement for PCS

Networks~ . Accepted in INFOCOM´99. Publication pending. March, 1999.

[10] Macker, J., "Mobile Ad Hoc Internetworking", MILCOM’97 panel on Ad-Hoc Networks,

Monterey, CA, November 3, 1997.

[11] McNab R. and Howell, F.W. " Using Java for Discrete Event Simulation" in proc. T welfth

UK Computer and T elecommunications Performance Engineering Workshop (UKPEW),

Univ. of Edinburgh, 219-228. (1996)

[12] Park, V.D., and Corson, M.S., "A HighlyAdaptive Distributed Routing Algorithmfor

Mobile Wireless Networks," IEEE INFOCOM’97, Kobe, Japan, 1997.

[13] Perkins, C.E., "Ad-Hoc On-Demand Distance Vector Routing", MILCOM’97 panel on Ad-

Hoc Networks, Monterey, CA, November 3, 1997

[14] Perkins, C.E., and Bhagwat, P., "HighlyDynamic Destination-Sequenced Distance-Vector

Routing (DSDV) for Mobile Computers" ,ACM SIGCOMM, vol.24, no.4, October 1994.

[15] Prim. R.C. ^ Shortest Connection Networks and some Generalizations ~ . Bell Syst. T echno. J.

36, 1957.

[16] Sanchez, M. and Manzoni, P. ^ A Java-based ad-hoc networks simulator~ SCS Western

Multiconference. Web-based simulation track. San Francisco, Jan, 1999.

[17] Sass, P. F. ^ Characteristics of good neighbors in a packet radio network~ . IEEE Global

T elecommunications Conference, GLOBECOM´84. Nov, 1984.