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ABSTRACT tions, ranging from interconnected wireless access points to

This study is a comparison of three routing protocols  hetworks of wireless devices carried by individuals, e.g., dig-

proposed for wireless mobile ad-hoc networks. The pro- ital maps, sensors attached to the body, voice communica-
tocols are: Destination Sequenced Distance Vector (DS- tion, etc. Combinations of wide range and short range ad-hoc
DV), Ad-hoc On demand Distance Vector (AODV) and  networks seek to provide robust, global coverage, even dur-
Dynamic Source Routing (DSR). Extensive simulations ing adverse operating conditions.

are made on a scenario where nodes moves randomly.

Results are presented as a function of a novel mobility In the commercial sector, equipment for wireless, mobile

metric designed to reflect the relative speeds of the nodes computing has not been available at a price attractive for
in a scenario. Furthermore, three realistic scenarios are larger markets. However, as the capacity of mobile comput-

introduced to test the protocols in more specialized con-  ers increases steadily, the need for un-tethered networking is
texts. In most simulations the reactive protocols (AODV'  eypected to rise as well. Commercial ad-hoc networks could

and DSR) performed significantly better than DSDV. At e ;56 in situations where no infrastructure (fixed or cellu-
moderate traffic load DSR performed better than AODV lar) is available. Examples include rescue operations in re-

for all tested mobility values, while AODV performed t hen local t be deploved
better than DSR at higher traffic loads. The latter is MOt areas, or when local coverage must be deploye

caused by the source routes in DSR data packets, which quickly at a remote construction site. Ad-hoc networks be-

increase the load on the network. tween notebook or palmtop computers could be used to
spread and share information among the participants of a
1. INTRODUCTION conference. Short range ad-hoc networks can simplify inter-

The notion of a mobile ad-hoc network used in this work is acommunication of various mobile devices (e.g., a cellular
network formed without any central administration, consist-phone and a PDA) by eliminating the tedious need for ca-
ing of mobile nodes that use wireless interfaces to send paclbles. The latter case could also extend the mobility provided
et data. The nodes in an ad-hoc network can act as botby the fixed network (e.g., Mobile IP) to nodes further out in
routers and hosts, thus a node may forward packets betweémn ad-hoc network domain.

other nodes as well as run user applications. Since the network nodes are mobile, an ad-hoc network will

Mobile ad-hoc networks have been the focus of many recertypically have a dynamic topology which will have a pro-

research and development efforts. Ad-hoc packet radio nefound effects on network characteristics. Network functions

works have so far mainly concerned military applications,such as routing, address allocation, authentication, and au-

where a decentralized network configuration is an operativéhorization must be designed to cope with a dynamic and

advantage or even a necessity. Networks using ad-hoc conolatile network topology. Network nodes will often be bat-

figuration concepts can be used in many military applicatery powered, which limits the capacity of CPU, memory,
and bandwidth. This will require network functions that are
resource effective. Furthermore, the wireless (radio) media
will also affect the behavior of the network due to fluctuating
link bandwidths resulting from relatively high error rates.

1.1 Routing protocols for ad-hoc networks

This work focuses on routing protocols for mobile ad-hoc
networks. Traditional routing protocols apeoactivein that



they maintain routes to all nodes, including nodes to which The models of DSDV and DSR used in the study were part
no packets are sent. They react to topology changes, even ibf a simulation package from CMU [20], while AODV had
no traffic is affected by the change. They are based on eitherto be implemented independently at the time of this work.
link-state or distance vector principles [18] and require peri- To clarify the differences to the work made in [2], a discus-
odic control messages to maintain routes to every node insion on protocol implementations and protocol parameters
the network. The rate at which these messages are sent mustre presented in conjunction with the protocol descriptions
reflect the dynamics of the network in order to maintain val- in Section 2.

id routes. Hence, the use of scarce resources, e.g., powe
and link bandwidth, for control traffic will increase with in-
creased node mobility. An alternative approacheiactive
route establishment, where routes between nodes are dete
mined only when explicitly needed to route packets.

[n all simulations presented herein, the link layer consists of
a wireless LAN using a media access control (MAC) func-
}jon based on the IEEE 802.11 [7] standard. This MAC
function uses a random access algorithm denoted CSMA/
CA (Carrier Sense Multiple Access with Collision Avoid-
Several routing protocols for ad-hoc networks have beenance) that essentially operates as an Ethernet in the air with-
proposed, for instance [1, 3, 4, 6, 8, 9, 10, 13, 15, 17, 19], out the collision detection part. The random access concept
but few comparisons between the different protocols have used in this protocol makes it relatively easy to form ad-hoc
been published. networks. The technology is commercially available, and
there is an implementation of this link layer in the simula-

Within the Internet Engineering Task Force (IETF), a work- tion environment used in this study.

ing group named Mobile Ad-hoc Networks (MANET) [12]
has the charter to standardize an IP routing protocol for mo- The paper is organized as follows. In Section 2, brief de-
bile ad-hoc networks. All the routing protocols listed above scriptions of the studied protocols are given. Section 3 intro-
(except for [17]) have been submitted to the MANET group duces a mobility metric used throughout the study. In
as internet drafts. Section 4, simulation results for the random scenario are
given and in Section 5 results for the three realistic scenari-

The work presented in [2] is the most comprehensive com- os are presented and discussed. In Section 6 conclusions are
parison of ad-hoc routing protocols published so far. The drawn from the study and, finally, in Section 7 planned fur-

study was done in the Monartproject at CMU and aims at  ther work is listed.

a fair evaluation based on quantitative metrics. Examples of

other simulation results on individual protocols are [11] and 2. PROTOCOL DESCRIPTIONS

[14], but as these used different metrics the results are diffi- This section gives short descriptions of the three ad-hoc
cult to compare. routing protocols studied in this work.

Three routing protocols are studied in this work, namely Nt ; .
Ad-hoc on Demand Distance Vector (AODV), Dynamic 2.1 %esslg{]/atlon Sequenced Distance Vector

Source Routing (DSR), and Destination Sequenced Dis-
tance Vector (DSDV). AODV and DSR were selected be- DSDV [17] is a hop-by-hop distance vector routing proto-
cause they show the best performance in [2], but should becol. It is proactive; each network node maintains a routing
compared and evaluated further using additional metrics andtable that contains the next-hop for, and number of hops to,
scenarios. As opposed to DSR and AODV, DSDV is a pro- all reachable destinations. Periodical broadcasts of routing
active protocol and was included to illustrate the differences updates attempt to keep the routing table completely updat-
between reactive and proactive protocols. ed at all times.

This work has been inspired by the simulations in [2], but To guarantee loop-freedom DSDV uses a concept of se-
extends those results further by introducing a new mobility quence numbers to indicate the freshness of a route. A route
metric and new network scenarios as well as presenting re-Ris considered more favorable th&iif R has a greater se-
sults on delays and byte overhead. First, a metric calied ~ quence number or, if the routes have the same sequence
bility is introduced as a means to capture the relative motion numberR has lower hop-count. The sequence number for a
of nodes in the network. Second, throughput and delay areroute is set by the destination node and increased by one for
measured for the analyzed protocols with mobility and of- every new originating route advertisement. When a node
fered traffic load as variables in a random network scenario. along a path detects a broken route to a destinddiobad-
Third, three network scenarios are analyzed, denoted Con-vertises its route to D with an infinite hop-count and a se-
ference, Event Coverage, and Disaster Area, respectivelyguence number increased by one.

They are intended to model a set of usage cases believed t
be more realistic than a totally random motion pattern. In
addition, the simulation tools were modified to include sim-
ple obstacles that shadow the coverage of nodes, which ad
to the realism of the latter scenarios.

®Route loops can occur when incorrect routing information is
present in the network after a change in the network topolo-
y, e.g., a broken link. In this context the use of sequence
umbers adapts DSDV to a dynamic network topology such
as in an ad-hoc network.

DSDV uses triggered route updates when the topology
1. MObile Networking ARCHitectures changes. The transmission of updates is delayed to intro-



duce a damping effect when the topology is changing rapid- study has aend buffeof 64 packets, which is not specified
ly. This gives an additional adaptation of DSDV to ad-hoc in [16]. The send buffer, located in the sending node, stores
networks. outgoing packets until the route acquisition procedure ob-
tains a route to their destination. The AODV specification
does not require a send buffer, but it is needed to obtain a
fair comparison with DSR which does specify a send buffer.

The parameter values used for DSDV in the simulations are
given in Table 1 and are the same as in [2].

Table 1: DSDV Simulation parameters The maximum time to keep packets in the send buffer was
Periodic route update interval 15 s set to 8 seconds, which was a heuristically determined value
Periodic updates missed before Nk decid@d based on a serles.of |n|t|_al S|mulat|_ons. Some pf the parame-
broken ters used in the S|.mulat|on was slightly mqq|fled compared
_ _ to the ones used in [2] and the ones specified by [17]. The

Route advertisement aggregation time ls Route reply lifetimavas set to match tha&ctive route time-

Maximum packets buffered per node per dg$i- outvalue. TheTime between retransmitted requesiss set
nation to fit the reverse route life time (3 seconds) since it should

be possible to retransmit a request as soon as the reverse

2.2 Ad-hoc On Demand Distance vector - route has expired. To save bandwidth, the frequendyigf

AODV gered RRERnessages was limited to one every second. The

. . . . parameter values used in the simulations are given in Table
AODV [15,16] is a distance vector routing protocol, like >

DSDV, but it is reactiverather than proactive like DSDV.

That is, AODV requests a route only when needed and does Table 2: Parameter values for AODV

not require nodes to maintain routes to destinations that are [HELLO interval 15s
not communicating. The process of finding routes is re- : :

ferred to as theoute acquisitiorhenceforth. AODV uses se- Active route t.|m.e-out 300
guence numbers in a way similar to DSDV to avoid routing | Route reply lifetime 300s
loops and to indicate the freshness of a route. Allowed HELLO loss 2
Whenever a node needs to find a route to another node it |Request retries 3
broadcasts &Route Request (RREQ) messdgeall its Time between retransmitted requests 3s
neighbors. The RREQ message is flooded through the net- [Time to hold packets awaiting routes Ss
work until it reaches the destination or a nhode with a fresh YEW T ai oSt 7
route to the destination. On its way through the network, the aximum rate for sending replies for a roquL S

RREQ message initiates creation of temporary route table . .
entries for the reverse route in the nodes it passes. If the des—2'3 D)/”am'c Sourge Routing - DSR . .
tination, or a route to it, is found, the route is made available Dynamic Source Routing (DSR) [2][10][11] is a reactive
by unicasting aRoute Reply (RREP) messalgack to the routing protocol which uses source routing to deliver data
source along the temporary reverse path of the receivedPackets. Headers of data packets carry the sequence of
RREQ message. On its way back to the source, the RREPnodes through which the packet must pass. This means that
message initiates creation of routing table entries for the intermediate nodes only need to keep track of their immedi-

destination in intermediate nodes. Routing table entries ex-até neighbors in order to forward data packets. The source,
pire after a certain time-out period. on the other hand, needs to know the complete hop sequence

. - to the destination.
Neighbors are detected by periodtELLO messagega

special RREP message). If a naddoes not receive HEL- ~ As in AODV, the route acquisition procedure in DSR re-
LO messages from a neighbpthrough which it sends traf- ~ quests a route by floodingRoute Requegiacket. A node

fic, that link is deemed broken and a link failure indication receiving a Route Request packet searchemitte cache
(atriggered RREP messapis sent to itsactive neighbors where all its known routes are stored, for a route to the re-
The latter refers to the neighbors »fthat were using the ~ quested destination. If no route is found, it forwards the
broken link betweem andy. When the link failure messages Route Request packet further on after having added its own
eventually reach the affected sources, these can choose to eRddress to the hop sequence stored in the Route Request

ther stop sending data or to request a new route by sendingacket. The Route Request packet propagates through the
out new RREQ messages. network until it reaches either the destination or a node with

) ] S a route to the destination. If a route is found, a Route Reply
The implementation of AODV made within this study com-  p5cket containing the proper hop sequence for reaching the
bines HELLO messages with information from the MAC  gestination is unicasted back to the source node. DSR does
layer to detect link failures, which results in quicker failure q¢ rely on bi-directional links since the Route Reply packet
detection. DSR uses similar methods. The HELLO interval s sent to the source node either according to a route already
was also increased to 1.5 seconds (1 second in [16]) sinCestored in the route cache of the replying node, or by being
the protocol now gets addltlo_nal |nformat|_on from the I|n_k piggybacked on a Route Request packet for the source node.
layer. Moreover, the AODV implementation used in this However, bi-directional links are assumed throughout this



study. Then the reverse path in the Route Request packeB. MOBILITY METRIC

can be used by the Route Reply message. This section defines a mobility metric, henceforth referred

The DSR protocol has the advantage of being able to learnto asmobility, intended to capture and quantify the kind of
routes from the source routes in received packets. When node motion relevant for an ad-hoc routing protocol. Ad-
finds a route toC throughB, it will in the process learn a  hoc routing protocols must take action when the relative
route toB, andC will learn a route toA. When data starts  motion of nodes causes links to break or form, and a mobili-
flowing from A to C, B will learn a routeC. However, if the ty metric should thus be proportional to the number of such
reverse path fronC to A passes througB, B will learn a events. The metric should also, if possible, be independent

route to C already when Route Reply message passes©f the particular network technology used. Therefore a mo-
throughB. bility metric is proposed which igeometridn the sense that

the speed of a node in relation to other nodes is measured,

To avoid unnecessarily flooding the network with Route Re- while it is independent of any links formed between nodes
quest messages, the route acquisition procedure first querieg, the network.

the neighboring nodes to see if a route is available in the im- ) ] o
mediate neighborhood. This is done by sending a first Route The study in [2] uses the pause time at waypoints in a ran-
Request message with the hop limit set to zero, thus it will dom motion model as a mobility metric. This makes sense
not be forwarded by the neighbors_ If no response is ob- for the particular motion model used in that StUdy but is too
tained by this initial request, a new Route Request messagead-hoé¢ to be useful for generic motion models. For in-
is flooded over the entire network. stance, the pause time metric is ill-defined when node mo-
tion is continuous or when nodes use different pause times.
Moreover, the speed at which nodes move between way-
points is also relevant for how often links break and form.

DSR may use the MAC layer to inform about link failures.
Alternatively, it can use the Network Layer Acknowledg-
ment feature as described in [3]. In this study the MAC layer
feedback is used only. In case of a link failurepate error The mobility metric proposed here describes the mobility of
packetis sent back to the source node, which then removesa scenario with a single valud which is a function of the
the broken link from its route cache and all routes that con- relative motion of the nodes taking part in a scenario. If
tain this hop are truncated at the point of the broken link. I(n,t) is the position of noda at timet, the relative velocity
Furthermore, an intermediate node that forwards the routev(x,y,t)between nodesandy at timet is

error packet may also update its route cache in a similar

manner. vy ) = S D -16.1) (1)

A DSR node is able to learn routes by overhearing packets
not addressed to it (theromiscuous modeHowever, this

feature requires an active receiver in the nodes, which may
be rather power consuming. In networks were nodes have
limited power the aim is to shut down the transceiver as of-
ten as possible to conserve power. In order to investigate 1
how DSR would operate in such an environment the promis- M, = = IV(x, vy, D|dt (2

The mobility measurel,, between any pai, y) of nodes

is defined as their absolute relative speed taken as an aver-
age over the timef, the mobility is measured. The formula
for obtainingM,y is given below.

X ) : X xy
cuous mode was not used in the DSR simulations. This de- to<tEtg+ T

cision was also motivated by simulation runs (not presented
due to space limitations), comparing DSR with and without
the promiscuous modén these simulations the use of the

promiscuous mode did not give a significant improvement
of network performance. However, more exhaustive simula- 1 5 noon
tions should be made to confirm this. M= X W;YMXV = n(n—l)X; y:z><+2/lxy : 3

In order to arrive at the total mobility metrid/, for a sce-
nario, the mobility measure in (2) is averaged over all node
pairs, resulting in the following definition

The parameter values used in the DSR simulations are taken ) o ) _
from [2] (see Table 3). where X,)| is the number of distinct node pairsy) andn is

the number of nodes in the scenario. (Note that the second

relation in (3) assumes nodes being numbered fromril)to
Table 3: Parameters for DSR. Hence, the mobility expresses the average relative speed be-
tween all nodes in the network. Consequently, the mobility

Time between retransmitted requests 500 ms ; ) )
i i for a group of nodes standing still, or moving in parallel at
Size of source route header carrying n jgth  + 4 the same speed, is zero.

dresses bytes . ical g ) f1h bility 1
——— . or practical reasons a discrete version of the mobility for-
T!me out for non propagaypg search 30 ms mula is used when computing the mobility for the network
Time to hold packets awaiting routes 30s scenarios in this study is approximated by summing the
Maximum rate for sending replies for a ropiés

1. No pun intended.



relative speeds over small time stePs] seconds. Decreas- the second set of simulations the offered load was varied as
ing the time increment belo®.1 seconds did not improve  well as the mobility. Table 4 provides all the simulation pa-
the accuracy significantly for the scenarios under study. rameters.

The distances are measured in meters which gives the mo- Table 4: Simulation Parameter Values

bility measure in meters per second. Alternatively, the dis- [Transmitter range 250 m

tance could be normalized with _the transmitting range of the Bandwidth 2 Mbps

nodes to compare systems with different radio coverage. [ — _

However, this modification is left for evaluation in future | Simulation time 250's

studies. Number of nodes 50

The mobility metricM appears to capture something rele- | Pause time ls

vant for the routing protocols. The diagram in Figure 1is of- | Environment size 1000x1000 m

fered as evidence for this claim. The diagram shows the [Traffic type Constant Bit Rate

number of times links break or form as a function of the mo- Packet rate 5 oackels/s

bility when the nodes move in a random model as described i p

in Section 4. The diagram gives average values, based on | Packet size 64 byte

data from all the random scenario simulations. Number of flows 15
3500 In all random scenario simulations the implicit mobility val-

ue is controlled through the explicit maximum speed param-
S0 eter,Vmax: The mobility value is difficult to set exactly, so
2500 e an interval oft0.1for each point was allowed. The mobility
/ values used in the simulations afg:0.5, 1.0, 1.5, 2.0, 2.5,

2000 3.0,and3.5, where a mobility factor 08.5 corresponds to a

VinaxOf 20 m/s

1500

Avg nr of link changes

In all the simulations the traffic was generatedifscontin-

100 / uous bit rate (CBR) sources spreading the traffic randomly
among all nodes. The packet size @ddytes and the pack-

et rate was packets/sn the first set of simulations. In the

500

ol = . - : - L = " second set of simulations the rate ranged féopackets/$o
Mobility 20 paCket/S.
Figure 1. Mobility vs. link changes for a random scenario. 4.1 Delay

4. SIMULATIONS - RANDOM SCENARIOS 4.1.1 First set of simulations - Varied Mobility

The simulation study was conducted in the Network Simu- The average packet delay increases with mobility for all
lator (ns2) [5] environment and used the ad-hoc networking three protocols, as shown in Figure 2. However, DSR has a
extensions provided by CMU [20]. All simulations were |ower delay than AODV at higher mobility values due to the
performed on a PC (Pentium-2, 400 MHz, 128 MB of way routes are detected in DSR. The route acquisition pro-
RAM) running FreeBSD 2.2.6. cedure in DSR allows more routes to be detected and cached
than in AODV, which obtains a single route per RREQ.

In the random scenario, each node randomly selects way-, - : , .
points in a square environment space (1 km x 1 km). At each val[tl’rl]AE)OS[I)QV packets wait less during route acquisition than

waypoint a node pauses for a predefined time and picks the
speed to the next waypoint from a uniformly distributed in- DSDV exhibits a low delay because only packets belonging
terval [0..\pa- The simulations of random scenarios are to valid routes at the sending instant get through. A lot of
similar to the approach in [2], where the area was instead packets are lost until new (valid) route table entries have
rectangular, 1500m x 300m. been propagated through the network by the route update
messages in DSDV. For DSR and AODV, on the other hand,
the reactive route acquisition procedures manage to provide
new routes with a low packet loss.

A square area does not “discriminate” one direction of mo-
tion like a rectangular area do. On the other hand, it limits
the number of hops (from 6 to 4 for a transmitting range of
250m). Since Section 5 analyzes scenarios with many hops4.1.2 Second set of simulations - Varied Load

the square area was chosen for this part of the study. The results for AODV, DSR, and DSDV are shown in Figure
Delay and throughput were measured. In addition, to under-3. Figure 4, and Figure 5, respectively.

stand the protocol efficiency, the overhead imposed by the o protocols exhibit higher delays with increased load. This
routing protocols was measured both in terms of packetsjg phecause send buffers become more filled with increasing

and bytes. Two sets of simulations were run. First, the mo- 554 At the highest mobility, AODV shows the highest de-
bility was varied and the offered load was held constant. In



—x— gggV-HELLO-MAC 07 —>— AODV 5 pkt/s
014 1 —o— S AODV 10 pkt/
-3~ DSDV | . o Adpvis Skt/:
06 . ---%--- AODV 20 pkt/s
0.12
3 5 ' 8-
& 8 oa - i — w
Z 008 3 *
] ] o
g oos g 03 e ( ;
0.04 o 02
,,,,,,,,,,,,,, @---="""""" - =
0.02 el o 01 g et
P B IR I / T
0 N S IV
0 0.5 1 15 2 25 3 35 0 0 05 1 15 2 25 3 35
Mobility (m/s) Mobility (m/s)
Figure 2. All - Average delay with varied mobility. Figure 3. AODV- Average delay with varied offered traffic.
0.7 - T 0.7
—*— DSR 5 pki/s —<— DSDV 5 pkt/s
——6--- DSR 10 pkt/s --¢--- DSDV 10 pkt/s
---&-- DSR 15 pkt/s ------ DSDV 15 pkt/s
0.6 Fs ---%--- DSR 20 pki/s 06 ---%--- DSDV 20 pkt/s
o5 05
3 8 )
8 B * §
@ d Q
2 04 o )
E ” S ;; 0.4
3 K I
- I~ X,
£ o3 . 3 R
] S - . T ] 0.3 A o
g R = g ¥ ot
z S H
0.2 o 02 g T B
3t o
0.1 e e B ol . &
777777777777 [ DA, i e H———— -
0% & Py S */”*\k/k//
0 0.5 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Mobility (m/s) Mobilty (m/s)
Figure 4. DSR - Average delay with varied offered traffic. Figure 5. DSDV - Average delay with varied offered traffic.

lay, but also delivers more packets than DSR and DSDV 4.2 Throughput

(see Section 4.2).

N e 4.2.1 First set of simulations - Varied Mobility
DSDVs inability to converge when the mobility is high be- Th h hout for th work is sh in Fi
comes increasingly evident at high loads. More traffic is of- . ¢ average tnroughput for the NEWork 1S shown In Figure

fered but the route update interval remains unchanged. In6HrC:NitE atn_so;fer?g 'Imozgeloff? kgaglfl_ehtrsé Sthﬁ T?j)ggg;ns-
Figure 5 this can be seen as a high delay increase when thdhrougnput is approxi . pS. ughpu

e és only slightly for AODV and DSR with increased mobility
packet rate goes froto 10 packets/at1.5 m/smobility. (about 4-5 percent packet loss at the highest mobility).

At the highest load all protocols exhibit a somewhat surpris- DSDV on the other hand has difficulties in finding routes
ing property; the delay is higher at low mobility than at when mobility increases. This is clear from Figure 6, where
moderate mobility@ - 1 m/9. The explanation is that at low  the throughput drops with abod0 percent at high mobility.

mobility routes are relatively long lived. More traffic is car-

ried over the same paths during longer times, so longer
?yu?gﬁtse\éwI;:grrpezgggigwezlg:fgai?é?]?”'yétsglgt?‘ir {F:fﬁgl is converged initially in the network. Note that all simulations
spread out over a larger number of nodes, one might say thaf'"® started without any established routes.

the result is a form of load balancing. At the highest mobili- 4.2 2 Second set of simulations - Varied Load

e o oo i Coimass o AL igher offered loads, DSDV ex1bs the ihest o i
DS%V due 1o thg short seF;]d buffer ' throughput $0 percent a0 packets)s This is due to pack-
) ets being dropped along outdated routes (see Figure 9).
DSR, in Figure 8, also shows a big drop in throughput at
higher loads, e.g40 percent a0 packets/sThis is an ef-

The slightly lower throughput for DSDV at zero mobility is
caused by packets that are sent (and lost) before routes have
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fect of the higher network load caused by the source routesThe packet overhead shown in Figure 10 clearly exposes the
carried in all data packets. Thus, DSR will face a higher characteristics of the three protocols. DSDV does not adapt
packet loss than AODV at higher loads. AODV is more ro- to increased mobility; the update intervals remain constant.
bust and drops abo@8 percent in throughput £0 packets/  AODV and DSR on the other hand detect and react to more
s (see Figure 7). link failures when mobility increases, resulting in an in-

. creased number of control packets. Moreover, AODV sends

Note ;hat at the h|ghesy packet ra&l packets/sand zero HELLO packets periodically which gives it a higher packet
mobility, all protocols still only deliver abol&0 percent of overhead
the offered packets. At this load the network drops a rather ’
large number of packets due to buffer overflow in some con- Figure 11 shows the byte overhead. It reveals the impact of
gested nodes. This congestion is caused by an increase imverhead for source routes as used by DSR. DSDV has the
MAC layer packet collisions, giving less capacity to drain highest byte overhead of all protocols because the routing
queues, combined with a higher aggregated packet rate intable updates often contain the entire routing table. This is
some forwarding nodes. accentuated when the mobility increases since more routes

. need to be fully updated in each update. At high offered
4.3 Routing protocol overhead loads the byte overhead becomes large for DSR, as can be
The overhead was measured as number of control packetseen from the upper plots in Figure 13. The high byte over-
and as byte overhead. The latter includes overhead in datéhead at low mobility is caused by many packets being deliv-
packets, e.g. source routes as well as the entire control packered and thus also many source routes carried in data packet
ets. The total number of packets (or bytes) sent during theheaders. The byte overhead decreases for DSR when the
entire simulation is reported. Only overhead stemming from mobility increases to moderate values and causes lower
the IP layer is included, i.e. link layer or physical layer over- throughput. At the highest mobility the overhead increases
head is not. again as more control packets are needed to acquire routes.
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AODV has a more robust byte overhead than DSR at higher
loads since the overhead is caused by control packets only

(Figure 12). It needs to be pointed ut, however, that the
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Table 5: Parameters used during realistic simulations.

small packets used (64 bytes) penalizes DSR because th
source routes are large compared to the payload.

5. SIMULATIONS - REALISTIC

SCENARIOS

In order to investigate how the routing protocols perform in
less artificial scenarios than random movement, three “real-

istic” scenarios were designed and simulated. The scenariog

are

Conferencewith low mobility
Event Coveragewith fairly high mobility.

Disaster Area with some relatively slow nodes and
some very fast nodes (vehicles).

The names of the scenarios attempt to categorize them and

should not be construed as precise definitions. The parame
ters common to all simulations are given in Table 5.

Parameter Conference Event Coverage
& Disaster area

“Transmitter range| 25 m 250 m

Bandwidth 2 Mbps 2 Mbps

Simulation time 900 s 900 s

Number of nodes| 50 50

Environment size| 150x90m 1500x900 m

Traffic type Constant Bit Rate Constant Bit Rate

Packet rate 4 packets/s 4 packets/s
Packet size 512 byte 512 byte
Speed of a person 1 m/s 1mis
Speed of a vehiclef (not used) 208 m/s

a. Disaster Area only

Low-power radios used for indoor communication typically
cannot propagate signals through walls, doors, and other ob-
stacles in a building, without severe attenuation. Similar
conditions may exist in an outdoor scenario, where objects
in the terrain, such as buildings, cars, etc. may shadow radio



transceivers. In order to get significant results in a simula- The purpose of this scenario is to test responsiveness to lo-
tion claiming to be realistic, obstacles to radio propagation cal changes of long-lived routes. Furthermore, the low mo-
should be modeled. Consequently, the capability to model bility in combination with the traffic concentration will

obstaclebwas added to the simulation tool. This feature al- Stress congestion properties.

lows the placement of obstacles in the form of boxes among The results fare shown in Table 6. The calculated mobility
the moving nodes. If the straight line between any tWo for this scenario is very low. AODV and DSR perform quite
nodes are crossed by an obstacle, a link between these nodgge||, they deliverd4to 98 percent of the packets with an av-
is considered broken until the nodes move out of the Shad'erage throughput af5.0 — 15.7 kbpsDSDV delivers only
owed area (th_e straight I||_1e is not crossed)..A more realistic 75 g percent of the packets with an average throughput of
model would include radio signals penetrating some of the 15 1 kbps.This indicates that an ad-hoc routing protocol

objects only partly absorbed as well as reflected radio sig- yyyst adapt quickly to topology changes even for long-lived
nals. However, this simple model is a first approximation g tes.

only, which assumes fully absorbing objects.
Table 6: Conference simulation results.

5.1 Conference scenario DSDV DSR AODV
7 v - Mobility factor 0.04 0.04 0.04
Zone 1 L segaker T TEmSTIErRANGe Received 75.6% | 98.0% | 94.0%
p— \ / Throughput [kbps] | 12.10 15.70 15.00
[ Zone2 T\ Z - — 77 [Sent 21510 21510 21510
° o . o® _ o oo
° o e o o o o Average delay [s] 0.052 0.230 0.390
Dropped 5250 422 1376
e 00 0 0 ° o 0 :
o o o o Received packets |16.3.16 |21.1-16 |20.1- 16
Packet overhead . . .
0c0 00 o e e e e 44.0-16 |4.11-18 |54.7-16
Byte overhead [MB] 6.41 4.10 2.11
‘ > 6 6 0 0 ¢ o oo Average hop-count| 5.32 5.79 6.45
-F- - - 'l B | 52 Eventcoverage
Zone 3 ./V ./V
® = Node . = Obstacle  ¥~_= Movement — - A/. o
-~ PRN Temporary Clusters
Figure 14. Conference scenario. / ® o — - ! °
1% ' Wmmm \
The conference scenario modéRpeople attending a con- ® ool P
ference, seminar session, or a similar activity as illustrat¢d | “ °o_ /e \
in Figure 14. It include® CBR sources and receivers re- \go © ‘ae® o\
sulting in6 CBR flows. Three zones can be distinguished if ~ o.’ 09 %,
the scenario: 1) the speaker zone where the speaker moyes - oo ° 0/ ®
sideways and constantly changes her/his closest neighbof in o-¥ ° \@ LI ./
the audience, 2) the audience zone where people are rather ° N
static, when someone moves a long-lived route might bregk, PY
3) the entrance zone where curious people outside the ropm —
establish routes to the speaker to try to decide, based on the I -
retrieved information, if they should join the session or nof. Pl ° o ° o
The conference scenario has rather low mobility as d8ly
percent of the nodes are moving at any moment in time. The ® =Node B - obstacle = wovement
routes typically involve many hops and the traffic is concen- Figure 15. Event coverage scenario.
trated to the speaker. Due to high node density, there will be ) ] o
relatively high radio interference. The event coverage scenario, depicted in Figure 15, models

a group of50 highly mobile people which are frequently
changing position. It may represent a group of reporters that
are covering a political event, a sport event, or stockbrokers
1. Obstacles could be placed out in the original version of the mo- negotiating at a stock exchange.
bility extensions from CMU, but these were transparent to radio
signals.

There are9 CBR sources and5 receivers, givingd5 CBR



flows. The scenario has a rather high mobility in that at any 5.3 Disaster area
moment50 percent of the nodes move with a speed ofi/s

Clusters consisting of around 10 nodes are formed sponta-
neously in the network as the nodes move. The routes cop- ‘o o O . / N

sist of relatively few hops and are generally short lived| , o\ / = o °
Since the simulation area has many obstacles, interferencs ysl ./: \ / I \
rather low unless clusters are formed o

!//iub network

The objective with this scenario was to test the ability tore; ¢ I ° e
spond to fast topology changes and fluctuating traffic. More-

over, the overhead due to frequent topology changes wa$® e ° °
also of interest. The traffic was intentionally spread out all\ . o / \ o ]
over the area to avoid congested nodes in this scenario. |\ @

The results from the simulations are presented in Table 7. ¥ o / ~
All protocols have fairly high throughput, with DSR and ~ 7

AODV performing best. The event coverage scenario hasla [
fairly low mobility (0.72 due to the low speed.(m/9 of the
moving nodes. The traffic is generally traversing only a few

[ [ ]
F [
o L ‘ ° / Vehicle 2

: i s
hops (on averagé.5). The short paths result in low byte | Vemee? s e~
overhead for DSR since the source routes in data packets are ]
® = Node . = Obstacle ¥~_= Movement

short 160 kBoverhead compared to ovéiMB for the con-
ference scenario). Figure 16. Disaster area scenarios

AODV gives a delay almost a magnitude lower than DSR 1,¢ gisaster area scenario aims at representing a rescue op-

with roughly the same throughpqt. This is a posit!ve effect eration at a natural disaster area. Members of the rescue
of the HELLO message mechanism in AODV, which gives  om have personal communicators with ad-hoc network ca-

an a priori knowledge of the neighbors. Itfits nicely in this oy The scene, depicted in Figure 16, consists of three
scenario since the destination of a packet sent in a cluster 'ggroups that can intercommunicate only via the nodes

often a neighbor. The route acquisition procedure need noty,nted on vehicles and2 (helicopters, cars etc.). The ve-
be invoked, which saves time. hicles are moving back and forth 20 m/s while the other

An entirely proactive protocol like DSDV may have large nodes (people) move more slowl{ (n/9 and randomly

overhead due to frequent full topology updates, which also Within each group. There arg8 CBR sources witt87 re-

add extra load to the network. In this scenario the offered ceivers for a total 087 CBR flows.

traffic load was low so DSDV had a fairly high throughput - 1he characteristics of this scenario include diverse mobili-

and low delay. ties ©5 percent of the nodes have low mobility aBger-
Table 7: Event coverage simulation results. cent very high) and several network partitioning events.

DSDV DSR AODV Thus it provides a way to study how the protocols behave_
when node speeds are diverse and when the network parti-

Mobility factor 0.72 0.72 0.72 tions and heals.
Received 91.4% 97.7% 95.1% :

i i > Throughput is measured only when the CBR flows are actu-
Throughput [kbps] | 14.75 15.711 15.36 ally being received in order to show the performance when
Sent 4500 4500 4500 the network is not partitioned. This explains the seeming
Average delay [s] | 0.075 0.140 0.015 discrepancy between throughput and the fraction of received
Dropped 385 102 519 packets.
Received packets | 4115 4398 4281 Results are shown in Table 8. Due to the network partition-

ing events, less thab5 percent of the deliverable offered
Packetoverhead 1424 .18 |1.35-18 |31.4 - 18 traffic is delivered. DSDV only delivers abo86 percent of
Byte overhead [MB] 10.6 0.158 1.14 the traffic, which is a clear indication that proactive proto-

Average hop-count| 1.46 hops 1.57 hops 1,55 hpps cols should not be used under these conditions.

DSDV has the lowest delay, mainly due to its low delivery
ratio; packets are dropped instead of queued. AODV has
slightly lower delay than DSR because the HELLO mecha-
nism provides routes to neighbor nodes immediately.

The rather large hop-count result in substantial overhead for
DSR because the source routes become relatively large.



DSDV finds the shortest paths, just like in the other realistic packets used, and does not use periodic control messages.

scenarios, but the difference is more accentuated here. How
ever, DSDV drops a large number of packets due to invalid
routes, which must be taken into account. The rapidly
changing routes through the fast (vehicle) nodes are re-

quired for inter-group traffic and are fairly long. DSDV can-

not adapt well to such fast route changes and thus the route

found by DSDV are relatively short.

Table 8: Disaster area simulation results.

Data packets in AODV carry the destination address only,
and not source routes. Therefore, the byte overhead for
AODV is the lowest of the examined protocols. The over-
head is however high in terms of packets since AODV

é)roadcasts periodic HELLO messages to its neighbors, and

needs to send control messages more frequently than DSR
to find and repair routes.

The simulations in this work show that DSR performs better

_ bsSbv DSR AODV than AODV for low traffic loads, since it discovers routes
Mobility factor 1.16 1.16 1.16 more efficiently. At higher traffic loads, however, AODV
Received 20.504 54.5% 54.0% performs better than DSR due to less additional load being
Throughput [Kbps] | 12.42 14.43 14.09 imposed by source routes in data packets.

Sent 206-16 129.6-16 (296 - 18 The realistic scenarios were examined to get an understand-
i i i ing on how the protocols would behave in an environment

Average delay [s] | 0.196 1.187 0.988 more realistic than the random scenarios. The results con-

Dropped 20.9-16 |135-18 |13.6 - 18 firm most of the properties found in the random scenarios.

: DSDV had considerable difficulties in handling most sce-
Received packets |g.g .18 |16.2-18 |16.0- 18 narios even though the mobility was kept rather low. The
Packet overhead |41.4 .18 |30.7-18 |77.3- 168 conference scenario and event coverage scenarios were han-

dled very well by both DSR and AODV, with DSR generally
Byte overhead [MB] 6.50 °.14 3.10 providing slightly better performance. The loads were rather
Average hop-count| 3.42hops 5.16 hops 5.26 hops [ow and did not bring out the byte overhead disadvantage of

DSR. The disaster area scenario was a challenge for all pro-
6. CONCLUSIONS tocols since most routes passed through fast nodes and links
The simulations presented here clearly show that there is awere often obscured by objects. DSR and AODV managed
need for routing protocols specifically tuned to the charac- to deliver about 55 percent of the traffic while DSDV only
teristics of ad-hoc networks. The mobility metric used delivered 30 percent. It should be noted, however, that the
throughout the study explicitly shows how the examined disaster scenario exhibited frequent partitioning of the net-
protocols behave for various degrees of relative node mo-work.

relative motion of nodes. It can be used for any continuous examined scenarios, while DSDV had serious performance
node motion ' problem_s. As a preliminary recommendation, DSR shqulq
: be considered for ad-hoc networks where paths have a limit-
In networks with a dynamic topology, proactive protocols ed number of hops and where it is crucial to limit packet
such as DSDV have considerable difficulties in maintaining overhead. AODV on the other hand appears to perform bet-
valid routes, and loses many packets because of that. Withter in networks where paths have many hops and low byte
increasing mobility, its strive to continuously maintain overhead is preferred over low packet overhead.
Lc())l:;eesl ;cr)ge(;\:.ery node increases network load as updates be " FURTHER WORK
The work presented herein is the first of a series of simula-
tion studies within the area of mobile ad-hoc networking.
These studies will include

This study clearly indicates that a reactive routing protocol
is superior to a proactive one. The principle of focusing only
on explicitly needed connectivity, and not all connectivity,
seems to be excellent when the network consists of moving®
nodes. In addition, the protocol should be able to detect link

failures as quickly as possible to avoid use of invalid routes. .

additional analysis of other proposed protocols (e.g.
TORA, ZRP and CBRP),

measurements and estimation of power consumption and
processing costs,

other traffic than CBR (e.g., TCP transfers),

inclusion of QoS mechanisms for real-time and non real-
time traffic,

« evaluation of proposed multicast routing protocols,

The source routes used by DSR give increased byte over- analysis of interworking functions for Mobile IP.
head compared to AODV when routes have many hops and

packet rates are high. DSR is, on the other hand, efficient in

finding (learning) routes in terms of the number of control

Overall, the proactive protocols under study (AODV and
DSR) behaved similarly in terms of delay and throughput. ¢
On the basis of this study both should be considered suitable,
for mobile ad-hoc networks. However, a number of differ-
ences between the protocols do exist.
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