
Mobile Networks and Applications 6, 339–349, 2001
 2001 Kluwer Academic Publishers. Manufactured in The Netherlands.

Performance of Multipath Routing for On-Demand Protocols
in Mobile Ad Hoc Networks ∗

ASIS NASIPURI and ROBERT CASTAÑEDA
Department of Electrical and Computer Engineering, University of North Carolina, Charlotte, NC 28223-0001, USA

SAMIR R. DAS ∗∗
Department of Electrical & Computer Engineering and Computer Science, University of Cincinnati, Cincinnati, OH 45221-0030, USA

Abstract. Mobile ad hoc networks are characterized by multi-hop wireless links, absence of any cellular infrastructure, and frequent host
mobility. Design of efficient routing protocols in such networks is a challenging issue. A class of routing protocols called on-demand
protocols has recently found attention because of their low routing overhead. The on-demand protocols depend on query floods to discover
routes whenever a new route is needed. Such floods take up a substantial portion of network bandwidth. We focus on a particular on-
demand protocol, called Dynamic Source Routing, and show how intelligent use of multipath techniques can reduce the frequency of
query floods. We develop an analytic modeling framework to determine the relative frequency of query floods for various techniques.
Our modeling effort shows that while multipath routing is significantly better than single path routing, the performance advantage is small
beyond a few paths and for long path lengths. It also shows that providing all intermediate nodes in the primary (shortest) route with
alternative paths has a significantly better performance than providing only the source with alternate paths. We perform some simulation
experiments which validate these findings.
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1. Introduction

A mobile, ad hoc network is an autonomous system of mo-
bile hosts connected by wireless links. There is no static in-
frastructure such as base station. If two hosts are not within
radio range, all message communication between them must
pass through one or more intermediate hosts that double as
routers. The hosts are free to move around randomly, thus
changing the network topology dynamically. Thus routing
protocols must be adaptive and able to maintain routes in
spite of the changing network connectivity. Such networks
are very useful in military and other tactical applications
such as emergency rescue or exploration missions, where
cellular infrastructure is unavailable or unreliable. Com-
mercial applications are also likely where there is a need
for ubiquitous communication services without the presence
or use of a fixed infrastructure. Examples include home-
area wireless networking [6], on-the-fly conferencing appli-
cations, networking intelligent devices or sensors, commu-
nication between mobile robots, etc.

Design of efficient routing protocols is the central chal-
lenge in such dynamic wireless networks. Much work has
been done in this area starting from the seventies, when
the U.S. Defense Research Agency, DARPA, supported the
PRNET (Packet radio Network) [8] and SURAN (Surviv-
able Adaptive Networks) [14] projects. They supported au-
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tomatic route set up and maintenance in a packet radio net-
work with moderate mobility. Interest in such networks
has recently grown due to the common availability of wire-
less communication devices that can connect laptops and
palmtops and operate in license free radio frequency bands
(such as the Industrial-Scientific-Military or ISM band in the
U.S.). In an interest to run internetworking protocols on ad
hoc networks, a working group for Mobile, Ad hoc Network-
ing (MANET) [10] has been formed within the Internet En-
gineering Task Force (IETF), whose charter includes devel-
oping a routing framework for running IP based protocols in
ad-hoc networks. Several new routing protocols have been
proposed in connection with the MANET working group
efforts [10]. Of particular interest is the new class of on-
demand, source-initiated protocols, that set up and maintain
routes from a source to a destination on an “as needed” basis
[7,12]. This approach is in sharp contrast with the traditional
shortest path-based protocols (e.g., link-state and distance
vector [9]) that have been used successfully for a long time
in dynamic, wireline networks, including the Internet.

1.1. On-demand protocols and multipathing

The motivation behind the on-demand protocols is that the
“routing overhead” (typically measured in terms of the num-
ber of routing packets transmitted, as opposed to data pack-
ets) is typically lower than the shortest path protocols, as
only the actively used routes are maintained. However, as
some recent performance evaluation work has shown [5], the
routing overhead still approaches to that of the shortest path
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protocols, if a moderate to large number of routes needs to be
actively maintained (when, for example, there is a moderate
to large number of active peer-to-peer conversations). This is
because the on-demand protocols discover routes via a flood-
ing technique, where the source (or any node seeking the
route) floods the entire network with a query packet in search
of a route to the destination. Flooding is also necessary for
route maintenance activities, when a new route is needed,
as the old one breaks because of node mobility. Flooding
takes up a substantial amount of network bandwidth, which
is at a premium in wireless networks. Efficient control of
frequent network-wide flooding is thus important for the ef-
ficient performance of on-demand protocols. Some of our
prior work was directed to limit the flood within a small re-
gion of the network [4] to reduce its impact on the network
performance. In this paper, we focus on reducing the fre-
quency of floods, by exploring multiple possible routes from
a single flooded query. The goal is to provide enough redun-
dancy at a low cost.

The idea of multipath routing is not new. It always has
been a favorable alternative both for circuit switched and
packet switched networks, as it provides an easy mechanism
to distribute traffic and balance the network load, as well
as provide fault tolerance. See, for example, [16] for some
prior work on multipath routing on packet switched net-
works. Ad hoc network community also investigated mul-
tipath techniques, albeit less vigorously. The Temporally
Ordered Routing Algorithm or TORA [11] provides multi-
ple alternate paths by maintaining a “destination-oriented”
directed acyclic graph (DAG) from the source. However,
TORA does not have any easy mechanism to evaluate the
“quality” of these multiple routes. Because of the nature
of the ‘protocol, it is hard to determine which route is the
shortest. Also, TORA did not perform well in comparison to
other on-demand protocols in some of the recent simulation
studies [2,5], ostensibly because the overhead incurred in
maintaining multiple routes overwhelmed their performance
benefits. The Dynamic Source Routing (DSR) protocol [3,7]
also has an option of maintaining multiple routes, so that an
alternate route can be used upon failure of the primary one.
In DSR, the quality of routes (i.e., hop-wise lengths) can be
easily evaluated and the best (i.e., the shortest) one can be
used. But in DSR [3] too many routes are maintained in a
trivial manner, without any regard to their ultimate useful-
ness. In any case, performance benefits of multiple paths
have never been evaluated.

In this paper, we propose two multipath techniques for the
DSR protocol which use disjoint paths. We develop an ana-
lytical modeling framework to evaluate the performance ad-
vantage of such multipath techniques. The modeling frame-
work is also useful for performance evaluation of on-demand
routing protocols regardless of the use of multiple paths. In
our knowledge, this is the first attempt to analytically model
on-demand routing protocols in ad hoc networks. Prior eval-
uations are based solely on simulation studies [2,5]. To con-
firm the validity of our analytical model, we evaluate the per-
formance of one of the two proposed multipath routing pro-

tocols using simulations. Additional parameters evaluated in
the simulations provide further insights on the mechanics of
the proposed techniques.

The rest of the paper is organized as follows. In the next
section, we briefly review the DSR protocol, which we use
as the base protocol for our multipath techniques. We then
present two multipath extensions for DSR. In section 3, we
develop analytical models to demonstrate how the frequency
of query floods are reduced with our multipath extensions.
In section 4, we present some numerical data obtained from
the analytic models. Simulation results are discussed in sec-
tion 5. We conclude in section 6.

2. Multipath Dynamic Source Routing

The Dynamic Source Routing (DSR) protocol [3,7] uses
source routing – a technique where the source of a data
packet determines the complete sequence of nodes through
which to forward the packet; the source explicitly lists this
route in the packet’s header. DSR builds routes on demand
using a technique called route discovery. A source initi-
ates route discovery by flooding the network using query
messages seeking a route to the destination. Each query
(or request) message carries the sequence of hops it passed
through in the message header. Once a query reaches the
destination, the destination replies with a reply packet that
simply copies the route from the query packet and traverses
it backwards eventually reaching the source. This route is
used for data packets as a source route. Each node maintains
a route cache, where complete routes to various destinations
are stored as learned from replies or any other packets that
the node forwards. Route failure is detected by the failure of
an attempted message transmission. Such a failure initiates
an error packet to be sent backward to the source. The error
packet erases all routes in the route caches of all intermedi-
ate nodes on its path, if the route contains the failed link. If
a route is still needed a fresh route discovery is initiated.

DSR has a unique advantage by virtue of source routing.
As the route is part of the packet itself, routing loops, ei-
ther short- or long-lived, cannot be formed as they can be
immediately detected and eliminated. This property opens
up the protocol to a variety of useful optimizations. For
example, a flooded query can be quenched early by having
any non-destination host reply to the query if that host has
a cached route to the intended destination. Ordinarily, this
might cause routing loops, which would require elaborate
mechanisms to detect or prevent. Also, a node can learn a
route to other nodes while forwarding routing packets. Fi-
nally, new routes can be learnt or improved by having nodes
promiscuously listen to conversations between other nodes
in proximity.

2.1. Multipath extension to DSR

We first consider the situation where the destination replies
to a selected set of queries. Note that many copies of the
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Figure 1. Multipath protocol 2. The primary route is depicted by the se-
quence of links L1 − L2 − · · · − Lk . Each node in the primary route ni ,

has an alternate path Pi to the destination.

flooded query message arrive at the destination via different
routes. The queries that are replied to are those that carry
a source route that is link-wise disjoint from the primary
source route. Primary source route is the route taken by the
first query reaching the destination. This usually defines the
shortest route between the source and the destination. The
destination “remembers” the primary route, in order to figure
out which later requests to respond to. Only disjoint routes
are chosen, as then a link failure in one route does not affect
the others. This also implicitly controls the total number of
replies, thus preventing a reply flood. The source keeps all
routes received on reply packets in its route cache. When the
primary route breaks, the shortest remaining alternate route
is used. This process continues until all routes break, when
a fresh route discovery is initiated. The number of alternate
routes used can be a selectable parameter of the protocol.
We will later show that only a few routes are actually suffi-
cient. Let us call this technique as protocol 1, for ease of late
reference.

Protocol 1 equips only the source with alternate routes.
An intermediate link failure on the primary route still sends
an error packet back to the source, which will then use an
alternate route. This causes a temporary loss of route for
the data packets that are already in transit upstream from the
failed link. To prevent this, a better alternative is explored.
All intermediate nodes are now equipped with a disjoint, al-
ternate route so that in-transit data packets no longer face any
route loss. To accomplish this, the destination now replies
to each intermediate node in the primary route with an al-
ternate disjoint route to the destination. Note that any such
reply is in response to a query from the source that has trav-
eled through that intermediate node. The reply is targeted
to the intermediate node instead of the source. See figure 1
for an illustration of how the routes are maintained. Note
that it may not always be possible for all intermediate nodes
to get an alternate disjoint route. This would be particularly
true for sparse networks. Thus, this still may result in tem-
porary loss of routes on link failures until an upstream node
switches to an alternate route. For the sake of simplicity, we
will ignore this possibility in our analytical modeling work.

Refer to figure 1 to see the utility of the multiple routes
maintained in each of the intermediate nodes. The source
S uses the primary route for transmitting data packets to D

until it breaks at some point, say Li . When the link Li is
broken, the node ni responds to the situation by replacing

the unused portion of the route, Li − Lk , in the data packet
header by the alternate route Pi . This will continue until a
link on Pi breaks. It will cause an error packet transmit-
ted backward up to node Ni−1, which will quench the er-
ror packet and switch all later data packets to its own alter-
nate route Pi−1 by modifying the source route in the packet
header as before.

Thus, loss of all routes in a node to the destination gen-
erates an error packet back to the source. Any intermediate
node with an alternate path to the destination quenches the
error packet. This node is also responsible for modifying the
source route on all later data packets to use its own alternate
route. This process continues until the source gets an error
packet and has no alternate route to fall back on. Then a
new route discovery is initiated. We refer to this technique
as protocol 2. Note that unlike protocol 1, we maintain only
one alternate path per intermediate node in protocol 2. In
principle, any number of such paths can be maintained. But
as we will show in our modeling work later, more than one
alternate path provides only a very minimal additional ad-
vantage.

3. Analytic modeling

We represent the lifetime of a wireless link between a pair
of nodes by a random variable. Consider a route from S

to D that consists of a sequence of k wireless links over
k − 1 intermediate nodes. Let Li be the ith link in the
route. The lifetime of Li is denoted by XLi . Assume that
XLi , i = 1, 2, . . . , k − 1, are independent and identically
distributed (iid) random variables, each with with mean l.
We will use upper-case alphabets to denote random variables
and the corresponding lower-case alphabets to denote their
values.

Since a route fails when any one of the wireless links in
its path breaks, the lifetime of a route P , consisting of k

wireless links, is a random variable XP that can be expressed
as

XP = min(XL1,XL2, . . . , XLk ). (1)

It is well known that XP is also an exponentially distributed
random variable with a mean of l/k [13].

Using the basic assumptions about the link failure be-
havior as above, we proceed to derive the statistics of the
time interval between successive route discoveries for the
proposed multipath techniques.

3.1. Modeling of protocol 1

Assume a source S has N routes to a destination D. The
primary route is denoted by P1 and the N−1 alternate routes
are denoted by P2, P3, . . . , PN . The length of route Pi is ki .
See figure 2. The time after which none of the routes are
useful is a random variable T , where

T = max(XP1,XP2 , . . . , XPN ). (2)
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Figure 2. Example of multipath routing where the source has three indepen-
dent routes P1, P2, P3 to the destination (N = 3). The figure represents
the lifetimes of the three routes. When the primary route P1 breaks at time
xP1 , S attempts to use P3, as P2 is already broken. P3 breaks at time xP3 ,

when a new route discovery is initiated.

T represents the time between successive route discoveries.
Here, we assume that the end-to-end packet transmission la-
tency in the network is very small compared to the interval
between route changes. Thus, the times to discover routes
or propagate error packets etc. can be ignored relative to T .
These are very reasonable assumptions, as otherwise, routes
will fail while discovery or repair is in progress. No routing
protocol will perform well in such dynamic conditions.

Lemma 1. The probability density function (pdf) of T , the
time between successive route discoveries, is given by

fT (t) = λ1e−λ1t
(
1 − e−λ2t

)(
1 − e−λ3t

) · · · (1 − e−λN t
)

+ λ2e−λ2t
(
1 − e−λ1t

)(
1 − e−λ3t

) · · · (1 − e−λN t
)+ · · ·

+ λN e−λN t
(
1 − e−λ1t

)(
1 − e−λ3t

) · · · (1 − e−λN−1t
)
,

(3)

where λi = ki/ l = 1/lifetime of the ith route.

Proof. Consider N iid exponential random variables, XP1,

XP2, . . . , XPN , where the pdf of XPi is fXPi
(t) = λie−λi t ,

i = 1, 2, . . . , N . Note that XPi ’s are independent. There-
fore, the cumulative distribution function (cdf) of T , FT (t),
is obtained as

FT (t) = P [T � t]
= P

[
max(XP1,XP2, . . . , XPN ) � t

]
= P

[
(XP1 � t) ∩ (XP2 � t) ∩ · · · ∩ (XPN � t)

]
=

N∏
i=1

FXPi
(t), (4)

where FXPi
(t) = 1 − e−λi t is the cdf of XPi . By differen-

tiating (4) with respect to t , we get the pdf of T as shown
in (3). �

The expected value of T can be derived from (3) by
knowing the hop-wise lengths of all the routes, ki, i =
1, 2, . . . , N . For example, for N = 2, the expected value
of T , E[T ], is

E[T ] = λ2
1 + λ2

2 + λ1λ2

λ1λ2(λ1 + λ2)
. (5)

For the case that the primary route has k1 = 3 hops, and
the alternate route has k2 = 4 hops, we have E[T ] =

9+16+12
12×7 l = 37

84 l. Compare this with DSR with only a sin-
gle route of 3 hops, where E[T ] = l/3. This represents
almost 25% reduction in the frequency of route discoveries
compared to the single path case.

Consider also the special case when all the routes are
equal, i.e. k1 = k2 = · · · = kN = k. In this case,

E[T ] = N

λ
− N

22λ

(
N − 1

1

)
+ N

32λ

(
N − 1

2

)
+ · · ·

+ (−1)N−1 1

Nλ
, (6)

where λ = k/l.

3.2. Modeling of protocol 2

The analysis in this case is a little more involved, as a new
route discovery will be initiated only when some interme-
diate node loses both its downstream link and the alternate
route. Let Li denote the event that the link Li fails, and Pi

denote the event that the path Pi fails (see figure 1). Then
the time until the next route discovery T , is the time before
the event E is true, where E is described by the following
logical expression:

E = (
L1 P1

)+ (
L2
(
L1 + P2

)
P1
)

+ (
L3
(
L1 + (

L2 + P3
)
P2
)
P1
)+ · · · . (7)

The ith term inside the braces of the right-hand side of
(7) represents the events starting with the failure of Li and
leading to a new route discovery. For example, the second
term represents the following sequence of events:

• L2 breaks on the primary route, prompting S to form the
alternate route L1 − P2.

• The alternate route breaks when either L1 or P2 breaks,
prompting S to use the new alternate route P1.

• This route fails when P1 breaks, causing S to start a new
route discovery.

Hence, starting with the breakage of L2, the events leading
to a new route discovery from S is L2(L1+P2)P1. The other
terms can be derived similarly.

Equation (7) can be simplified to a more compact form:

E = L1 P1 + L2 P2 P1 + L3 P3 P2 P1 + · · ·
+ (

Lk Pk Pk−1 · · · P1
)
, (8)

which is also quite intuitive. Then T can be expressed as

T = min
(
max(XL1,XP1), max(XL2,XP2,XP1),

. . . , max(XLk ,XPk ,XPk−1 , . . . , XP1)
)
. (9)

Recall that XLi is an exponential random variable with
mean l. If the alternate path Pi consists of ki hops, then
XPi is also an exponential random variable, with mean l/ki .
Note again that according to our assumptions, XLi and XPi

are independent.
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Let us denote the random variable max(XLi ,XPi , XPi−1,

. . . , XP1) by Zi . Hence, following (3), the pdf of Zi , fZi (t),
is given by

fZi (t) =
i+1∑
j=1

(
λ

(i)
j e−λ

(i)
j t

i+1∏
k=1,k �=j

(
1 − e−λ

(i)
k t
))

, (10)

where

λ
(i)
j =




kj

l
for j = 1, 2, . . . , i

1

l
for j = i + 1.

(11)

We now derive the pdf of T = min(Z1, Z2, . . . , Zk).
For mathematical tractability we assume that Zi, i =
1, 2, . . . , k, are statistically independent. Though this may
not be strictly true, noting the independence assumption of
XLi and XPi made earlier, it may be postulated that results
obtained under such an assumption will not differ too much
from the exact case. Exact results may only be obtained from
experimental data or simulations.

Lemma 2. The pdf of T is given by

fT (t) =
k∑

i=1

(
fZi (t)

k∏
j=1,j �=i

(
1 − FZi (t)

))
. (12)

Proof. From definition, the pdf of T can be written as

fT (t) = lim
dt→0

P [t � T � t + dt]
dt

. (13)

Consider

P [t � T � t + dt]
= P

[
t � min(Z1, Z2, . . . , Zk) � t + dt

]
=

k∑
i=1

P
[
t � Zi � t + dt | Zi = min(Z1, Z2, . . . , Zk)

]
× P

[
Zi = min(Z1, Z2, . . . , Zk)

]
=

k∑
i=1

P [t � Zi � t + dt]

× P
[
Zi = min(Z1, Z2, . . . , Zk)

]
. (14)

Dividing both sides by dt and taking the limit as dt ap-
proaches zero, we get the desired result:

fT (t) =
k∑

i=1

fZi (t)

k∏
j=1,j �=i

P [Zj > Zi]

=
k∑

i=1

fZi (t)

k∏
j=1,j �=i

(
1 − FZi (t)

)
. (15)

�

Figure 3. Performance of protocol 1 with different lengths of the primary
route. Three cases for two routes (one primary, and one alternate) are com-

pared with the single path case. Mean lifetime of a single link = 5.

4. Numerical results

In this section we present some numerical results showing
the performance benefits of the multipath routing protocols
using the analysis presented previously. Let us start with
the protocol 1. The pdf of the time interval between succes-
sive route discoveries is given by equation (3). We evalu-
ate the expected value of this interval using numerical tech-
niques for three special cases. In the first case (Case A), we
assume that all the N paths from S to D are of the same
length (equation (6)). This implies the “best case” scenario
for multipath routing, where N disjoint shortest path routes
exist between the given source–destination pair. In the sec-
ond (Case B) and third (Case C) cases, we assume that the
N disjoint routes between the source and destination are of
increasing lengths, with the primary route being the shortest.
For Case B the successive path lengths increase by one, and
for Case C they increase by two. Thus,

Case A: k1 = k2 = · · · = kN = k;

Case B: k1 = k, k2 = k + 1, . . . , kN = k + N − 1;

Case C: k1 = k, k2 = k + 2, . . . , kN = k + 2(N − 1).

The expected time interval between successive route dis-
coveries at source for the three cases are plotted against dif-
ferent values of the path length of the primary route, in fig-
ure 3. The mean lifetime of a single link (l) is assumed to
be 5, for this plot and all later plots. The interval increases
from Cases C to B to A. For all cases the interval is longer
than the single path case denoting less frequent route discov-
ery. Also, relative advantage of multipath routing diminishes
as the primary route gets longer. This is intuitive, as the al-
ternate routes are at least as long, and longer routes typically
break earlier.

In figure 4 the expected interval between route discover-
ies in protocol 1 is plotted against the number of routes (N)
maintained, all for the same primary route length. Two pri-
mary route lengths are used (k = 3 and 6). As expected per-
formance always improves with increasing number of alter-
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Figure 4. Performance of protocol 1 with varying number of routes (N ).
One is the primary route and the rest N − 1 are alternate routes. Two dif-

ferent lengths of the primary route are used, k = 3 and 6.

nate routes. However, the incremental improvement is very
small for N > 3, except when the paths are of the same
length (Case A). Note that this case is very unlikely to oc-
cur in practice. This indicates that usually only one or two
additional routes will be sufficient.

In protocol 2 the performance is dependent on the values
of ki, i = 1, 2, . . . , k, i.e., the path lengths in the alternate
routes from each intermediate node. The actual values of
these parameters are dependent on the dynamic conditions of
the network. To get an idea of the performance improvement
with multipath routing, we consider three different estimates
of these parameters. In Case A, we assume that the alternate
routes from each intermediate node ni are of the same length
as that of the primary route from ni to the destination. In
Cases B and C, we assume that the alternate route is larger
than the primary route by one and two, respectively. Note
that we consider only a single alternate route per node in
protocol 2. Since the primary route is of length k, the path
lengths of Pi , i = 1, 2, . . . , k, are:

Case A: ki = k − i + 1;

Case B: ki = k − i + 2;

Case C: ki = k − i + 3.

For these three cases, we again use numerical techniques to
determine the expected time interval between route discov-
eries (E[T ]) from the pdf of T as given by equation (12).
We plot the expected time interval for some special cases in
figure 5. As expected, the protocol 2 performs significantly
better than single path routing.

To compare the relative performance of protocols 1 and 2,
we look at Case A for both protocols, where the “best” alter-
nate routes are assumed to be available for both protocols.
The expected time between successive route discoveries are
compared in table 1. Also shown in table 1 are frequencies
of route discoveries for multipath routing protocols relative
to the single path routing. As expected protocol 2 provides
more substantial performance advantage compared to proto-
col 1.

Figure 5. Performance of multipath routing protocol 2 with different lengths
of the primary route. Performance of the single path routing is shown as a

reference.

Table 1
Comparison between the two variations of the multipath protocols.

All frequencies are relative to single path routing.

Protocol 1 (N = 2) Protocol 2
k E[T ] Frequency of E[T ] Frequency of

route discovery route discovery

3 2.5 0.668 2.67 0.560
4 1.875 0.667 2.03 0.527
5 1.50 0.667 1.64 0.502
6 1.25 0.667 1.37 0.481
7 1.07 0.667 1.18 0.462

5. Performance evaluation via simulations

The analytic model presented in the previous sections pro-
vides a basic understanding of the performance impact of
the multipath routing. However, the model uses somewhat
idealized assumptions such as iid exponential link lifetimes.
It does not model the routing load, which may impact the
overall performance. Also, the model does not consider the
end-to-end delay which tends to get longer as longer alter-
nate routes are used. In this section, we use a routing simula-
tor with more realistic model of the protocol and the mobile
network to validate the general observations made in the pre-
vious sections.

We simulated the DSR protocol with single path as well
as multipath routing for a mobile, ad hoc network. The mul-
tipath protocol 2 was used with only one alternate route,
though some experiments were also performed with more
alternate routes. Note that in the simulations, the protocol
attempts to discover alternate routes for each intermediate
node as well as the source. But there may not be any such
route present in the network at that instant. This is an im-
portant difference between the analytic modeling assump-
tions and the realities in the simulations. An event-driven,
packet-level routing simulator, called MaRS [1] is used for
the simulation study. MaRS has been used before for study-
ing dynamic routing protocols in wired networks with dy-
namic traffic conditions and faulty links [15]. We extended
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MaRS to make the nodes mobile. The links fail and connect
as nodes go away or come within the radio range of one an-
other. We have used this extended version of MaRS earlier
for evaluations of ad hoc routing protocols [4,5]. MaRS sim-
ulates all relevant network layer details including queuing
delays and packet processing times in each node. Link fail-
ures and reconnects automatically generate link-layer events
in the simulation model, to which the routing protocol re-
sponds. No MAC or physical layer is simulated and error-
free wireless transmission without any multiple-access in-
terference is assumed. Even though this is a limitation of
the simulation model, our earlier experience [5] with MaRS
shows that it is able to make a very good qualitative eval-
uation at the network-layer comparable to more elaborate
simulation models [2].

In the model we have simulated, 60 mobile hosts move
around a rectangular region of size 1000 m × 1000 m ac-
cording to the following mobility model. Each node chooses
a direction, speed and distance of a “move” based on a pre-
defined distribution and then computes its next position P

and the time instant T of reaching that position. Similarly, a
new move is again computed at simulation time T . A node
computes its neighborhood after each such move, thus gen-
erating link failure and link repair events that in turn drive
the routing protocol. Each node is assumed to have a radio
range of 350 m. For the experiments reported first, the speed
of each move is uniformly distributed between 14 and 18
m/s (average 16 m/sec). Distance is exponentially distrib-
uted with a mean of 5 m, and the direction is uniformly dis-
tributed within [+90◦, −90◦] with respect to the direction of
the previous move. Note that in the chosen mobility model,
the nodes are always moving (albeit in discrete time) with-

out stationary intervals. This presents a stress case for the
routing protocol.

A simple datagram workload model is used. All data
packets are 512 bytes long, and interarrival times are expo-
nentially distributed with a mean of 300 ms. There is no
acknowledgment, or flow or congestion control in the work-
load model. Workload traffic is always between a pair of
source and sink nodes, called a conversation. The number
of such pairs or conversations is varied over a wide range in
the simulation experiments. In the performance plots, it is
presented in terms of the number of conversations per node
in the network. All simulations are run for 300 simulated
seconds and each point in a plot represents an average of
five runs with different random number streams.

Four important performance metrics are evaluated:
(i) fraction of packets dropped – measured as the ratio of
the number of data packets dropped en route to the number
of data packets sent by the source; (ii) end-to-end delay –
measured as the average end-to-end latency of data packets;
(iii) number of route discoveries – measured as the number
of times a route discovery is initiated by any node during the
simulation run (it is inversely proportional to the time inter-
val between route discoveries); (iv) routing load – measured
in terms of the total number of routing packets transmitted
(broadcast transmissions are counted as a single transmis-
sion).

5.1. Simulation results

Figure 6 shows significant improvements in the number
of route discoveries for different number of conversations
demonstrating that the multipath protocol is able to reduce

Figure 6. Number of route discoveries, fraction of data packets dropped, and end-to-end delay for the single path and multipath DSR protocols. The
multipath protocol (protocol 2) uses one disjoint alternate route from each intermediate node (including the source) to the destination.
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Figure 7. Total number of routing packets and its components, consisting of the request, reply and error packets, transmitted during the simulation run for
the same set of simulations as in figure 6.

Figure 8. Number of route discoveries, fraction of data packets dropped, and end-to-end delay for the same network with varying mobility. Now the traffic
load is fixed at 9 conversations per node.

the number of route discoveries by roughly onethird. Note
that it also translates to improvements in the fraction of pack-
ets lost, by again about onethird, as many of the packets lost
during a route discovery period can now be saved. Note that
in the simulation model of the protocols, data packets are not
buffered when the route discovery is in progress. The end-
to-end delay, however, has increased a little in the multipath
protocol. This is due to the fact that the alternate routes are

typically longer than the primary. Detailed instrumentation
of the simulator reveals that 30–40% of delivered data pack-
ets use alternate routes. The alternate routes are on an aver-
age about 1 hop longer than the primary route. The primary
route length was found to be about 4, on an average. Note
that according to our numerical results earlier (figure 5), the
improvement in the number of route discoveries was about
one-half for these parameter values, while in the simulations
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Figure 9. Total number of routing packets and its components, consisting of the request, reply and error packets, that are transmitted during the simulation
run for the same set of simulations as in figure 8.

it is in the ballpark of onethird. We attribute this quantita-
tive difference to the idealistic assumptions in the analytic
model, such as exponential lifetime of links, availability of
alternate routes of specific lengths etc. These are hardly true
in the simulation model. Note also that it is reasonable for
the simulation model to underestimate performance as com-
pared to the analytic model. Availability of alternate routes
is not always guaranteed in the simulated network.

Figure 7 shows the routing load and its breakdown into
request, reply and error packets. Note that the number of
route request packets come down for the multipath proto-
col almost proportionate to the number of route discoveries.
The replies, on the other hand, increase somewhat. This is
expected because of multiple replies per route discovery cy-
cle. The error packets also come down because of fewer
route errors generated. Overall these translate to savings on
the routing load. The savings are more significant on high
loads, close to a quarter.

Figures 8 and 9 show results from a similar set of ex-
periments with varying mobility but constant traffic load at
9 conversations per node. Very similar results were also ob-
tained from other values of traffic loads and are not presented
here. General observations are same as above, except that we
find a smaller fractional improvement of routing load and
number of route discoveries for higher mobilities. This is
due to the fact that for higher mobilities it is more likely that
a breakage of an existing route is accompanied by a breakage
of its alternative route. The breakages of the existing route
and the alternate route may be correlated, for instance, when
the existing route breaks due to the movement of the desti-
nation node. Note that this effect is not captured in our ana-
lytical results since they were obtained under the assumption
that all individual link lifetimes (and hence lifetimes of the

Figure 10. Number of route discoveries for the same set of simulations as in
figure 6. Now three different versions of the multipath protocol are shown,

with 1, 3 and 5 alternate routes.

routes) are statistically independent regardless of the actual
value of the link lifetime. Thus, the relative performance re-
sults there (figures 3–5) are independent of link lifetime and
hence node mobility.

To verify the hypothesis formed with analytical model-
ing that more than just a few alternate route is not often
very helpful, we ran some simulations with 3 and 5 alter-
nate routes in addition to 1 (as presented before). Figure 10
presents data for route discoveries. Notice that the improve-
ment beyond 1 alternate route is minimal.

6. Conclusions

We proposed a multipath extension for the popular on-
demand routing protocol DSR. The extension explores al-
ternate, disjoint routes that can be useful in case the pri-
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mary route breaks. Two variations are explored. In the first,
only the source gets multiple alternate routes. In the second,
each intermediate node on the primary route gets an alternate
route. The key advantage is the reduction in the frequency
of route discovery flood, which is recognized as a major
overhead in on-demand protocols. We also provide a frame-
work for analytical modeling of the time interval between
successive route discoveries for on-demand protocols based
on simple assumptions on the lifetime of a single wireless
link. Evaluation of the multipath routing extension in this
framework demonstrates that there are definite advantages
to be gained from providing alternate routes on intermediate
nodes, in addition to the source node. In any case, any form
of multipath technique always performs substantially better
than single path routing. The modeling effort also shows that
longer alternate paths are less advantageous, as they tend to
break too early. This indicates that it is only useful to ex-
plore alternate routes with some bound on the hop-wise path
length. Also, the performance advantage from using more
than one or two alternate routes is usually minimal.

These observations are also validated using a packet-
level routing simulator working on a model of a mobile ad
hoc network. Qualitative obervations are similar to ana-
lytic modeling. There are significant reductions in the num-
ber of route discoveries and hence in routing load from the
use of multipath routing. This also improves the fraction
of packets dropped. Quantitatively however, the simulation
results underestimate performance somewhat compared to
analytic modeling because of the difference in modeling as-
sumptions. The simulation study also demonstrates that even
though the multipath routing brings down routing load, it
also increases end-to-end delay, as alternate routes tend to
be longer than primary routes. This presents a subtle trade-
off between delay and routing load. However, our simula-
tion does not model the radio link layer and thus no mul-
tiple access interference is captured. We believe that in a
real network, reduction in routing load will also contribute
to reduced end-to-end delay because of reduced interference.
Thus, the trade-off will be more on the side of reduction of
the routing load.
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