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Constructing multipath routes in MANETs is important for providing reliable delivery,

load balancing, and bandwidth aggregation.  However, popular multipath routing

approaches fail to produce spatially disjoint routes in a simple and cost-effective manner,

and existing single-path approaches cannot be easily modified to produce multiple

disjoint routes. In this paper we propose Electric-Field-Based Routing (EFR) as a 

reliable framework for routing in MANETs by applying the concept of electric field

lines. Our location-based protocol naturally provides spatially disjoint routes based on 

the shapes of these lines.   The computation is highly localized and requires no explicit 

coordination among routes.  EFR can also be easily extended to offer load-balancing, 

bandwidth aggregation, and power management. Through simulation, EFR shows a 

higher delivery ratio and lower overhead under high mobility, high network loads, and 

network failures compared to popular multipath and location-based schemes.  EFR also 

demonstrates high resiliency to DoS attacks. 

I. Introduction 

Mobile users must communicate when no wired

infrastructure is available, either because it may be 

economically impractical or physically impossible

to provide the necessary infrastructure. In such 

situations, a collection of mobile hosts with 

wireless network interfaces may form an ad hoc

network.

In an ad hoc network, each node communicates

with the others via radio.  These radio packets 

have a short propagations range, so the route must

be multi-hop when the destination node is out of 

range.

Under high mobility and heavy traffic load, ad hoc 

routing algorithms based on a single path can 

experience problems.  Ad hoc routing algorithms

that use multiple paths can provide reliable 

delivery, load-balancing, and bandwidth 

aggregation under these conditions.  However, 

multipath algorithms for wired networks are not 

readily adaptable to wireless situations.  The 

fluidity of mobile environments and battery

limitations make CPU- or communication-

intensive algorithms infeasible.  Also, spatially

disjoint routes are more important because they

can help to avoid radio collisions and regional 

failures.

Several on-demand routing protocols have been

proposed.  Protocols such as DSR [16], AODV 

[31], and their variants are built on demand. The

source initiates a route request, which is flooded 

throughout the network.  The request records all 

the intermediate nodes as it travels so that when it 

reaches the destination node, a complete route can

be formed.  A node can find multiple disjoint 

routes to the destination and switch among them if

one is broken.  These approaches rely on transient

hop-by-hop routes.  However, as mobility

increases, these fixed node membership routes 

break more frequently.  Thus, the performance of 

these protocols sharply declines with increasing

mobility. Failure recovery is possible but incurs 

high overhead. 

Some location-based approaches, such as GPSR 

[19], INF [11] and GFG [9], avoid hop-by-hop

routing.  In these protocols, packet-forwarding

decisions are based on the locations of the current

node and the destination.  These protocols produce 

single routes and cannot be easily generalized to 

produce multiple disjoint routes.  Even though

some of these protocols provide guaranteed 
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delivery, they still do not offer satisfactory results 

under high mobility or traffic load.

Other location-based multipath routing approaches 

[24] do not provide spatially disjoint routes in a 

simple and cost-effective manner.

In addition, we have found that existing protocols

do not perform well when faced with high mobility

or heavily loaded networks. Specifically, when

the network communication is highly concentrated

in a group of nodes, existing multipath ad hoc 

routing protocols perform poorly due to the lack of 

spatially disjoint routes to avoid the congested

path.

In this paper we propose an electric-field-based 

multipath routing protocol (EFR).  To our best

knowledge, EFR is the first location-based 

protocol that provides the following desirable 

properties:

1. Spatially disjoint paths without explicit

coordination

2. Simplicity

3. Stateless forwarding with localized 

information

4. Scaling in high mobility and heavy load

environments

5. High resiliency against the DoS attack due to

network failures and misbehaving nodes. 

EFR can also be easily extended to provide load-

balancing and bandwidth aggregation. 

II. Electric Filed Routing Overview

EFR is inspired by the characteristics of the force

field lines for a pair of electric charges. 

II.A. Review of Electric Fields  [13] 

Given a pair of electric poles with opposite

charges, any charged point in space experiences

two forces:  a repulsive force emanating from the 

similar charge and an attractive force from the 

dissimilar charge.

A force is represented by a vector consisting of a

magnitude and a direction.  The magnitude of a

force is inversely proportional to the square of the 

distance to a charged point, and the direction of the

force is either directly away from or toward the 

point.

For a pair of unlike charges, the net force on a

given point in space is the vector sum of the forces 

exerted by both charges. A straight line between

any two adjacent points in an electric field line is 

always parallel to the direction of force. 

II.B. Applying Electric Field Principles for 

Routing

Electric field lines have several intriguing

characteristics.  First, electric field lines are 

naturally disjoint, even when close to the causative 

charges. Second, coordination is achieved entirely

by applying the equations of electric fields at 

individual points.  Each point in space “knows” 

exactly how to participate in the global behavior 

based on only the knowledge of its position

relative to the two poles.  Third, one can reach the 

unlike charge from the like one by following any

one of the field lines.

Figure 1: Routes Corresponding to Different 

Angles

In EFR, the like and unlike charges are replaced by

the source and destination nodes.  Different field 

lines represent different propagation paths from

the source to the destination. By choosing field

lines with different initial angles at the source node, 

we can control the distance between disjoint paths,

and thus control the spatial disjointness.  An angle 

of 0 degrees represents the straightest and (most

likely) the shortest path from the source to the

destination, which is also the route produced by

compass routing [21].  Fig. 1 shows a pair of 

communicating nodes using EFR.  The five routes 

shown are based on electric field lines with

different initial angles. 

Route forwarding is based on choosing a

neighboring node that is close to the current field

line and near maximum transmission range. 

Section III will discuss in more detail how EFR

works.

II.C. Benefits of EFR 

EFR, a stateless multipath location-based routing,

can provide the following benefits: 

1. Constructing disjoint routes requires no 

explicit coordination.  Any intermediate node 

needs to know only its position relative to the 
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source and destination to forward the data

packet.

2. Intermediate nodes maintain no per-route state

to forward data packets.   A node participates 

in a route when a packet arrives there.

Mobility and changing node membership are 

thus handled without explicit route

reestablishment.

3. Since each forwarding node only keeps track 

of its neighbors, EFR scales well.

4. The quality of routes under EFR can improve

as the number of nodes increases, while some

existing routing approaches are likely to

encounter scaling problems due to the number

of control messages needed for coordination. 

5. EFR allows flexible control over the number

of redundant routes, their disjointedness, and

the reliability of transmissions, thus providing

a continuum of solutions for various 

constraints.

6. Spatially disjoint paths can be used for reliable 

delivery, load-balancing, bandwidth

aggregation, and resiliency against certain

network failures or misbehaving nodes. 

7. Given that any packet can follow any field line

to reach its destination, misrouted packets still 

have a high probability of delivery.

8. EFR also works for 3D environments.

II.D. Current Drawbacks of EFR 

While EFR has many advantages over existing ad 

hoc routing solutions, it also has certain limitations.

First, EFR must know the physical locations of the 

source and destination nodes.  This is an inherent 

property of all location-based routing.  Second, 

EFR does not guarantee delivery of all packets, 

even when some feasible path exists.  Finally, EFR 

may not be optimal for stationary networks, since

the combination of effective caching of static 

network topology and greedy routing can 

outperform EFR. 

Nonetheless, EFR offers overall advantages 

compared to existing alternatives and performs

better on key metrics in a variety of realistic cases. 

III. EFR Routing Protocol 

The basic steps in the protocol are as follows: 

1. The source finds the destination’s location (as

needed) using any location-discovery

protocols.

2. On learning the position of the destination, the

source probes the destination by sending

requests along different electric field lines. 

3. The destination sends an ACK for each request

corresponding to different field lines. 

4. To send data packets, the source selects the 

route with the smallest end-to-end delay.

5. The source periodically probes the destination

at other angles and selects a new best route. 

6. The destination periodically sends ACKs to

refresh the route status. 

III.A. Assumptions 

For EFR to work, each source node needs to know 

only its own position and the destination node’s 

position.  A node does not need to know the

position of all nodes in the network. 

Since the primary purpose of this paper is to apply

the concepts of electric fields for MANET routing,

we are less concerned with optimizing location 

discovery. EFR can use any known location-

discovery methods (e.g., [8, 23, and 33]).

For the current investigation, we chose a relatively

simple approach in which each node finds its own

geographic position via GPS [7 and 18]. The

destination’s position is then found through

flooding.  Clearly, a better location-discovery

alternative would improve the performance of EFR.

III.B. Discovering the Destination’s Location 

The position of the destination is found using a 

basic flooding scheme.  The location request is 

propagated from the source through the entire 

network (similar to the propagation of RREQ in

DSR [16]). However, in contrast to DSR, this 

flooding needs to be done only once, at the

beginning of the data session. The destination will

periodically report its new location back to the 

source as it moves.

Each location request contains the source

coordinates, a sequence number, and (if available)

the timestamp of the last known destination

location. Requests can be short-circuited; if an 

intermediate node has cached an up-to-date

destination position, then that value will be

returned immediately. In the absence of cached 

information, an intermediate node will forward the

request to all its neighbors.  Once the request 

reaches the destination node, it will send back its 

coordinates directly to the source. 
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III.C. Establishing Routes 

After discovering the destination position, the 

source probes the destination for valid routes by

sending route requests through different angles.

Data packets can be aggregated in the request to

save extra round trips at the cost of larger packet 

size.  In our implementation, the source probes the

destination by sending requests through three

different angles.  Route requests and data packets 

are routed in the same fashion, as described in 

III.D.

On receiving the request, the destination

piggybacks an ACK to confirm the status of that 

angle.  After receiving the first ACK from a route

via an angle, the source starts to send subsequent 

data messages using that route. If multiple ACKs

are received through routes of different angles, the 

source will choose the one with smallest end-to-

end delay.  Periodically, the source will request an 

ACK from the destination to refresh the status of

the current active route and one alternative route 

(randomly chosen).  This request is also 

aggregated to the data packet.  A route 

(corresponding to an angle) will be timed out if no 

ACK is received to refresh it. 

In the current implementation, the source uses end-

to-end delay as the routing metric to avoid

congested paths.  Other metrics could be used to 

offer load-balancing or power management.

III.D. Routing Data Packets 

The source node, after deciding a routing angle, 

forwards the data packet to the neighbor node that 

is closest to the electric field line corresponding to

that angle. For intermediate nodes, the ideal 

choice of the next hop is the node closest to the

existing field line while near the maximum

transmission range.  Note that each intermediate

node knows which field line to use to forward

packets since it knows the locations of the source, 

destination, and the current node. 

Figure 2: Finding the Ideal Next Hop 

As shown in Fig. 2, H is the ideal neighbor node

that lies on the intersection of the current field line 

and the maximum transmission range of current

node C. If H does not exist, we have to find the 

candidate node M that minimizes a, the angle 

between the current field line and the direction of

the next node, and maximizes d.

In our implementation, a node can experience a 

force by a pole proportional to
2

21

r

QQ
K .  This is 

known as Coulomb’s law [13], where
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1
K ,

where 0 is the permitivity of free space, with the

value of 8.85*10-23.  Q1 and Q2 are electric charges 

of two poles.  Since the charge itself contains

positive and negative signs, they will influence the

direction of the resulting vectors.  For simplicity of 

computations, we make KQ1Q2 = 1.  Finally, r is 

the distance between the pole and the node. 

Intuitively, the 4 r2 term at the denominator

reflects how electrical forces decay with the

increasing spherical surface area relative to a 

charged point at the center of the sphere [13].

Assume that the current node C, the source node S

and the destination node D are at (xC,yC), (xS,yS)

and (xD, yD), respectively.  The magnitude of the 

force exerted by the source is given by the formula
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and similarly for the force exerted by the 

destination:
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The angle of the force exerted by the source is: 
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The angle due to the destination is: 
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The magnitude of the combined force in the X and 

Y direction is given by:

CDCDSCSCCX EEE coscos

CDCDSCSCCY EEE sinsin

Its angle can then be calculated as: 
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It is this angle that is of interest in EFR, since it

gives the tangent to the electric field line at that

point. We must now find the next-hop node that is 

closest to that direction and at maximum range. In

our implementation, we chose a simple approach

in which we find all candidate neighbor nodes that 

are within a small angle range (e.g., 15 degrees).

The node that makes the most progress toward the 

destination will be picked from these candidates. 

In a mobile environment, it can be suboptimal to 

choose a node at the absolute maximum

transmission range, since the node is more likely to

move out of range before the arrival of the next

location update or due to link loss ratios as 

described in [10].  We can avoid this problem by

reducing d by the product of the maximum node 

speed and the inter-update interval. 

A data packet is forwarded to the neighbor node

that is closest to the current field line formed by

the source, the current, and the destination nodes.

Therefore, data packets can jump from one field 

line to another during the transmission.  As a result, 

the final route might not conform to the original

chosen electric field shape.  The initial angle and 

the electric field line are only guides to help the 

route form disjoint routes without explicit 

coordination.

To avoid packets wandering in the network, there 

is a maximum TTL and a threshold to prevent the 

next hop from deviating from the current field line.

If no neighbor is found or the TTL has been

reached, the data packet gets dropped.  Currently,

EFR does not offer guaranteed delivery if a

feasible path exists.  This is discussed further in

Section VII. 

III.E. Heartbeats 

Each node caches the locations of neighboring 

nodes.  Each node periodically broadcasts its

location (heartbeats) to its neighbors to maintain

the cache.  If a cache entry is not refreshed within 

a timeout period, the entry is removed.

To reduce routing overhead, EFR eavesdrops on 

regular messages to extract location information,

and a node that is transmitting data skips its 

heartbeat.

A failed neighbor can be detected by a heartbeat 

time-out or by notification from the MAC layer

(through link-layer feedback from IEEE 802.11 

[14] or by the absence of a passive ACK [17]).

Each node’s location cache also stores the recently

overheard locations of more distant nodes that 

have responded to location-discovery requests. 

The cache is used to reduce the amount of location 

request flooding and to update the destination 

coordinates in packets that pass through the node.

If an in-transit packet contains newer location 

information, it will update the local location cache 

and vice versa.  The timeout for location

information is set to 30 seconds. 

IV. PERFORMANCE 

IV.A. Tested Protocols 

We compared EFR to several popular protocols.

The applicability of our results is limited in three 

ways. First, among the large number of protocols, 

we can only choose a representative subset for 

comparison. Second, since different protocols 

have different implementation platforms and 

versions, we only selected ones that were publicly

available and could be ported to ns-2 (version

2.1b9).  Third, although location-based approaches

primarily provide single-path routes, we also

compared our multipath approach against location-

based approaches to show a more meaningful

overhead comparison with other stateless routing

protocols.

We decided to compare EFR to four approaches:

LAR [20], DREAM [1], GPSR [19], and AOMDV

[26].  The first three are location-based 

approaches: DREAM uses flooding, LAR is 

source-routed, and GPSR provides guaranteed

delivery. AOMDV is a multipath algorithm. We

made minor modifications to the DREAM and 

LAR implementations [6] to port them to the latest

stable version of ns-2.

The original GPSR assumed global knowledge, 

where an ideal location-management database 

provides the source nodes with the locations of the

destinations at zero cost.  To allow a fair 

comparison with LAR and DREAM, we modified

GPSR to use the same location-discovery

mechanism as EFR. 

Existing multipath routing protocols [22, 26, 28,

34] are largely variants of AODV and DSR.  To 

compare multipath results, we selected AOMDV,

an AODV variant.  We configured AOMDV to use

three disjoint link routes, as in [26].

Since LAR and AOMDV are the enhanced 

versions of DSR and AODV, we did not include 

DSR and AODV in our benchmark. The

simulation results from [6] and [26] also showed
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Table 1: Simulation Parameters

Scenario Node

Population

Area Radio Range Average

Neighbors

CBR

Pairs

Mobility Speed (m/s)

1 50 600m x 300m 100m 8 20 0 – 20 

2 100 1000m x 1000m 250m 20 10 – 50 20

3 100 1000m x 1000m 250m 20 20 20

that LAR and AOMDV outperformed these two 

routing protocols. 

IV.B. Simulation Model 

We evaluated all five protocols using the ns-2

simulator [12]. The CSMA/CA protocol and 

distributed coordination function of IEEE 802.11 

[14] for wireless LAN were used.  The radio model

was similar to a commercial radio interface, 

Lucent’s WaveLAN, with a nominal bit-rate of 

2Mb/sec and radio range of 250 meters.

All protocols maintain a send buffer of 64 packets 

for data packets waiting for a route.  Packets are 

dropped after 30 seconds of waiting. All packets

sent by the routing layer are kept in the interface

queue until the MAC layer can transmit them.

To keep packets from unnecessarily wandering in 

the network, the maximum hop count was set to 32. 

Our mobility and traffic models were similar to 

those in prior studies [6, 26]. The random

waypoint model [5] was used to model mobility.

As in [6], we fixed the pause time at 10 sec and 

varied the maximum speed of the nodes so that the 

protocols could be placed under stress. 

As in [6], we used CBR and peer-to-peer traffic to 

stress the protocol.  We varied the number of CBR

pairs between 10 and 50 to test the behavior and 

scalability of the protocols under different network 

loads.  The sources sent 64-byte packets at a rate 

of 4 packets per second.  To avoid contention, we

padded the transmission of data packets by 0.1

milliseconds for each of the CBR pairs.  To avoid

initial flooding by all nodes for route discovery,

there was a 1-second window between each CBR 

pair before the first packet was sent.  In our figures,

each data point represents the average of 10

simulation trials at each speed setting and CBR

load.  Confidence intervals are shown at the 90%

level, except when they are insignificantly small.

IV.C. Simulation Scenarios 

We evaluated the protocols in both small and large

networks, and both rectangular and square 

simulation areas. We tested them for high mobility

and heavy traffic by varying mobility speeds and 

the number of CBR.  We tried both highly

concentrated and equally distributed traffic loads.

Table 1 describes the settings for each scenario. 

Scenario 1:

This scenario was used to compare DREAM and 

LAR in [6]. The use of a rectangular area resulted 

in a larger hop count than that of a square with the

same area.  The total simulation time was 2000

seconds, which included 1000 seconds of warm-up

time.  Each routing protocol was simulated 50

times (5 speed settings x 10 mobility topologies). 

This scenario is designed to test the performance

of the protocols in a small and sparse network 

under varying mobility conditions. 

Scenario 2: 

This scenario with dense topology was also used in

[6].  The simulation involved a square area.  The 

square area allows nodes to move more freely and

maximizes the benefit of spatially disjoint routes. 

The total simulation time was 1000 seconds, which 

included 250 seconds of warm-up time. Each

protocol was simulated 50 times.

This scenario was designed to test performance in 

a large and dense network with high load.  The 

traffic becomes more equally distributed as the 

load (number of CBR connections) increases. 

Scenario 3: 

We designed this scenario to show the advantages

of EFR under a heavy load generated by a group of 

nodes.  The settings were similar to those in

Scenario 2, except that we fixed the number of 

CBR sources at 20.  We increased the load by

varying the data-sending rate of each CBR 

connection from 4 to 5 packets/second.

IV.D. Performance Metrics 

We used the following metrics to compare

protocol performance:

(i) Data packet delivery ratio – ratio of the number

of received data packets to the number originated 

by the source(s); (ii) Hop count – average hop 

count of all data packets received by the 

destinations; (iii) End-to-end delay – average end-
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to-end delay of all data packets received by the

destinations; (iv) Normalized routing load –

number of routing control packets transmitted per 

data packet delivered at the destination. Each hop-

wise transmission of a routing control packet is 

counted as one transmission.  Control packets used 

in the location discovery service were included. 

IV.E. Simulation Results 

Scenario 1: (50 nodes – 600x300m – small-size 

and sparse topology)

Fig. 3a illustrates the data packet delivery ratio

versus speed.  Surprisingly, no protocol achieves a 

100% delivery ratio at speed 0, even though the

network is not partitioned.  The node positions 

were generated randomly (using the setdest utility

in ns-2), and we selected unpartitioned topologies

from those generated.  We found that when a 

topology contains narrow bridges that connect

several groups of nodes, the tested protocols yield

lower delivery ratios than previously reported.

Packets are often dropped at the heavily congested

bridges.  Packets that miss the bridge tend to 

wander in the network.  This observation is 

especially true for GPSR in perimeter mode. Thus,

the performance for a static environment is highly

dependent on the network topology.
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Figure 3(a): Data Packet Delivery Ratio 

(confidence intervals omitted for readability)

For non-zero speed settings, we let nodes move for 

1000s before sending the first data packet.

EFR yields the highest delivery ratio in all but the 

static mobility settings.  In fact, EFR’s delivery

ratio degrades rather slowly as the node speed 

increases in this environment.  At speed 0, 

however, EFR’s performance is highly dependent

on the topology, and is not always optimal.

Although AOMDV and DREAM have similar

delivery ratios, they pay a very high cost in 

overhead packets; this will be discussed later. 

As speed increases, LAR’s delivery ratio degrades

rapidly.  Even though LAR uses location

information to reduce the flooding overhead, it still

relies on precomputed hop-by-hop routes that 

break more frequently as mobility increases. 

AOMDV performed better with multiple paths 

because it can switch to a backup path when the 

current path is broken, thus reducing flooding. 

GPSR performed better than LAR for being a pure 

location-based approach with guaranteed delivery.

However, GPSR performed worse than AOMDV 

for several reasons.  First, GPSR produces only a 

single route as opposed to three routes under

AOMDV.  Second, sparse topologies force GPSR 

to trigger the perimeter mode more often, and 

bridges in those topologies make GPSR break 

more often.  Third, AOMDV uses a HELLO-

message technique for early detection of stale 

routes. Thus, AOMDV can quickly perform

recovery procedures if all routes are broken.

However, AOMDV pays a high cost in control 

overhead to achieve early detection (as shown later 

in Fig. 3c). 

Finally, DREAM maintains an almost constant

(but much lower) data delivery ratio because of

contention and congestion (as explained in [6]).
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Figure 3(b): Average End-to-End Delay

Fig. 3b shows end-to-end delay versus speed. EFR

offers the lowest end-to-end delay because of its

metric for selecting the best path. AOMDV’s

delay is almost 1.5 to 2 times longer than that of

EFR.  All other protocols degrade rapidly as speed

increases.

GPSR’s greedy mode helps it find the shortest path

regardless of network congestion. Given the

random distribution of nodes and communication

pairs, nodes in the middle of the simulation area

are more likely to be selected, resulting in a 

congested central network area that adversely

affects GPSR’s end-to-end delay.
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There are several reasons why AOMDV has a

lower end-to-end delay than GPSR and LAR. 

First, AOMDV actively maintains the freshness of 

multiple paths to the destination at the cost of high

control overhead; data packets do not often stay in 

the buffer queue for a long period.  The packet will 

instead be sent immediately using other routes if 

the current path is down.  Second, the current

MAC-layer implementation in ns2 gives a higher

transmission priority for control packets than data 

packets for AOMDV.  Third, greedy approaches

like GPSR often try to forward data packets to a 

neighbor that makes the most progress toward the

destination.  These neighbor nodes are likely to be

near the maximum transmission range, and so 

could move outside that range soon, making the

greedy approach counterproductive. 
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Figure 3(c): Normalized Control Overhead 

Fig. 3c shows the normalized control overhead as

speed increases.  GPSR and EFR have the smallest

overhead, since both perform stateless forwarding. 

Other protocols pay higher overhead for route

discovery and maintenance: AOMDV and 

DREAM have 5x overhead of GPSR and EFR.
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Figure 3(d): Average Hop Count 

Fig. 3d shows average hop counts versus speed. 

EFR has a lower hop count than all the other 

protocols except GPSR, although all are very close.

Recall that EFR chooses the route with the 

minimum end-to-end delay, while GPSR uses a 

greedy approach as the default routing mode.

Therefore, GPSR always gives the shortest path,

regardless of the traffic congestion. 

Unsurprisingly, EFR’s end-to-end delay metric

produces small hop counts as a side effect. 

In this scenario, EFR still was able to find multiple

paths and performed better than the other protocols,

considering the density of nodes in this experiment

is rather sparse compared to many existing studies. 

For a sparser network, EFR may encounter 

difficulties in finding multiple paths.  We will

discuss this issue further in Section VII. 

Scenario 2: (100 nodes – 1000x1000m – large size 

and dense topology – highest mobility – high 

network load distributed equally) 

In this scenario, we wanted to see the protocols’

performance in a dense and large topology under 

high load and mobility.  In this topology, network

load is spread evenly as it increases.
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Figure 4(a): Data Packet Delivery Ratio 

Fig. 4a shows the delivery ratio.  EFR offers the 

highest delivery ratio at high load. When the

number of connections reaches its peak of 50, the 

network is extremely congested almost everywhere.

EFR is better than the other protocols here, but

even its delivery ratio is too low for it to be useful. 

We did not simulate beyond 50 connections; at this

point, the end-to-end delay reaches a totally

unacceptable level of 3 to 7 seconds for all 

protocols.  Beyond 50 connections, all protocols 

might converge to the same point, but the number

would be meaningless because the network would 

have become unusable.

The performance of AOMDV and LAR suffers

due to frequently broken hop-by-hop routes that

are predefined.  Recall that EFR and GPSR do not

rely on pre-computed hop-by-hop routes. 
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Figure 4(b): Average End-to-End Delay

As Fig. 4b shows, EFR and GPSR start to have

high end-to-end delay at high connection counts. 

However, they are still delivering many more data

packets than the other protocols. DREAM achieves

a delivery ratio similar to GPSR with a much

lower latency than either EFR or GPSR because it 

is delivering packets by flooding.

By flooding, DREAM offers a moderate level of 

data delivery at all connection counts.  However, 

because of this flooding, its data overhead is 30 

times larger than other protocols (not shown here 

due to space limitations).  This observation is

consistent with results described in [6].
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Figure 4(c): Normalized Control Overhead 

As in the first scenario, Fig. 4c shows that EFR

and GPSR have the lowest control overhead.
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Figure 4(d): Average Hop Count

As Fig. 4d shows, GPSR has the lowest hop count 

and is slightly better than EFR, similar to the 

previous scenario.  However, DREAM is 

significantly worse in this case. 

Scenario 3: (100 nodes – 1000x1000m – large size 

and dense topology – highest mobility – high 

network load concentrated in some areas)

Real networks often face unevenly distributed 

loads through different parts of the networks. This

scenario is designed to investigate that situation by

keeping the number of connections constant at 20

and varying the packet sending rates. 
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Figure 5(a): Data Packet Delivery Ratio

Figures 5a to 5c show the performance of the five 

protocols for scenario 3 (the graph for the average 

hop count is omitted since it is similar with

previous scenario). As the load increases, EFR 

still achieves a data packet delivery ratio of up to 

95%.  All the other protocols degraded rapidly

under high load.  Since EFR chooses the angle 

route with smallest end-to-end delay, it can 

minimize delay, hop count, and control overhead

while avoiding highly congested paths. 
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Figure 5(b): Average End-to-End Delay
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Figure 5(c): Normalized Control Overhead 

V. Denial-of-Service Attacks 

As mentioned earlier, the EFR framework can

offer features such as load-balancing, bandwidth 

aggregation, power management and resiliency.

In this section we show how EFR can resist

problems caused by network failures or DOS

attacks from misbehaving nodes.

V.A. Problem Statement and Related Work 

We focus on the problem of misbehaving nodes 

that agree to participate in forwarding but then 

indiscriminately drop all data packets. This

problem may happen when a node is overloaded, 

selfish, malicious, or broken, as discussed in [27].

By not forwarding data packets, misbehaving

nodes can cause a DOS attack since the destination 

can no longer receive any data packets. 

In [27], the authors proposed a solution using

watchdog and pathrater.  When a node forwards a 

packet, the node’s watchdog verifies this by

eavesdropping to confirm that the next node in the 

path also forwards the packet. The pathrater uses 

this knowledge to choose the path that is most

likely to deliver packets.

The problem with this approach is the need to 

buffer recently sent packets at each node for 

comparison with overheard ones to make sure the 

next node is forwarding correctly.  For mobile

nodes, the memory and processing cost of these 

comparisons can be high.  Also, the approach 

relies on a trust relationship among nodes. To

choose a reliable path, the pathrater at the source 

has to rely on reports from intermediate, possibly

malicious, nodes.  Finally, for the watchdog to

work properly, it must know where a packet

should be two hops later, so it must be built on top 

of a source routing protocol such as DSR. As we

have seen, source routing protocols have high

control overhead when mobility is high. 

In [30], the authors suggest building node-disjoint 

routes.  Since their approach relies on source

routing algorithms and on building hop-by-hop

routes, issues similar to the above arise. 

V.B. How EFR Defends Against DOS Attacks 

EFR inherently resists this type of DOS attack.  A 

misbehaving node can drop: (1) route requests 

corresponding to a given angle; (2) ACKs from

destination nodes for a given angle (to refresh the 

route status); (3) data packets.  (Note that we omit

security concerns related to location-discovery

since EFR is independent of the location service.) 

If the route request is dropped, the destination will

never receive the request for that angle, and thus

the source will never receive the corresponding

ACK. Therefore, the route containing 

misbehaving nodes is not used.  The same happens 

if the ACK packet is dropped.  We assume that

ACKs from the destination can be 

cryptographically authenticated by the source so 

that other nodes cannot forge ACKs. We now

only need to consider the third case in which the 

data packets are dropped. 

Misbehaving nodes can either drop all data packets

or only a percentage of them.

In the former scenario, the destination will not

receive any packets and thus will not send back

any ACKs to refresh the route.  As a result, the 

route will not be used.

To avoid detection, misbehaving nodes might drop 

only a certain percentage of data packets. If only

some packets are dropped, the attack is also only

partial.  Our simulation results (not presented here)

show that when the misbehaving nodes reduce

their dropping rate from 100% to 25%, EFR’s

packet delivery ratio increases from 80% to 90%, 

which is higher than other compared protocols. So

if the attacker’s goal is to maximize the packet loss 

rate by dropping most or all data packets, EFR will 

offer the most resilience to the attack. 

In addition, the source can randomly include a 

request for an ACK embedded in the data packet.

If no ACK arrives, the source can determine that 

either the message or its ACK was dropped 

somewhere.  Finally, the destination can measure

the throughput of an angle from the received data

packets and return that information in the ACK.

The source can use that information to decide the 

best angle to use.  Note that the congestion-control 

feature of the upper protocol layers cannot solve 

this problem by itself, since it does not have the

ability to switch among different routes (as in

EFR).
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In some cases, certain types of packets are crucial 

to the application service. If the attacker drops

them, remaining data packets become useless to

the destination.  To combat such an attack, 

encryption could be applied so that intermediate

nodes cannot differentiate between crucial packets 

and normal packets, making it impossible for an 

attacker to preferentially drop only crucial packets. 

If the misbehaving nodes can interfere with all

chosen angle routes, the source cannot send data.

One solution is to increase the number of probing 

angles in response.  The attacker will have to 

compromise a large percentage of nodes to stop all 

the possible angles.  This is not a trivial task for

the attacker, since our simulation results show that

EFR can still achieve good performance when up 

to 30% of the nodes are compromised.

V.C. Simulation 

Our simulation compares EFR with GPSR and 

AOMDV under DOS attack.  A more

comprehensive analysis would include protocols

using a watchdog mechanism [27].

Our simulation area was 1000x1000m for 100

nodes with radio range of 250m.  The pause time

was 10s, and mobility speed was 10m/s. The

packet rate was 4.75pkt/sec for 15 CBR pairs.

This moderate network load isolated the effect of

misbehaving nodes from network congestion.  We 

also tried a high load setting (20 CBR pair).  Since 

the results are similar, they are not shown. 

All configurations for all protocols were the same

as in the earlier simulations.  Similar to [27], we 

varied the percentage of misbehaving nodes from

0% to 30%, each time adding new malicious nodes 

to the existing set.  This ensures that obstacles 

present in lower-percentage runs are also present 

in higher-percentage runs. 
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 Figure 6(a): Data Packet Delivery Ratio 

Fig. 6a shows the delivery ratio of each protocol

for different percentages of misbehaving nodes. 

When there are no misbehaving nodes, GPSR and 

EFR achieve an almost perfect data delivery ratio, 

which is consistent with the behavior described in

Section IV. 

As the number of misbehaving nodes increases,

EFR can still deliver up to 15% more packets. Of

course, to one extreme, all protocols should 

converge when all intermediate nodes are 

malicious and no transmissions are possible for

paths longer than 1 hop.  Figure 6a demonstrates

that EFR significantly outperforms other protocols 

with 30% of misbehaving nodes. 
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 Figure 6(b): Average End-to-End Delay

Fig. 6b shows the end-to-end delay of all protocols.

As the number of misbehaving nodes increases,

EFR’s end-to-end delay starts to increase.  This is 

not surprising since there are fewer routes from

which to choose from, especially for long-distance

CBR pairs. Therefore, packets have to wait longer 

for feasible paths.  In contrast, GPSR and 

AOMDV drop most data packets on long paths

and only deliver along the shorter paths.  Since we 

do not penalize dropped packets in the end-to-end

calculation, the delay for GPSR and AOMDV is 

artificially understated. 

In addition, the packet dropping reduced the GPSR 

and AOMDV total network load, again reducing

the end-to-end delay for the remaining packets. In

contrast, EFR delivers 20% more of the data 

packets, putting a greater burden on the remaining

70% of well-behaving nodes.
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Figure 6(d): Normalized Control Overheads 

Fig. 6c indicates that EFR is still able to deliver

packets to distant nodes when other protocols can

only deliver packets between closer ones. Unlike

the end-to-end delay, the hop count for EFR does

not increase, since longer routes have a higher 

chance of being corrupted by misbehaving nodes, 

causing packets that use those routes to be dropped. 

Finally Fig. 6d shows that the low control 

overheads of EFR and GPSR are not affected by

malicious nodes.  AOMDV’s high overhead is 

consistent with our earlier results in Section IV.E. 

Even though AOMDV supports multiple routes, it

does not detect misbehaving nodes. However, we

believe that if a mechanism like [27] was added,

the overhead would be increased.  Also, since 

routes will be broken more often due to

misbehaving nodes, route discovery will be

exercised more often, also increasing overhead.

DSR [16] and AODV [31] are the most popular

on-demand routing protocols for ad hoc wireless 

networks.  DSR is a source-routing protocol, and 

relies on fixed per-session routes. Extensive

caching helps to reduce the number of flooding 

requests.  However, increased mobility tends to

increase the chance of caching invalid entries,

thereby reducing performance.  Stale routes, if

used, may start polluting other caches [25].

VI. Related Work 

AODV uses a traditional routing table.  Since it 

keeps less routing information, AODV relies on a 

route discovery method that floods more often.

Like DSR, it is susceptible to broken routes under

high-mobility conditions. 

Location-based routing protocols, including EFR, 

assume that each node knows its own approximate

geographic position, from a GPS device, or by

other means [7, 18].  In DREAM [1], each node 

also tracks the location of all other nodes. Each

node propagates location packets to the whole

network.  Data packets are sent by flooding in a 

forwarding zone, calculated by the source. 

LAR [20] is an enhanced version of DSR, where 

location information is stored in all packets to

decrease the overhead of route discovery.  When 

route discovery occurs, the route requests are

flooded within a forwarding zone.  This approach 

reduces the overhead when the destination node

happens to be inside the search zone. LAR

inherits characteristics of source-routing protocols. 

Stateless location-based protocols avoid using a

precomputed hop-by-hop route.  Thus, route 

discovery is less expensive.  They also reduce the

chance of route failure under a high density of 

nodes, because any nearby node can substitute for

a failed neighbor node.  One example of this is

greedy packet forwarding, known as the most-

forward-within-r protocol [32].  Each node 

forwards packets to a node that makes the most

progress toward a destination.  A similar approach,

Compass routing [21], forwards packets along a 

straight line between the source and destination

nodes.  These greedy approaches can be

suboptimal when backtracking is required. A

particularly pronounced case is network holes, or

regions with no network nodes or services. 

Intermediate node forwarding (INF) [11] is 

proposed to partially solve this problem. INF

randomly chooses a point between the source and

destination and routes packets to that point. The

packets then travel from that intermediate point to 

the destination.  If the packet still cannot be

delivered, another intermediate node will be 

picked. Similar to EFR, INF relies on different 

routes to probabilistically avoid holes. However,

INF does not utilize different routes to select the

route with the best metrics.  A route in INF is used

until it cannot reach the destination. Routing to

and from the intermediate node uses a greedy

algorithm, so different routes may partially overlap 

if the alternate intermediate nodes reside in the 

same direction as the previous nodes. 

GPSR [19] and GFG [9] provide guarantees for 

routing around network holes by using planar

graph traversals [2].  When no holes are 

encountered, both protocols build single-path

routes via greedy routing. Both protocols

guarantee delivery if a route exists, although

finding such a path or determining non-

reachability can cause long delays.  Currently, they

do not avoid congested paths.

Terminode routing [3, 4] combines hierarchical 

and position-based protocols.  If the destination is 
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near the source, a proactive distance-vector

approach is used, while a greedy position-based 

approach handles long-distance routing.  In this 

approach, a path is defined by multiple anchor 

positions rather than the node ID.  Data packets are 

routed along these anchor positions to reach the

destination, assuming that geographical points are

more stable than a node ID.  Mechanisms to find

anchor points are currently under development. All

intermediate anchor positions are required to be

stored in the packet header (as coordinates and 

timestamps), and this occupies more space than

storing the node ID in other schemes.

Trajectory-based forwarding (TBF) (currently

under development) [29] is a generalization of the 

source-based protocol [16]. Similar to EFR,

routing between nodes is performed along a

trajectory or a curve.  TBF provides a flexible and

general framework for curve-based routes, by

approximating curves with leading Fourier

coefficients.  However, since the source is

responsible for defining the trajectory equations in 

advance for every route, each packet needs to carry

all coefficients.  If the destination moves away

from the curves specified at the source, the route 

will not bend to follow it.   In EFR, if an

intermediate node is aware of an updated 

destination position, it automatically adapts since 

the calculation is based on the last known positions

of the source and destination nodes. 

Several multipath protocols have been proposed as 

variants of the DSR and AODV protocols [22, 26, 

28, 34].  By deploying multiple routes, a node can

switch from one path to another if failure occurs. 

The use of multiple paths helps to reduce the 

occurrences of expensive route discovery.  In these

protocols, the paths are not guaranteed to be

spatially disjoint.  These protocols also inherit the 

limitations of source-routing protocols. 

Lin [24] proposes a location-based framework for

disjoint multipath routing.  Unlike EFR, the 

algorithm does not build spatially disjoint routes.

Also, the source broadcasts the same packet to

several neighbors, each of whom propagates it in

duplication using a greedy algorithm.

VII. Future Work 

VII.A. Guaranteed Delivery 

As a packet is forwarded along a requested electric 

field line, it might not arrive at the destination if

the available routes are very different from the

shape of the line. In particular, like greedy

forwarding, EFR does not backtrack well.  Instead, 

EFR relies on a high node density to reduce the 

probability of pathological topologies and uses 

redundant routes to increase the probability of 

delivery.  In a high-mobility environment,

pathological topologies are likely to be relatively

short-lived.  However, EFR does not guarantee

100% delivery even if some feasible route exists 

(for example, in a sparse network with many

holes). We plan to investigate algorithms to 

guarantee delivery when the usual approach has

failed.  It would be acceptable for such an

algorithm to be expensive, provided it was not 

exercised frequently.

VII.B. Security 

In Section V we discussed DOS attacks on data 

and control packets.  In the worst situation, an

attacker can interfere with all chosen angle paths. 

One remedy is to increase the number of probing

angles at the cost of maintaining more routes.

Another solution is to revert to a guaranteed 

delivery method as discussed in Section VII.A. 

We still need to expand our design to handle other 

attacks and to perform further work in secure 

location-discovery.  We also plan to investigate the

risk of common attacks (e.g., man-in-the-middle

and replay attacks) and defenses against them.

VII.C. Non-Symmetric Paths 

Since a route between a source and a destination is 

not a perfect electric field line, forward and reverse

paths in EFR are not necessarily symmetric. An

available path with a certain angle at the source 

might not be available at the destination. This

characteristic poses a problem in sparse topologies

since some control packets in EFR require ACK 

messages to come back along the same angles. We

are investigating the possibility of encoding the 

source route inside the control packet.  The 

destination could then use the recorded routes to 

return the ACK.  This design has little effect on 

EFR’s statelessness, since the recorded route is 

used only once for an ACK. 

At the application level, data communication

between two nodes can traverse paths with

different angles in each direction. Such behavior

is unavoidable in a mobile environment for all 

known routing protocols.  It is possible that we can

take advantage of these asymmetries to achieve

additional resiliency or to route around holes. 

VII.D. Other Issues 

Theoretically, by controlling the initial angle of 

routes, the source can control the spatial

disjointness between routes.  Currently, we have

not explored in detail the tuning of spatial 
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disjointness in EFR.  One possible plan is to

simulate regional failures of nodes to understand

how to tune the disjointness dial of EFR. 

Currently, our implementation sends packets along

only one path at a time, so out-of-order packets

should not be a major problem except for short 

intervals when switching from one route to another.

In the future, we would like to use EFR for load-

balancing by switching between paths.  EFR could

also be used for power-aware routing by using

power consumption as the routing metric.

The current implementation of EFR uses electric 

field lines with only three fixed initial angles. We

have not explored the effect of adjusting the 

number of paths.  More routes will increase both

throughput and the cost of maintaining them.

Currently, end-to-end delay is the only metric for 

selecting a path.  We plan to add parameters to 

control dynamically the redundancy, disjointness, 

and reliability of routes. 

We have not measured the computational cost of 

solving EFR equations at each node.  Since mobile

nodes are bandwidth-limited, the small CPU cost

of solving the equations will not have a significant 

effect on throughput.  We will analyze the 

equations and possibly optimize them to reduce the 

cost in latency and power consumption.

The current location-discovery technique based on 

flooding is quite expensive.  We will try other

approaches such as Gossip [15], GLS [23], and 

DLM [33] to improve EFR’s performance.

VIII. Conclusion 

This paper presents the electric-field-based 

multipath routing protocol for MANETs.  Our on-

demand scheme does not use explicit hop-by-hop

routes. Each hop is selected dynamically, allowing

the node membership of a route to change

constantly without triggering route recovery.

EFR can be extended to achieve a higher packet 

delivery ratio by sending multiple copies of critical

packets over different paths.  The properties of 

EFR make it easy to find varying numbers of

spatially disjoint routes by simply choosing the 

initial angles used for transmissions.

Our results show that EFR can deliver packets

much more reliably than other existing protocols, 

particularly with nodes moving at high speeds and 

high network load.  Moreover, it achieves these 

results with very few control messages. Further,

EFR is more resilient to denial-of-service attacks

where malicious nodes drop packets that they are 

supposed to forward.  These results and the

theoretical simplicity of the EFR algorithm suggest 

its high potential for practical use. 

IX. Acknowledgemsents

We are grateful to the authors of [6, 19, and 26] for 

providing their implementations of DREAM, LAR,

GPSR and AOMDV protocols.

X. References 

[1] S. Basagni, I. Chlamatac, V. Syrotiuk, and B. 

Woodward. A distance routing effect 

algorithm for mobility (DREAM). 

Proceedings of the 4th Annual ACM/IEEE 

MOBICOM ’98, pp. 76-84, 1998. 

[2] P. Bose, P. Morin, I. Stojmenovic, and J. 

Urrutia.  Routing with guaranteed delivery in 

ad hoc wireless networks. Workshop on 

Discrete Algorithms and Methods for Mobile 

Computing and Communications (DialM),

1999.

[3] L. Blazevic, L. Buttyan, S. Capkun, S. 

Giordano, JP. Hubaux, and J. Le Boudec. Self-

organization in mobile ad-hoc networks: the 

approach of terminodes. IEEE

Communication Magazine, 2001. 

[4] L. Blazevic and S. Giordano, J. Le Boudec. 

Self-organized terminode routing. Technical 

Report DSC/2000/040, Swiss Federal Institute 

of Technology, Lausanne, 2000. 

[5] J. Broch, D. Maltz, D. Johnson, Y. Hu, and J. 

Jetcheva.  Multihop wireless ad hoc network 

routing protocols. Proceedings of the 

ACM/IEEE MOBICOM, pp. 85-97, 1998. 

[6] T. Camp, J. Boleng, B. Williams, L. Wilcox, 

and W. Navidi.  Performance comparison of 

two location based routing protocols for ad 

hoc networks. Proceedings of the IEEE 

INFOCOM 2002, New York, NY, USA.  June 

2002.

[7] S. Capkun, M. Hamdi, and J. Hubaux.  GPS-

free positioning in mobile ad hoc networks.

Proceedings of Hawaii Int. Conf. on System 

Sciences, Jan 2001. 

[8] C. Cheng, H. Lemberg, S. Philip, E. Berg, and 

T. Zhang.  SLALoM: a scalable location 

management scheme for large mobile ad hoc 

networks. Proceedings of the IEEE WCNC 

2002.

[9] S. Datta, I. Stojmenovic, and J. Wu.  Internal 

node and shortcut based routing with 

guaranteed delivery in wireless networks.

Proceedings of IEEE Int. Conf. On Distributed 

48 Mobile Computing and Communications Review, Volume 8, Number 1



Computing and Systems (Wireless Networks 

and Mobile Computing Workshop), Phoenix, 

AZ, April 2001. 

[10] D. De Couto, D. Aguayo, J. Bicket, and R. 

Morris.  A high-throughput path metric for 

multi-hop wireless routing. Proceedings of 

ACM MOBICOM 2003.

[11] D. De Couto and R. Morris. Location proxies 

and intermediate node forwarding for practical 

geographic forwarding. Technical Report MIT, 

MIT Laboratory for Computer Science, June 

2001.

[12] K. Fall and K. Varadham, The ns Manual, 

http://www.isi.edu/nsnam/ns/ns-

documentation.html/

[13] D. Giancoli. Physics for Scientist and 

Engineers, 2nd Editiion. Prentice Hall, 1984.

[14] IEEE Computer Society LAN MAN Standards 

Committee, Wireless LAN Medium Access 

Protocol (MAC) and Physical Layer (PHY) 

Specification, IEEE Std 802.11 – 1997.  The 

Institute of Electrical and Electronics 

Engineers, NY, 1997. 

[15] Z. Haas, J. Halpern, and L. Li.  Gossip-based 

ad hoc routing. Proceedings of the IEEE 

INFOCOM 2002,  USA.  June 2002. 

[16] D. Johnson and D. Maltz.  Dynamic source 

routing in ad hoc wireless networks. Mobile

Computing, edited by Tomasz Imielinski and 

Hank Korth, Chapter 5, pp. 153-181, Kluwer 

Academic Publishers, 1996. 

[17] J. Jubin and J. Tornow.  The DARPA packet 

radio network protocols. Proceedings of the 

IEEE, 75(1), pp. 21-32, January 1987.

[18] E. Kaplan. Understanding GPS. Artech 

House, 1996. 

[19] B. Karp and H. Kung.  GPSR: Greedy

perimeter stateless routing for wireless 

networks. Proceedings of the IEEE 

MOBICOM, pp. 243-254, 2000. 

[20] Y. Ko and N. Vaidya.  Location aided routing 

(LAR) in mobile ad hoc networks.

Proceedings of the IEEE/ACM MOBICOM 

’98, Dallas, TX, USA, Oct 1998. 

[21] E. Kranakis, H. Singh, and J. Urrutia.

Compass routing on geometric networks.

Proceedings of 11th Canadian Conf. On 

Computational Geometry, Vancouver, August

1999.

[22] S. Lee and M. Gerla. Split multipath routing 

with maximally disjoint paths in ad hoc 

networks. Proceeding of the IEEE

International Conference on Communications,

2001.

[23] J. Li, J. Jannotti, D. De Couto, D. Karger, and 

R. Morris. A scalable location service for 

geographic ad hoc routing. Proceedings of 

ACM MOBICOM. ACM, August 2000. 

[24] X. Lin, M. Lakshdisi, and I. Stojmenovic.

Location based localized alternate, disjoint, 

multi-path, and component routing algorithms

for wireless networks. Proceedings of ACM 

MOBIHOC. Long Beach, California, USA, 

Oct 2001. 

[25] D. Maltz, J. Broch, J. Jetcheva, and D. 

Johnson. The effects of on-demand behavior in 

routing protocols for multi-hop wireless ad 

hoc networks. IEEE Journal on Selected 

Areas in Communication, 1999. 

[26] M. Marina and S. Das.  Ad hoc on-demand

multipath distance vector routing.

Proceedings of the International Conference 

for Network Protocols (ICNP), pp. 14-23, Nov 

2001.

[27] S. Marti, T. Giuli, K. Lai and M. Baker. 

Mitigating routing misbehavior in mobile ad 

hoc networks. Proceedings of IEEE 

MOBICOM 2000.

[28] A.Nasipuri and S.R. Das.  On-demand multi-

path routing for mobile ad hoc networks.

Proceedings of IEEE ICCCN’99, 1999, pp. 

64–70.

[29] D. Niculescu and B. Nath.  Trajectory based 

forwarding and its applications. Proceedings

of ACM MOBICOM 2003.

[30] P. Papadimitratos, Z. Haas and E. Sirer.  Path 

set selection in mobile ad hoc networks.

Proceedings of IEEE MOBIHOC 2002.

[31] C. Perkins and E. Royer.  Ad hoc on-demand

distance vector routing. Proceedings of IEEE 

WMCSA’99, pp. 90-100, February 1999. 

[32] H. Takagi and L. Kleinrock.  Optimal

transmission ranges for randomly distributed 

packet radio terminals. IEEE Trans. On 

Communications, March 1984. 

[33] Y. Xue, B. Li, and K. Nahrstedt.  A scalable 

location management scheme in mobile ad hoc 

networks. Proceeding of the IEEE Conference 

on Local Computer Networks – LCN 2001, FL, 

USA, Nov 2001. 

[34] Z. Ye, S. Krishnamurthy, and S. Tripathi.  A 

framework for reliable routing in mobile ad 

hoc networks. Proceedings of IEEE 

INFOCOM 2003.

Mobile Computing and Communications Review, Volume 8, Number 1                49 


