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Abstract.  Several routing schemes have been proposed in the context of 
mobile ad hoc network. Some of them use multiple paths simultaneously by 
splitting the information among multitude of paths, as it may help to reduce 
end-to-end delay and perform load balancing. Multipath routing also diminishes 
the effects of unreliable wireless links in the constantly changing topology of ad 
hoc networks to a large extent. Route coupling, caused by the interference 
during the simultaneous communication through multiple paths between a pair 
of source and destination,  severely limits the performance gained by multipath 
routing.  Using node disjoint multiple paths to avoid coupling is not at all 
sufficient to improve the routing performance in this context. Route coupling 
may be reduced to a great extent if zone disjoint or even partially zone disjoint 
paths are used for data communication. Two paths are said to be zone disjoint if 
data communication through one path does not interfere with other paths. Large 
path length (number of hops) also contributes to the performance degradation 
resulting in high end to end delay. So zone disjoint shortest multipath is the best 
choice under high traffic condition. However, it is difficult to get zone disjoint 
or even partially zone disjoint multiple routes using omni-directional antenna. 
This difficulty may be overcome if directional antenna is used with each mobile 
node. In this paper, we have done a comparative study on the performance of 
multipath routing using omni-directional and directional antenna. The result of 
the simulation study clearly shows that directional antenna improves the 
performance of multipath routing significantly as compared to that with omni-
directional antenna. 

1 Introduction 

The routing schemes for ad hoc networks usually employ single-path routing [1,2]. 
Multipath routing scheme employs a set of paths from source S to destination D so 
that total volume of traffic may be divided and communicated via selected multiple 
paths which would perform load balancing and eventually reduce congestion and end 
to end delay [3-10]. It also diminishes the effect of unreliable wireless links in the 
constantly changing topology of mobile ad hoc network [6]. Moreover, the frequency 
of route discovery is much lower if a node maintains multiple paths to destination. 
However, route coupling, caused by the interference during simultaneous 
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communication through multiple paths, severely limits the performance gained by 
multipath routing in the context of ad hoc wireless networks. Using node disjoint 
multipath is not sufficient to improve the routing performance, as this inherent route 
coupling among those multiple paths may cause congestion. In order to reduce route 
coupling, directional antenna may be used instead of omni directional antenna. Due to 
low transmission zone of directional antenna, it is easier to get two physically close 
paths that may not interfere with each other during data communication. As a result, 
multipath routing performance will improve with directional antenna as compared to 
that with omni-directional antenna. To illustrate this point, the remainder of the paper 
is organized as follows: section 2 reviews related work. In section 3, notion of route 
coupling and zone disjoint routes is introduced.  Section 4 and 5 present an analysis of 
multipath routing using omni-directional and directional antenna respectively. Section 
6 presents a comparative analysis with performance results followed by concluding 
remarks in section 7. 

2 Related Work 

Application of multipath routing in ad hoc wireless network has been explored in 
recent years. An On Demand Multipath Routing scheme is presented in [7] as an 
extension of DSR [8] which uses one of the alternate routes kept in the source node 
for data communication if primary one fails. The Split Multipath Routing (SMR) 
proposed in [10] focuses on using maximally disjoint paths. It was argued in [9] that 
the performance of Alternate Path Routing depends a great deal on network topology 
and channel characteristics (Route Coupling). Two node disjoint paths are said to be 
coupled with each other if they are located physically close enough to interfere with 
each other during data communication. As a result, nodes on those paths, which are 
participating in simultaneous active communications, are constantly contending to 
access the medium and finally end up performing worse than single path protocol. 
Performance improvement in multipath routing through load balancing is studied in 
[9] but their work is based on multiple channels that are contention-free but may not 
be available in normal cases. Selection of node disjoint paths to improve the 
performance is discussed in [10, 11, 12]. But inherent route coupling degraded the 
performance gained by using node disjoint multiple paths [9]. So it is intuitive that 
route coupling should be reduced to achieve good routing performance. The effect of 
route coupling can be drastically reduced, if we use directional antenna instead of 
omni-directional antenna with each user-terminal forming an ad hoc network. It has 
been shown that the use of directional antenna can largely reduce radio interference, 
thereby improving the utilization of wireless medium and consequently the network 
throughput [13, 14].  In our earlier work, we have developed the MAC and routing 
protocol using directional ESPAR antenna [13, 15] and demonstrated the performance 
improvement. In this paper, we investigate the effect of directional antenna on 
multipath routing. We have done a comparative study on the performance of 
multipath routing using omni-directional and directional antenna. The result of the 
simulation study clearly shows that directional antenna improves the performance of 
multipath routing significantly as compared to that with omni-directional antenna. 
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3 Effect of Route coupling  

Suppose there are two node-disjoint paths, S1-x1-y1-D1 and S2-x2-y2-D2, ie. they 
share no common nodes. Since paths are node-disjoint, it is expected that the end to 
end delay in each case should be independent of each other. However if x1 and x2 
and/or y1 and y2 are neighbors of each other, then two communications can not 
happen simultaneously because the RTS/CTS exchange during data communication 
will allow either x1 or x2 to transmit data packet at a time and so on. So end to end 
delay does not depend only on the congestion characteristics of the nodes, pattern of 
communication in the neighborhood region also contributes to this delay. This 
phenomenon is called route coupling. As a result, coupled nodes in those two paths 
are constantly contending to access the medium thereby degrading the performance of 
multipath protocol. Thus node-disjoint paths are not at all sufficient for improved 
performance. So we proposed a notion of zone-disjoint paths for simultaneous data 
communication to improve network performance. Two paths are said to be zone 
disjoint if data communication through one path does not interfere with other paths. 
But getting zone-disjoint or even partially zone disjoint paths using omni directional 
antenna is difficult since transmission zone is larger. Transmission zone for each node 
in case of omni-directional antenna =πR2 where beam angle θ =360° and transmission 
range is R. By controlling the beam angle θ (<360°) using directional antenna, 
coverage area of  each node may be reduced to θ R2/2. So a node on a path (x1 on S1-
x1-y1-D1), interfering the transmission along other path (S2-x2-y2-D2) due to 
coupling between x1 and x2 earlier using omni-directional antenna, may not interfere 
with each other during data communication if directional antenna is used. The effect 
of route coupling is measured in [12] using a correlation factor η and paths with lower 
correlation factors are selected for simultaneous communications. We have redefined 
correlation factor η of a node n in a path P, ηn(P) , as the number of active neighbors 
of n not belonging to path P, where active neighbors of n is defined as those nodes 
within the transmission zone of n that are actively participating in any communication 
process at that instant of time.  Correlation factor η of path P, η(P) is defined as the 
sum of correlation factor of all nodes in path P (figure 1). Path P is said to be zone 
disjoint if η(P) = 0. Paths with lowest η(P) values are selected to obtain Zone disjoint 
/ partially zone disjoint paths.  But to consider the effect of path length in this context, 
longer paths with more number of hops are discarded, as they increase end to end 
delay. To deal with the problem, our route selection criteria is to minimize the product 
of η and H (=number of hops in path P). 

4 Multipath Routing with Omni-Directional Antenna 

It is difficult to get fully zone-disjoint routes using omni-directional antenna. As in 
figure 1, since both a and d are within omnidirectional transmission range of  S, a 
RTS from S to node a will also disable node d. Similarly, since both c and f are within 
omni- directional transmission range of D, a CTS from D will disable both c and f.  
So, the lowest possible η [ηmin(omni)] in case of omni-directional antenna with two  
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Fig 1. Two node disjoint paths with η=9 

multipath between s and d is 2 if two paths have no common nodes excepting source 
and destination. With directional antenna, it is possible to de-couple these two routes, 
making them fully zone-disjoint. If  each node sets their transmission zone towards its 
target node only, then the communication between S-a-b-c-D will not affect the 
communication between S-d-e-f-D. Hence ηmin(omni)=2 whereas ηmin(dir)=0. 
As a result, even if we get multiple zone-disjoint routes with minimal correlation 
factor using omni-directional antenna, the best-case packet arrival rate at the 
destination node will be 1 packet at every  2*tp, where tp is the average delay per hop 
per packet of a traffic stream on the path p. The best-case assumption is, single traffic 
stream in the network from S to D with error-free transmission of packets. Let us refer 
to figure 1 and assume that each node is equipped with omni-directional antenna and 
two paths having minimal correlation factor i.e. η = 2 are used for data 
communication. This implies that nodes{a,b,c} and nodes {d,e,f} are disjoint. Let us 
denote tp as a time-tick, and at each time-tick, a packet is getting transmitted from one 
node to other. Consider table 1. S is sending a data-packet P1 to node a at time-tick T0 
and node a is sending data-packet P1 to node b in the next time tick i.e. T1. With omni-
directional antenna, S has to sit idle during T1, because S has received RTS from node 
a. So, S can only transmit its second packet P2 to node d (first node of the second path) 
at time-tick T2.  The packet transition is shown in Table 1 and destination D will 
receive packets in alternate time-tick. Even if we increase the number of paths 
between s and d beyond 2, the situation will not improve with omni-directional 
antenna.  

Table 1. Packet arrival rate at D with omni-directional antenna with two paths (s-a-b-c-d and s-
d-e-f-d) having minimun η (=2) 

 S a b c d e f 
T0 P1 >a       
T1  P1>b      
T2 P2>d  P1>c     
T3    P1>D P2>e   
T4 P3>a     P2>f  
T5  P3>b     P2>D 
T6 P4>d  P3>c     
T7 … … … … … … … 
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5 Multipath Routing with Directional Antenna 

In contrast, if we use directional antenna, best-case packet arrival rate at destination 
will be one packet at every tp. Table 2 illustrate this point. With directional antenna, 
when node a is transmitting a packet to node b, S can transmit a packet to node d 
simultaneously. Thus, as shown in Table 2, destination D will receive a packet at 
every time-tick with two zone-disjoint paths using directional antenna. It is to be 
noted here that two zone-disjoint paths with directional antenna is sufficient to 
achieve this best-case scenario.  

Table 2. Packet arrival rate at  d with directional antenna with two zone-disjoint paths (s-a-b-c-
d and s-d-e-f-d) having η=0. 

 S a b c d e f 
T0 P1 >a       
T1 P2>d P1>b      
T2 P3>a  P1>c  P2>e   
T3 P4>d P3>b  P1>D  P2>f  
T4 P5>a  P3>c  P4>e  P2>D 
T5 P6>d P5>b  P3>D  P4>f  
T6 P7>a  P5>c  P6>a  P4>D 

6 Effect of Directional and Omni Directional Antenna on 
Multiple Multipath Communications : A Comparative Study 

In this study, nodes were randomly placed into an area 1000 X 1500 at a certain 
density. Sources and destinations were selected such that they are multi hop away 
from each other. A source and destination were randomly selected and multi-hop 
(maximum hop = 5) paths are found. Between the selected source and destination, 
two zone-disjoint routes were found out using fixed range directional antenna. If two 
zone-disjoint routes were not available for that source-destination pair, another 
source-destination pair was selected. Then we have assumed that each node is having 
omni-directional antenna and computed the correlation factor ηomni among those two 
routes that are zone-disjoint with directional antenna. This experiment was repeated 
for 25 source destination pair. As discussed, in each case, ηdir is zero and we compute 
ηomni . Then, the average ηomni were found out. Then, we change the node density and 
repeat this experiment. The results are shown in figure 2. As the number of nodes in 
the system increases, average ηomni increases. However, ηdir is zero in all the cases. This 
indicates that it is possible to get zone-disjoint paths with directional antenna at 
different node densities but same paths will have high correlation factors, if we use 
omni-directional antenna instead. 
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Fig. 2. Average correlation factor ηomni at different number of nodes when ηdir =0. 

Effect of new coupling factor gamma (γ = η*H ) on multiple multipath 
communications with directional and omni directional antenna is studied in the same 
simulation environment and it is found that, if the number of simultaneous 
communications increases in the network, the coupling factor γ increases substantially 
in case of omni directional antenna compared to directional antenna. Average gamma 
(γ) is calculated by taking two low γ paths for each of the active communications in 
the system. It is found that average gamma (γ) increases sharply using omni 
directional antenna if number of simultaneous communications in the system 
increases. On the other hand if each node is equipped with directional antenna with 
fixed transmission zone angle 60° then increase of average gamma for the system is 
not so high compared to omni directional case. Figure 3 clearly shows the above 
result. 
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Fig. 3. Increase in route coupling with multiple multipath communications with omni 
directional and directional antenna 

Average end to end delay per packet between a set of selected s-d pairs with 
increasing number of communication has been shown in figure 4. The result shows 
that the average end-to-end delay per packet increases much more sharply with omni-
directional antenna compared to that with directional antenna. This is an obvious 



Multipath Routing in Ad Hoc Wireless Networks with Omni Directional and Directional 
Antenna: A Comparative Study      7 

consequence of the phenomenon illustrated with figure 3 and it can be concluded that 
the routing performance using multiple paths improves substantially with directional 
antenna compared to that with omni-directional antenna. 
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Fig 4. Increase in average end to end delay with multiple multipath communications using 
omni- and directional antenna : A sample observation 

7 Conclusion 

In order to make effective use of multipath routing protocols in the mobile ad hoc 
network environment, it is imperative that we consider the effects of route coupling. 
However, high degree of route coupling among multiple routes between any source 
and destination pair is inevitable, if we use omni-directional antenna. The situation 
will worsen, if we consider multiple simultaneous communications with multiple 
active routes. This paper has analysed the problem and proposed a mechanism to 
alleviate the problem of route coupling using directional antenna. As a result, the 
routing performance using multiple paths improves substantially with directional 
antenna compared to that with omni-directional antenna. 
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