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Abstract— Multipath routing can be effectively used to maxi-
mize the utilization of network resources for real-time traffic. In
mobile ad-hoc network environments, this approach can suffer
from co-channel interference due to the simultaneous transmis-
sion of packets via multiple routes. In this paper, by exploiting
the directionality of directional antennas, a Directional Dynamic
Source Routing (DDSR)-based Multipath routing protocol is pro-
posed for mobile wireless ad hoc networks. Three metrics are
considered in the route discovery process in order to select the
best multiple routes. These are hop count, beam overlaps, and
the number of joint nodes between the different routes. The pro-
posed directional routing protocol has shown to be capable of min-
imizing inter-path and intra-path interference, hence significantly
improving the system throughput performance for simultaneous
transmission of multimedia information over multiple routes.

Index Terms—Ad hoc networks, routing protocols, DSR, direc-
tional antennas, directional routing, multipath routing.

I. INTRODUCTION

The major obstacle in supporting real-time traffic for
MANET is the long delays associated with frequent route
changes due to the dynamically changing network topology.
This includes latency in detecting a link loss, as well as the
time needed to discover a new route. Multipath routing has
been shown to be an effective approach to reduce the blocking
capabilities for multimedia traffic. This approach has received
considerable attention in recent years [1], [2], [3], [4], [5], [6],
[7], [8]. However, in contrast to wired IP networks, in mo-
bile ad-hoc network environments, multiple routing protocols
can suffer from co-channel interference due to the simultane-
ous transmission of packets via multiple routes. This is mainly
due to the fact that in such environments, nodes in different
routes are normally within interference range of each other. The
suppression of interference between nodes in different routes
(inter-path interference) has been considered previously, using a
multi-channel approach [6]. In this approach, omni-directional
antenna was applied. Alternatively, by using directional an-
tenna it is possible to suppress inter-path and intra-path inter-
ferences for multiple path routing and single path routing, re-
spectively.

For single path routing, smart antenna techniques have been
extensively investigated in order to improve the achievable per-
formance and system capacity. They are capable of providing
spatial reuse, longer ranges, interference suppression, and other
beneficial features [9], [10], [11], [12]. In [9], a brief overview
of smart antenna techniques was provided and the issues that
arose when applying these techniques in ad hoc networks were

then described. Yi et al. [10] provided a theoretical framework
to understand how much capacity improvement can be achieved
using directional antennas. Aimed at developing a complete
ad hoc networking system with directional antennas, including
the unique challenge of real-life prototype development and ex-
perimentation, Ramanathan [11] proposed utilizing directional
antennas for ad hoc networking (UDAAN). Based on neighbor
discovery [11], Choudhury [12] proposed MultiHop RTS MAC
(MMAC), which uses multihop RTSs to establish links between
distant nodes, and then transmit CTS, DATA, and ACK over a
single hop. Takai proposed a novel carrier sensing mechanism
called Directional Virtual Carrier Sensing (DVCS) for wireless
communication using directional antennas in [13], which only
needs information on Angle of Arrival (AOA) and antenna gain
for each signal from the underlying physical device. Along a
different avenue, much attention has also been paid to exploit-
ing the spatial diversity of antenna arrays. Park [14] designed
a novel MAC protocol, Mitigating Interference using Multi-
ple Antennas with Antenna Selection (MIMA/AS-MAC), for
MIMO aided ad hoc wireless networks. The authors in [7]
did a comparative study on the performance of multipath rout-
ing using omni-directional and directional antenna. The sim-
ulation results in [7] showed that directional antenna is capa-
ble of providing significant improvement to the performance of
multipath routing. However, the employed directional antenna-
based multipath routing protocol did not aim at suppressing the
inter-path and intra-path interferences. In this paper we present
a DDSR-based multipath routing protocol for wireless ad-hoc
networks by exploiting the directionality of directional anten-
nas to suppress both inter-path and intra-path interferences.

This paper is organized as follows: In Section II, after a brief
introduction to the DSR routing protocol, we propose a DDSR-
based multipath routing protocol. In Section III the attainable
performance of the proposed DDSR-based multipath routing
protocol is investigated comparatively with other routing pro-
tocols. Finally, we offer our conclusions in Section IV.

II. DIRECTIONAL DSR-BASED MULTIPATH ROUTING

PROTOCOL

In this section, DDSR-based multipath routing protocol in-
voked for wireless ad hoc networks is described. In this ap-
proach, multiple paths from the source node to the destination
node are selected according to hop count, overlap count and the
number of joint nodes between the different routes.
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DSR [15] is a source-initiated on-demand routing protocols,
where complete hop-by-hop routes are stored in route cache of
each node. When a source node attempts to send a data packet
to an unknown destination, it initiates a route discovery process
to find routes to the destination node. In a route discovery pro-
cess, Route Request (RREQ) packets and Route Reply (RREP)
packets are used to set up the routes from the source node to
the destination node. Once the source node finds routes to the
destination, it inserts the source route to the data packets and
send them out. If a link break occurs while the route is active,
Route Error (RERR) messages are generated. When a RRER is
received, the receiving node removes the hop in error from its
route cache and truncates all routes containing this hop [15].

A. Route Discovery
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Fig. 1. An example where the beam of A→E does not overlap with the beam
of D→F, since we have α > β.

We consider overlap count as an important metric in the pro-
posed DDSR-based multipath routing protocol. This is based
on the number of overlaps among beams over multiple paths
in the route discovery process, so that multiple routes with the
fewest overlaps can be selected. As shown in Fig. 1, when di-
rectional antennas are employed, the transmit beam of A→E
does not overlap with the receive beam of D→F. This indicates
that the transmission from node A to node E does not impact
node D. By contrast, the transmit beam of A→B overlaps with
the receive beam of D→C, meaning that the transmission from
node A to node B interferes with node D. Note that in a wire-
less multi-hop network, the interference from the nodes hops
away may degrade the throughput greatly [16], [17]. Hence,
in this case the route of A→E→F→D is better than that of
A→B→C→D.

In the proposed routing protocol, if the angle between A→B
and A→D is less than a threshold β while the angle between
D→C and D→A is also less than the threshold β, they overlap
and hence interfere with each other. Therefore, in order to pre-
vent any overlap, a sharp beam with a beam-width of 2β degree
should be used, where

α > β. (1)

As we can observe from Fig. 1, there is no overlap in route
A→G→H→D or route A→I→J→D. Under normal conditions
(single-path DSR-based routing), any one of these routes can be
selected for data transmission. It should be noted however, that
in single-path DDSR directional routing only intra-path over-
laps need to be counted in order to eliminate interferences be-
tween neighboring hopping nodes [18]. Thus, in the case of

multipath schemes, routes A→G→H→D and A→I→J→D can
not be simultaneously selected to transmitting packets because
of the inter-path interferences between them. For example, the
transmit beam of A→G overlaps with the receive beam of I→A
while the transmit beam of A→I overlaps with the receive beam
of G→A. Instead, routes A→E→F→D and A→G→H→D, or
routes A→E→F→D and A→I→J→D can be used for simulta-
neous packet transmission. Under these conditions there would
be no intra-path or inter-path interference.

In the route discovery process of the proposed DDSR-based
multi-path routing protocol, the transmitting node will insert
its address and position information into the received RREQ or
RREP and then forwarded it to the neighboring nodes or the
next node. Under these conditions, every node uses its own
positional information as well as the positional information that
the node has received from its neighboring node (via RREQ and
RREP) to calculate the direction of arrival (DOA). According
to the position information, the DOAs and β in (1), the intra-
path overlap count of a specific route can be achieved. Note
that for two adjacent hops, i.e. the hops of A & E and E & F
in A→E→F→D, although they don’t overlap with each other,
packet loss will inevitably occur when they transmit and receive
data at same time. This is mainly due to the fact that a packet
sent by node A cannot be received by node E, while this node
itself is engaged in relaying a packet to node F. Obviously, this
kind of packet loss is due to a form of hidden terminal effect,
which is unique in the case of directional communication. More
specifically, node A does not hear node E when this node is
forwarding a packet to node F. Based on the above observation,
we can draw a conclusion that the overlap between two adjacent
hops in the same route will not deteriorate the throughput. In
this respect we consider two schemes, namely scheme-1 where
the overlap between two adjacent hops in the same route is not
counted into the overlap count, and scheme-2 where the overlap
between two adjacent hops in the same route is counted into the
overlap count. For instance, in scheme-1 there is one overlap
between hops of A & B and C & D over the route A→B→C→D
(see Fig. 1), whereas in scheme-2 there are 3 overlaps over the
route A→B→C→D, namely, the overlap between the hops of
A & B and B & C, the overlap between the hops of A & B
and C & D, as well as the overlap between the hops of B &
C and C & D. Our simulation results in Fig. 5 demonstrate
that scheme-1 is capable of attaining similar performance as
scheme-2. This is a very important and useful merit, especially
in multi-path routing scenarios, where multiple routes with zero
overlap count are much easier to be found in scheme-1 than in
scheme-2.

The inter-path overlap count of multiple routes can be calcu-
lated by using the same method, where the position information
of the nodes over multiple routes is taken into consideration.
The intra-path overlap count and a positional information vec-
tor of the nodes along the route are inserted into the routing
entry as shown in the Table I. Note that in the original DSR,
since all the duplicated RREQs are discarded, it is unlikely to
find the best route to destination. To avoid this kind of situation,
intermediate nodes will forward the RREQs whose hop counts
are not bigger than that of the previously received RREQs, even
if they have the same ID. Therefore, the source node may re-
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Destination Source
Route

Positional
Information
Vector

Hop
Count

intra-path
Overlap
Count

TABLE I
ROUTING ENTRY STRUCTURE.

ceive multiple RREPs and hence obtain all possible routes to
the destination.

It should be noted that in the route discovery process, the
source node should be able to select best multiple routes from
its route cache for data transmission. For instance, based on
route selection metrics, it is possible that there would be too
many potential routes from the source to the destination, espe-
cially in a high-density ad hoc network. For the sake of avoiding
excessive overhead, a threshold is set in the destination node.
When the number of the RREQs received by the destination
is smaller than this threshold, the destination node will keep
sending RREPs. Otherwise, the RREQs will be discarded. In
our simulations, the threshold is set to 20, which would be suf-
ficiently large enough to find multiple routes with the fewest
inter-path and intra-path overlaps (in our scenarios). In order to
select the most suitable multiple routes from the route cache af-
ter receiving multiple RREPs from the destination node, three
metrics are employed to measure the performance of selected
routes as follows:

1) Hop Count;
2) Number of joint nodes between two nodes;
3) Inter-path and intra-path Overlap count over multiple

routes.

Based on the information in Table I, the source node will se-
lect the most suitable multiple routes from its routing cache,
according to the following rules:

1) The route with the smallest hop count in the source node’s
route cache has the highest priority to be selected as the
first best route. If there are two or more routes with
the same smallest hop count, then the intra-path overlap
count is used to select a route with the fewest intra-path
overlaps.

2) The second best route is selected from the remaining
routes. Again, a route with a smaller hop count has higher
priority to be selected.

3) If there are more routes with the same minimal hop count,
the number of joint nodes will be used to select the second
best route. Obviously, the route with smallest number of
joint nodes will be selected as the second best route.

4) In the case that there are more routes with the same num-
ber of joint nodes, the overlap count (including intra-path
and inter-path overlaps) of the current route and the first
best route will be employed to decide the second best
route.

5) Repeat steps 2), 3) and 4) to select the best remaining
multiple routes.
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Fig. 2. An example of a DDSR-based two-path routing system.

B. Data Transmission and Route Maintenance

After the source selects the most suitable multiple routes to
the destination, multiple data streams will be sent to the destina-
tion along these routes. An example of a DDSR-based two-path
routing system is shown in Fig. 2, where nodes are capable of
generating two beams at the same time, radiating to two differ-
ent nodes. For example, node A simultaneously transmits pack-
ets to nodes E and I through transmit beams A→E and A→I,
respectively.

When a broken link (caused by mobility and packet loss) is
detected by a node, an RERR message will be generated and
sent in the upstream direction of the route. Once the source
node receives the RRER packet, it removes the hop in error
from its route cache and truncates all routes containing this
hop. After assessing the number of active routes left in the route
cache to the destination, the source node will carry out follow-
ing steps: If there are two or more active routes left in the route
cache, the source node will select the two best routes using the
above-mentioned rules. Otherwise, the source node will initial
a new route discovery process as discussed in Section II-A.

III. PERFORMANCE RESULTS

In this section the performance of the proposed DDSR-based
multipath routing protocol is investigated by using our real-time
network simulation testbed, where the IEEE 802.11b standard
is invoked. In the simulations, the input data generated at a
Constant Bit Rate, is encapsulated into fixed 500 bytes UDP
packets. In the physical layer, the receiver sensitivity is -93.0
dBm, the IEEE 802.11b data-rate is 2 Mbps and the noise factor
is 10.0. The directional antenna model employed in our simu-
lations is capable of forming a sharp beam with a beamwidth of
2β = 40 degrees, as portrayed in Fig. 3. The maximum antenna
gain is 15.56 dB, while the sidelobe gain outside the beam is -
4.00 dB. For simplicity, there is no fading in our simulation and
free space is selected as the path loss model. Due to the space
limitation, only a single-session scenario is considered in this
paper, which means that there is only one source and one des-
tination in the network. It will be extended to a multi-session
scenario in our future research.

The performance of the proposed DDSR-based multi-path
routing protocol is investigated in a random ad hoc network
using directional antenna as seen in Fig. 4. Without loss of
generality, single-path routing schemes and two-path routing
schemes are studied in this figure. It is shown in Fig. 5 that the
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Maximum Antenna Gain = 15.56 dB
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Fig. 3. Directional antenna model employed in our simulations.

Destination Node 

Source Node 

Fig. 4. Random ad hoc network. Two red routes are selected when using the
DDSR-based multi-path routing protocol scheme-1, where overlaps between
adjacent hops in the same route are not counted. By contrast, when invoking
the DDSR-based multi-path routing protocol scheme-2, two blue routes will be
used to transmit packets.

DDSR-based single-path routing protocol is capable of greatly
improving the performance of the original DSR-based single-
path routing protocol, since there is no interference from the
nodes hops away because of the directionality of the beam. The
packet loss in the DDSR-based routing protocols occurs mainly
because that when node i is directionally communicating with
node i + 1, node i can not receive data from node i − 1. This
kind of packet loss happens frequently when the input bit rate
is higher than 600Kbps. Based on this observation, a conclu-
sion can be reached that we cannot further improve the per-
formance by reducing overlaps between adjacent hops (in the
same route). In other words, overlaps between adjacent hops in
the same route cannot impact the throughput performance. Fig.
5 demonstrates that the DDSR-based single-path routing pro-
tocol (scheme-1) is capable of attaining a similar performance
as the DDSR-based single-path routing protocol (scheme-2). It
can also be seen from Fig. 5 that the DDSR-based two-path
routing protocols further improve the throughput performance
by simultaneously transmitting packets along two overlap-free
paths. As shown in Fig. 5, two red routes are selected when
using the DDSR-based multi-path routing protocol (scheme-1),
where overlaps between adjacent hops in the same route are
not counted. By contrast, when invoking the DDSR-based two-
path routing protocol (scheme-2), two blue routes will be used
to transmit packets. Again, the DDSR-based two-path routing
protocol scheme-1 attains a similar performance as the DDSR-
based two-path routing protocol scheme-2. Note that routes
with zero overlap count are much easier to be found in scheme-
1 than in scheme-2. Scheme-1, however, has an advantage over
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Fig. 5. Random ad hoc network using directional antenna. The proposed
DDSR-based multipath routing protocol achieves the best performance, fol-
lowed by the DDSR-based single-path routing protocol. The worst one is the
original DSR-based single-path protocol.
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Fig. 6. Random ad hoc network. The proposed DDSR-based multipath routing
protocol with directional antenna achieves considerable performance gains over
other routing protocols, including the original DSR-based multipath routing
protocol with directional antenna or omnidirectional antenna, as well as the
multipath multichannel routing protocol with omnidirectional antenna.

scheme-2, especially in multi-path routing scenarios.
In Fig. 6, the performances of the proposed DDSR-based

multipath routing protocol with directional antenna are com-
pared with other routing protocols, including the original DSR-
based multipath routing protocol with directional antenna dis-
cussed in [7], the multipath multichannel routing protocol with
omnidirectional antenna described in [6], or the SMR scheme
proposed in [3]. Without loss of generality, two-path routing
schemes are considered in this figure. It should be noted that
we have used a different transmit power for different routing
schemes so that the average hop count of every path is 5. Obvi-
ously, the DDSR-based multipath routing protocol with direc-
tional antenna achieves the best performance, followed by the
original DSR-based multipath routing protocol with directional
antenna discussed in [7], in which case the inter-path and intra-
path interferences are not eliminated as in the DDSR-based
multipath routing protocol. The third scheme is the multipath
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multichannel routing protocol with omnidirectional antenna de-
scribed in [6], where intra-path co-channel interference has not
been suppressed. The SMR scheme proposed in [3] attains the
worst performance since it can not reduce either intra-path or
inter-path interference.

Finally, in Fig. 7 the proposed DDSR-based multipath rout-
ing protocol is examined in a dynamic ad hoc network environ-
ment, where nodes move randomly at a speed of 5 m/s. Again,
the proposed DDSR-based multipath routing protocol achieves
the best performance, since it is capable of eliminating both
inter-path and intra-path interferences. Fig. 7 also indicates that
the DDSR-based single-path routing protocol outperforms the
original DSR-based multipath routing protocol, which means
that the benefits of using multipath are counteracted by the
inter-path interference and intra-path interference.
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Fig. 7. Random dynamic ad hoc network. The proposed DDSR-based mul-
tipath routing protocol is investigated in a dynamic ad hoc network, where the
nodes move randomly at a speed of 5 m/s.

IV. CONCLUSIONS

In this paper we have proposed an DDSR-based multipath
routing protocol, in order to enhance the performance of ad
hoc networks using directional antennas. The proposed di-
rectional routing protocol aims at preventing interference from
other nodes along the same path by exploiting the directionality
of the beams and hence, improve the performance. Addition-
ally, a multipath scheme is incorporated to further improve the
throughput of the system by simultaneously transmitting pack-
ets over multiple paths. Finally, our comparative results demon-
strated that the proposed DDSR-based multipath routing proto-
col with directional antenna is capable of achieving consider-
able performance gains over other routing protocols, including
the original DSR-based multipath routing protocol with direc-
tional antenna discussed in [7], the multipath multichannel rout-
ing protocol with omnidirectional antenna described in [6], or
the SMR scheme proposed in [3].
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