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Abstract—Today, it is still hard to form an alternative network
in a maritime environment besides using costly satellite links
because of the lack of wireless infrastructure at sea. In the TRI-
TON project, we are exploring the use of WiMAX-based mesh
technology for over the horizon ship-to-ship communications with
Delay Tolerant Network (DTN) features to provide less expensive
wireless communication services at sea. In this paper, we study
the performance on delay tolerant networks in the maritime
communication environment. We compare the performance of
different routing schemes including regular routing protocols
such as Ad Hoc On Demand Distance Vector (AODV) Routing
and Optimized Link State Routing (OLSR), and DTN routing
protocols such as Epidemic Routing and Spray and Wait Routing.
Simulation results, based on a maritime terrain model derived
from actual measurements in the Strait of Singapore, show that
DTN routing achieves better end-to-end packet delivery ratio
than regular routing schemes in WiMAX-based maritime mesh
networks.

Index Terms—Delay Tolerant Network, Maritime Communi-
cation, WiMAX, Mesh Network

I. INTRODUCTION

These days, ships are still heavily dependent on costly
satellite links for communications because alternative and less
expensive wireless communication services are not available
at sea. Let us give an example, it costs about USD 0.03 per
minute when making a phone call on land, but the similar
phone call would be 30 times more when you call from a ship.
To provide less expensive wireless communication services at
sea, we target to form a WiMAX-based maritime mesh net-
work for over the horizon ship-to-ship communications. Such
a network structure is similar to a terrestrial Vehicular Ad hoc
Network (VANET), which is composed of moving vehicles
to extend the coverage of networks to land transport systems.
Although the terrestrial VANETSs and maritime mesh networks
have similarities such as no power limitation at communication
nodes, traffic lanes limiting network topologies, possibility of
using GPS and GALILEO to achieve accurate positioning,
etc., the unique characteristics of maritime communication
networks lie in the mobility pattern of ships and the sea surface
conditions that lead to time-varying received signal quality.
Researchers have studied VANETs on highways, but only a
few of them have studied its use in a maritime environment.
To study the performance of WiMAX-based maritime mesh
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Fig. 1. An illustration of the directed shipping lane of Singapore [11].

networks, we focus on the shipping lanes in the Strait of
Singapore as Fig. 1.

In our previous work [11], we compared the performance of
Optimized Link State Routing (OLSR) [13], Ad Hoc On De-
mand Distance Vector (AODV) Routing [14] and Ad Hoc On
Demand Multipath Distance Vector (AOMDYV) Routing [15]
over a WIMAX mesh network in a maritime communication
environment. The performance of these routing protocols is
reasonable when the network has a high degree of connectivity.

The requirement for radio ranges for ship-to-ship and ship-
to-base station in order to achieve ideal connectivity was
previously studied [11] based on the analysis of real mobility
data for large cargo and container ships. From our connectivity
studies based on maritime mobility pattern and maritime radio
propagation model, ideal radio ranges for a regular network
with reasonable performance must be larger than 35 km and 20
km for ship-to-base station and ship-to-ship links, respectively.
To achieve these distances, there are several conditions that
have to be met. Antennas should be sufficiently high to
ensure line-of-sight operation, RF transmit power has to be
sufficiently high and the sea condition has to be relatively
good to ensure no occlusion of links.

In this paper, we conduct the performance studies under
“less” than ideal radio propagation situations such as lower
profile boats, restricted RF transmission powers and harsher
sea conditions, and hence the effective radio ranges have to be
reduced. Under less than ideal connectivity conditions, regular
routing protocols are expected to fail easily in finding paths,



thus causing the packet delivery ratio to decrease. Under such
circumstances, we choose to study the Delay Tolerant Network
(DTN) configurations [20] in the maritime environment and
explore if we can still have maritime communication networks
with reasonable performance for ships.

Some researchers have proposed and studied various routing
schemes for DTNs [20]. Epidemic Routing [6] is a flooding-
based routing scheme to deliver packets to destination nodes;
it may achieve up to 100% packet delivery ratio if there is no
limitation on resources. As Epidemic Routing consumes vast
amount of resources, Spray and Wait Routing [8] has been
proposed for restricting end-to-end transmissions to be two
hops and it has been shown to achieve more than 50% packet
delivery ratio under the random way point mobility pattern.
PRoPHET [7] is an one-hop relaying DTN routing scheme
that routes packets by estimating the delivery probability
of relay nodes from historical data. PROPHET outperforms
Epidemic Routing if the node buffer size is small. MaxProp [2]
provides a delivery path by using a variation of Dijkstra
algorithm to estimate delivery likelihood. MaxProp consumes
less resource than Epidemic Routing and achieves more than
60% packet delivery ratio if node buffer size is sufficiently
large. MORA [5] uses multi-objective robots to help relay
nodes forward packets and it can co-exist with other DTN
routing protocols when necessary. PEAR [9], [10] has been
proposed to use the mobility entropy in community structured
environments to select the next hop among candidate nodes.
Most of the performance studies on DTN routing protocols
have been conducted in buses, cars, sociological mobile envi-
ronments or community structured environments.

However, the investigation on DTN routing in a maritime
environment based on the WiMAX-based mesh technology has
been rarely done in the literature. Our study is based on actual
Automatic Identification System (AIS) data obtained from
the Maritime Port Authority of Singapore. We have derived
the ship mobility pattern and modeled various parameters
such as antenna patterns, wave occlusions due to sea state,
RF propagation impairments due to sea surface reflections,
earth surface curvature, and ship rocking movements to ensure
that the network is modeled accurately according to actual
maritime environments.

In this paper, we compare the performance of the regular
and DTN routing protocols over a WiMAX mesh network in a
maritime communication environment. We choose Optimized
Link State Routing (OLSR) and Ad Hoc On Demand Distance
Vector Routing developed by Internet Engineering Task Force
(IETF) to represent the regular routing protocols as they are
well-known proactive and reactive routing protocols, respec-
tively. For DTN routing schemes, Epidemic Routing and Spray
and Wait Routing are chosen because they respectively repre-
sent multi-hop and two-hop DTN routing schemes. This paper
is organized as follows. In Section II, we briefly introduce the
system model and the DTN routing protocols that we have
chosen for the intended maritime communication environment.
In Section III, we discuss the simulation results. Finally, we
conclude the paper in Section IV.
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Fig. 2. A representative example for a maritime communication network in
a narrow navigation channel.

II. SYSTEM MODEL

A. Maritime Communication Environment

To accurately simulate a maritime communication environ-
ment, we have modeled the radio propagation impairments due
to strong reflection from sea surface and random sea surface
movements. The sea condition is modeled in the simulation
according to Pierson-Moskowitz’s sea states [24]. The propa-
gation impairments and sea condition affect the transmission
reliability over wireless links, which in turn affects the packet
delivery ratio at the network layer.

Fig. 2 shows the network topology which we use to
represent a busy narrow navigation channel in the Strait of
Singapore with traffic separation by the International Maritime
Organization. In Fig. 2, there are two parallel shipping lanes,
each with a width of 12 km and a length of 71.5 km. The base
station is located 1 km from the shore to allow flexibility in its
deployment. In our previous work [11], the ship mobility has
been characterized by two parameters: the inter-arrival time of
a new ship to the network (¢;) and the constant speed of ship ¢
(v;). Here, t; is the time difference between the arrivals of ship
1—1 and ship ¢ in a given shipping lane. ¢; and v; are random
variables with the following probability density functions ':

pe, () = a x b%, and (D)

_ & @mw?/20?) )

Pu; (x) = \/W

where 1 and o are respectively the mean value and deviation
of ship speed. a, b, and c are the factors to ensure best-fit
between the functions and empirical data obtained from AIS
and provided by the Maritime Port Authority of Singapore. For
more detailed ship mobility model and the parameter setting,
readers can refer to [12].

To represent a less than ideal maritime communication
environment, we assume that the link distance between a land
base station and a ship (BS-to-SS) is 10 km, and the link
distance between two ships (SS-to-SS) is 6.3 km/4 km. From

'Each ship has i.i.d. ¢; and v;.
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Fig. 3. (a) Source node copies message to its neighbors. (b) Copies-received
node forward message to their neighbors. (c) Copies-received node moves and
exchanges the message to its new neighbor (destination node).

our experiments and demo in Phuket Island in International
Conference on ITS Telecommunications (ITST) 2008, we
have found that such settings are feasible in real systems.
However, the configurations are not able to ensure reliable end-
to-end paths in the network and lead to intermittent network
connectivity [11].

B. DTN Routing in Maritime Communication Environment

As we mentioned above, the maritime communication en-
vironment is a particular type of Intermittently Connected
Mobile Networks (ICMN) and the benefits to enable DTN in
ICMN have been shown in [1], [3], [4], and [5]. In this paper,
we focus on two DTN routing protocols: Epidemic Routing
[6] and Spray and Wait Routing [8] to study the network
performance in a maritime communication environment.

1) Epidemic Routing: In Epidemic Routing, each node
maintains a message buffer for itself and its neighbors. When
a message is generated by a source node, the source node
assigns a unique ID to this message, transmits the message
to its neighbors, and stores the message in its buffer; this
process is shown in Fig. 3(a). The receiver node repeats this
process until the message reaches the destination, as shown in
Figs. 3(b) and 3(c). When a node encounters a new neighbor,
the two nodes exchange the messages which are not in each
other’s buffer. Once a message is delivered to the destination,
the message will be deleted from the message buffers at all
nodes.

Epidemic Routing makes minimal assumptions on the
ICMN and does not require global information and compli-
cated algorithms for multi-hop packet forwarding. As such,
Epidemic Routing is expected to perform well in the harsh
maritime communication environment.

In the simulation, we optimize Epidemic Routing in the
following two perspectives. First, we implement a First —
In — First — Out (FIFO) buffer at a node to drop outdated
messages in the message buffer to prevent over-utilization of
resources. Second, as a ship may contact with its neighbors in
an intermittent way, we implement a forwarded neighbor
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Fig. 4. (a) Source node copies message to its neighbors. (b) Copies-received
node forwards message to their neighbors. (c) Copies-received node moves
and exchanges the message to its new neighbor (destination node).

list at a node to avoid exchanging messages with its old
neighbors.

2) Spray and Wait Routing: Spray and Wait Routing was
proposed in [8], where each node in the network has two
phases in the operation: Spray phase and Wait phase. An
example of Spray and Wait Routing is shown in Fig. 4. In this
example, we assume every source node has message copies
limat L. In Fig. 4(a), when a message is generated by a source
node, the source node turns into Spray phase and copies this
message to its neighbors. The source node then stays in Spray
phase and continues to send the message to its new neighbors
until the message copies limit L is reached. In Fig. 4(b),
the source node encounters a new neighbor and copies its
message to this neighbor. The source node turns into Wait
phase when the message copies limit L is reached. Once
receiving a message, the copy-received node turns into Wait
phase. Finally, node C3 encounters and forwards the message
to the destination node, as shown in Fig. 4(c). Spray and Wait
Routing reduces the consumption of network resources by
limiting the maximum message copies that are forwarded to
the relay nodes. The delivery rate of Spray and Wait Routing
is decided by the contactable probability of the nodes and
the number of message copies sprayed into the ICMN. As
compared to Epidemic Routing, Spray and Wait Routing only
allows one-hop relaying.

The comparison of the routing protocols including AODV
[14], OLSR [13], Epidemic Routing [6], and Spray and Wait
Routing [8] is presented in Table I. Epidemic Routing and
Spray and Wait Routing forward packets only need to know
their neighbors leave or join their connection area. Thus, we
can implement a neighbor list for these two routing protocols
from Neighbor Discovery Protocol (NDP) [16].

III. SIMULATION RESULTS

In the simulation, we have built a maritime communication
environment in QualNet 3.9.5 according to the characteristics
of the Strait of Singapore. To accurately simulate a maritime



TABLE I

ROUTING PROTOCOL COMPARISON

TABLE I
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Fig. 5. The network topology in a maritime environment.

communication environment, we introduce a maritime terrain
model which is derived from actual measurements in the Strait
of Singapore. We also implement the WiMAX Medium Access
Control (MAC) protocol in mesh operational mode in the
simulator. In our simulation, we assume the buffer size is 1000
packets because each ship can carry large storage. Table II
shows the setting of simulation parameters, and Table III gives
the sea condition.

We choose AODV [14], OLSR [13], Epidemic [6], and
Spray and Wait [8] routing protocols to study the routing
performance in a maritime communication environment. To
compare the performance of different routing protocols, the
observed network as depicted in Fig. 5 is divided into four
non-overlapping regions, i.e., Sectors 1, 2, 3, and 4. From
Fig. 5, we can see that the ships in Sector 2 and Sector 3 are
moving closer to the BS while the ships in Sector 1 and Sector
4 are moving away from the BS and tend to be out of our
target maritime communication network. In each simulation,
two ships are randomly selected from each region as traffic
sources to generate constant bit rate (CBR) traffic to the BS
with the rate of one packet per three minutes.

Routing AODV OLSR Epidemic Spray and PHY-Model IEEE 802.16d Mesh
Protocol Wait Data Rate 5.5Mbps
Routing On- Proactive Flooding- Flooding- Code Scheme QPSK 1/2
Type Demand Based Based Channel Bandwidth 16MHz
Relay Type Multi-Hop Multi-Hop Multi-Hop One-Hop 802.16d MAC Frame Duration 10ms
Buffer Small none Large Large Buffer in MAC 2000 packets
Delay N N Y Y Buffer in DTN routing 1000 packets
Tolerant i i
- — Number of spray copies L in 20
Routing On- Periodically from from Spray and Wait routing protocol
Message Demand exchange Neighbor NDP [16]
. . Traffic Type CBR
routing Discovery
messages Protocol Simulation Time 10000 seconds
(NDP) [16] Number of nodes 60
Message One One Unlimited L
Copies
TABLE I
PIERSON-MOSKOWITZ SEA STATE TABLE [24]
Wind Speed (knots) 14
L ‘ Significant Wave Height, W (meter) 1.0667
EEI Average Wave Period, T (second) 35
| #BS Average Wave Length L (meter) 14.0201
5 Sector 1 é f1 sector 3 Westbound
i ; [@ ] E E“" § Shipping Lane
%7 § " ln ,,E, h i E o B @ !
B — 5 B ey Packet Delivery Ratio
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Fig. 6. Comparison of delivery ratios (BS-to-SS radio range is 10 km and
SS-to-SS radio range is 6.3km).

Fig. 6 shows the packet delivery ratios for the routing
protocols under investigation, and the transmission distance
of an SS-to-SS link is 6.3 km. We observe that the packet
delivery ratio of the four routing schemes for the Sector-1 ships
is almost 0%. The reason is that most of the Sector-1 ships
are moving out of the network coverage and the connectivity
is poor in this area due to sparse ship deployment. This result
implies that if we want to provide “acceptable” communication
services in a maritime environment, the BS should be carefully
placed so that the network connectivity for most of the ships
will be maintained.

Similar to the phenomenon we observe for the Sector-1
ships, the packets of the Sector-4 ships are hardly delivered
to the BS by using Spray and Wait Routing with one-hop
relaying. However, for the routing protocols other than Spray
and Wait Routing, the performance of the ships in the Sector 4
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Fig. 7. Comparison of end-to-end delay (BS-to-SS radio range is 10 km and
SS-to-SS radio range is 6.3km).

is much better than that of the Sector-1 ships because of higher
node density in Sector 4 2. In Sector 4, Epidemic Routing
achieves the packet delivery ratio of 22%, which outperforms
the AODV (13%) and OLSR (8%) routing protocols.

In Sector 2, the packet delivery ratios of Epidemic Routing
and Spray and Wait Routing are 48% and 39%, respectively,
which significantly outperform AODV (5%) and OLSR (12%).
From the trace of the routing paths of AODV and OLSR in
this area, we can see that an end-to-end path between a ship
and the BS only exists when the ship crosses the boundary
between Sector 2 and Sector 4.

The highest delivery ratio can be achieved for the Sector-3
ships. In this area, AODV and OLSR achieve 33% and 25%
packet delivery ratios, respectively. Since the ships are moving
towards the radio coverage of the BS, the potential path
hop counts reduce. As a result, the probability in finding an
end-to-end path increases significantly. The Epidemic Routing
protocol achieves 54% packet delivery ratio and has the best
performance among all routing schemes under investigation.
In this sector, finding a multi-hop path is easier than finding
an end-to-end path with at most two hops. That is why Spray
and Wait Routing performs worse than AODV and OLSR in
this sector.

Generally speaking, DTN routing protocols can achieve
better packet delivery ratio (up to two times) than regular
routing protocols at the expense of longer average end-to-end
delay (can be as much as one order of magnitude higher)
(see Figs. 6 and 7). Such delay is however expected as DTN
protocols, by nature, are designed to withstand them.

Then we decrease the radio range of an SS-to-SS link to 4
km, and the curves of the packet delivery ratio for the routing
schemes is shown in Fig. 8. In this scenario, there will be more
difficulty in finding an end-to-end path, and the delivery ratio
of regular routing protocols is less than 10%. The DTN routing
schemes, especially Epidemic routing, still perform better than
the regular routing protocols in Sectors 2, 3, and 4. We also

2When processing the ship mobility trace data, we removed the ships which
anchor in the intended network area because they actually do not demand
network services.
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Fig. 9. Comparison of delivery ratios (BS-to-SS radio range is 10 km and
SS-to-SS radio range is 6.3km/4km).

observe that Spray and Wait Routing is only helpful for the
Sector-3 ships to deliver packets to the destination. From this
result, we can conclude that one-hop relaying DTN routing
protocols are only workable in Sector 3 under a single-BS
configuration with small radio coverage.

Fig. 9 shows the effect of the SS-to-SS radio range on the
packet delivery ratio. The delivery ratio basically decreases
as the SS-to-SS radio range decreases. However, an opposite
phenomenon is observed for Sector 3 with using Spray and
Wait Routing and Sector 4 with using Epidemic Routing. The
increase of the SS-to-SS radio range will result in the increase
of the number of buffered packets. In this case, a large amount
of packet loss would come from a careless design on the buffer.
Thus how to implement a good buffer scheme is important to
optimize the packet delivery ratio for DTN routing.

Let us conclude the above simulation results. As it is hard
to find an end-to-end path in a maritime environment com-
munication environment, DTN routing protocols are required
to extend the radio coverage and provide cheaper wireless
links than satellite links. In Figs. 6 and 8, Epidemic Routing
has been proven to be superior to the other routing protocols
in terms of the packet delivery ratio. Furthermore, the unac-
ceptable performance of Sector-1 ships could be improved by



adjusting the location of the BS and increasing the BS number,
which will be one of future directions of this research.

IV. CONCLUSIONS

In this paper, we studied the performance of Delay Tolerant
Network (DTN) routing for WiMAX-based mesh networks in
a less than ideal maritime communication environment. We
compared the performance of different routing schemes in-
cluding regular routing protocols such as Ad Hoc On Demand
Distance Vector (AODV) Routing and Optimized Link State
Routing (OLSR), and DTN routing protocols such as Epidemic
Routing and Spray and Wait Routing. The performance was
evaluated in terms of the packet delivery ratio through QualNet
simulation experiments, and the simulation was modeled based
on actual trace data obtained from the Maritime Port Authority
of Singapore. Simulation results indicated that DTN routing
achieves higher packet delivery ratio than regular routing
schemes in WiMAX-based maritime mesh networks.
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