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Abstract—Mobile WiMax is a suitable wireless technology
for networked vehicular applications because of its mobility
support at vehicular speeds and its inherent wide coverage,
which minimizes the rate of handover and thus data loss due
to disrupted communication. Apart from vehicular mobility,
the terrain over which the network is deployed will also impact
the network due to its effects on wireless signal propagation.
In this paper, the performance of a WiMax vehicular network
is investigated under different terrain environments, namely
flat, urban and rural terrains, with varying building heights
and densities, using realistic signal propagation models and
vehicle movement patterns.

I. INTRODUCTION

WiMax or Worldwide Interoperability for Microwave
Access, is a broadband wireless technology designed for
provisioning high-speed data access over long distances.
It is an access technology for the deployment of Wireless
Metropolitan Area Networks (wirelessMAN) based on the
IEEE 802.16 standards [1]. The first standardized WiMax
system was based on the IEEE 802.16-2004 standard [2],
which offers fixed wireless access to subscriber stations
(SS) through a base station (BS) using point-to-multipoint
(PMP) and optional mesh topologies. This standard was
later extended to further include support for the mobility of
SSs by enabling low-latency handover between BSs. The
resulting new standard is the IEEE 802.16e-2005 [3], or
more commonly known as Mobile WiMax.

Recently, vehicular networks have been a subject of much
attention by both academia and industry due to the important
role that vehicular networks are envisioned to play in future
intelligent transportation systems (ITS). By equipping each
vehicle with a radio networking device, vehicles can either
communicate wirelessly among themselves or with roadside
base stations for a variety of applications, ranging from
road safety and transport efficiency to traveler assistant and
autonomous driving [4]. For example, providing warnings
for environmental hazards, e.g. frost or ice on road surface,
route planning based on real-time traffic conditions, self-
navigation and parking, health monitoring of mass transport
and long-distance drivers.

The wireless technologies used for vehicular networks
are often application-specific. For applications such as
collision warning, which involves close-in communication
between vehicles, as in inter-vehicular communications
(IVC), short-range radio technologies based on DSRC [5]
or IEEE 802.11p [6] are commonly used. For applications
involving vehicle-to-roadside, i.e. road-side base stations,
communications (VRC), medium to long-range options,
including WiMax could be used. In this paper, we consider a
vehicular network in which vehicles communicate through
roadside IEEE 802.16e Mobile WiMax base stations. Each
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vehicle is equipped with a IEEE 802.16e air-interface card
and is a subscriber station.

We believe that Mobile WiMax is a suitable wireless
technology for networked vehicular applications because
of its mobility support at vehicular speeds and its inherent
wide coverage, which minimizes the rate of handover and
thus data loss due to disrupted communication. Apart from
vehicular mobility, the terrain over which the network is
deployed will also impact the network due to its effects
on wireless signal propagation. Hence, it is of interest and
also the focus of this paper to investigate the performance
of a WiMax-based vehicular network under different terrain
environments, including flat, urban and rural terrains, with
varying building heights and densities, using realistic signal
propagation models and vehicle movement patterns.

The rest of the paper is structured as follows. Section II
overviews a number of recent related works. Section III
discusses the software tools used for simulating a realistic
vehicular network in this paper. Section IV describes the
network architecture and simulation configuration. Section
V evaluates and discusses the performance results. Finally,
Section VI concludes the paper.

II. RELATED WORKS

In this section, we overview a number of recent works
that are most relevant to this paper. Specifically, we focus on
works related to the investigation of different propagation
models, the effects of mobility on WiMax performance, and
the design and performance of communication protocols for
WiMax-based vehicular networks.

In [7], the authors studied the accuracy of four existing
empirical models for path-loss prediction in Mobile and
Fixed WiMax, namely the SUI Model, COST 231 Hata,
Macro Model, and Ericsson’s Model 9999, in LOS and
NLOS propagation conditions. Through comparing the
predicted results with field measurements made for a
WiMax system working at 3.5 GHz, a conclusion drawn
by the authors was that no one prediction model is able to
perform well in both NLOS and LOS conditions, and thus
highlighted the need for an adaptive prediction strategy that
selects the most suitable model for a given location based
on the expected propagation conditions (LOS or NLOS) in
order to improve the prediction accuracy. As an extension of
the existing direct ray (empirical) and ray-tracing based
prediction models, a new model based on dominant paths
was proposed in [8] for WiMax field-strength prediction in
hybrid scenarios, where communication links will transit
between outdoor and indoor environments.

Zaggoulos et. al [9], investigated the performance of a
WiMax system based on the IEEE 802.16-2004 standard
in highly mobile scenarios, where WiMax terminals were
located in moving vehicles. It was found that the mobile
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performance degraded due to significant Doppler spread,
which arised from the high relative motion between the
transmitter and receiver in a multipath environment. The
mobile performance, however, was found to improve when
directional antennas were employed at the mobile end of
the link. In particular, the sectorized antenna array with
uneven beamwidths was found to have the best performance
at high speeds. The use of directional antennas improves
the performance without the need for increased digital
signal processing at the receiver.

Recently, Yang et. al [10], proposed a cross-layer protocol
designed to support IEEE 802.16-based vehicle-to-roadside
communication (VRC) in multi-hop vehicular networks.
The protocol coordinates the functions of PHY, MAC and
network layer to provide fair and handoff-free solution for
uplink packet delivery from vehicles to base stations over
multiple hops, and has shown better performance than the
standard IEEE 802.16 in terms of end-to-end throughput
and packet delay. To our knowledge, this is the first work
that studied in detail the performance of a WiMax-based
vehicular network. However, its focus was on fixed WiMax
IEEE 802.16-2004 standard, instead of the IEEE 802.16¢e
Mobile WiMax standard, as only the former supports mesh
networking, which is essential for multi-hop communication
in a multi-hop vehicular network.

III. VEHICULAR NETWORK SIMULATION

From our literature search, we are unaware of a work that
evaluates the effects of terrain propagation characteristics
on Mobile WiMax in vehicular network environments. The
authors in [7] and [8] investigated propagation models for
fixed and Mobile WiMax, but did not consider vehicular
mobility in their studies, while the authors in [9] and [10]
evaluated the performance of fixed WiMax augmented with
directional antennas and cross-layer communication protocol
in highly mobile vehicular scenarios, but did not explicitly
consider the effects of terrain propagation characteristics.
Thus, we aim to fill the knowledge gap in this area through
a simulation study using realistic signal propagation models
and vehicle movement patterns.

We conducted our vehicular network simulation using
two types of simulators: i) A communication network
simulator for modeling the wireless network architecture
and simulating the data traffic and terrain propagation
conditions; (ii) A vehicle traffic simulator for simulating
movements of vehicles under various road conditions and
street topologies. The vehicle movements are tracked over
time and output to a file that is read by network simulator as
mobility patterns of nodes in the wireless network.

A. Network Simulator

The network simulator used is QualNet version 4.0.1
[11], which has been chosen over other alternatives such as
Ns-2 and OPNET, as it is equipped with all the wireless
modules that we need for this work: an Advanced Wireless
library [12] that includes the PHY layer and MAC layer
implementation of Mobile WiMax, as well as an Urban
Propagation library [13] that includes a suite of path-loss
prediction models (Table I), with an auto-selection mode
that always selects the most suitable model for the expected
propagation conditions (LOS or NLOS), given the real-time
location and surrounding terrain features of the vehicle and
base station. As highlighted in [7], such an adaptive model

selection is important and essential to achieve good accuracy
in path-loss prediction. With these two libraries, the impact
that the terrain environment will have on Mobile WiMax
performance can be investigated.

TABLE L.
PATHLOSS MODELS IN URBAN PROPAGATION SUITE
LOS | Canyonl | Canyon2 Model Comments
True True True Street Both nodes have
Microcell LOS and both are
(LOS) located in canyon
True True False COST Walfish- | One of the nodes is
Ikegami (LOS) in canyon. LOS
exists
True False True COST Walfish- | One of the nodes is
Ikegami (LOS) in canyon. LOS
exists
True False False Free-Space No nodes are in
air-to-air canyon and LOS
exists. Freespace
communication is
assumed
False True True Street mobile- Both nodes are in
to-mobile or canyon. If they are
Street on adjacent streets,
Microcell street microcell
(NLOS) model is used.
Otherwise, street
mobile-to-mobile
model is used
False True False COST Walfish- | One of the nodes is
Ikegami in canyon. No LOS
(NLOS)
False False True COST Walfish- | One of the nodes is
Ikegami in canyon. No LOS
(NLOS)
B. Vehicular Simulator

The vehicular simulator used is NCTUns version 4.0 on
Fedora 8 [14]. The NCTUns is actually a combined network
and vehicular simulator, which is ideal for vehicular network
simulation. Unfortunately at the time of this work, NCTUns
was not yet implemented with Mobile WiMax. However, it
has a sophisticated vehicular simulator that permits custom
road network construction, traffic light control, and autopilot
driving intelligence such as car following, lane changing,
overtaking, turning, and traffic light obeying. Thus, for this
paper, we only utilized the vehicular simulation feature of
NCTUns, exported the simulated vehicle movements to a
trace file, and converted it to a format readable by QualNet
using our own conversion program.

IV. NETWORK ARCHITECTURE

A. Node Placement

The terrain in the scenario is a rectangular plot of 10 km
by 6.5 km. The nodes in the network are consist of four
Mobile WiMax base stations (BS) positioned in the north,
south, east and west regions of the area, and a maximum
of ten subscriber stations (SS), which are vehicular nodes
equipped with Mobile WiMax interfaces. Figure 1 shows
the node placement in this scenario.
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Fig.1. Node placement in scenario

B. Terrain

The terrains used for the network environment are consist
of three types, namely flat, urban and rural:
e Flat: a terrain with no obstacles interferring with
or blocking the transmitted signal
e Urban: a terrain with dense and tall buildings
e  Rural: a terrain with sparse and low lying buildings

Table II shows the urban and rural terrain parameters.
The urban terrain represents an area with 820 stories high
building and a density of 16 buildings/km®. The rural area
represents an area with 2—4 stories high buildings and a
density of 4 buildings/km’. Based on these parameters, the
terrains are created by the urban_grid utility program from
QualNet as shown in Figure 2.
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TABLE II.
URBAN AND RURAL TERRAIN PARAMETERS

Parameters Urban Rural
Number of Rows 26 13
Number of Columns 40 20
Grid Width 250 m 500 m
Street Width 40 m 40 m
Max Building Height 100 m 20 m
Min Building Height 40 m 10 m

In Figure 2, the dark regions represent the buildings and
the grey lines represent the streets. With smaller grid width,
buildings in the urban terrain is much denser than the rural
terrain, and the street intersections are also closer apart from
one another, which provides a greater degree of freedom for
the vehicle’s mobility.

C. Vehicle Mobility

The mobility paths of the vehicular nodes in the scenario
are determined by NCTUns using the autopilot feature. Five
different car profiles are specified for both urban and rural
vehicles as shown in Table III. As it can be seen, slower
movement characteristics in terms of speed and acceleration
are specified for the profiles of urban vehicles. In this paper,
we have assumed the vehicles are public transport vehicles
such as buses and trams, which has a typical speed limit of
50 km/h. Each vehicle in the scenario is mapped to a profile
by NCTUns prior to the start of the vehicular simulation.

TABLE III.
CAR PROFILES FOR URBAN AND RURAL VEHICLES
Maximum Maximum Maximum
Speed Acceleration Deceleration
Urban Car
Profile 1 12 m/s 1 m/s’ 4 m/s*
Profile 2 10 m/s 1 m/s’ 2 m/s’
Profile 3 9 m/s 1 m/s’ 4 /s’
Profile 4 5 m/s 3 m/s’ 4 m/s*
Profile 5 4 m/s 4 m/s” 2 m/s’
Rural Car
Profile 1 14 m/s 2 m/s’ 2 m/s’
Profile 2 13 m/s 2 m/s’ 1 m/s’
Profile 3 13 m/s 3 m/s’ 2 m/s
Profile 4 12 m/s 4 m/s> 3 m/s’
Profile 5 12 m/s 5 m/s’ 3 m/s

D. Network Configuration

The remaining key network configuration parameters in
QualNet are summarized in Table IV.

Fig.2. (a) Urban terrain; (b) Rural terrain

= TABLE IV.
— NETWORK CONFIGURATION PARAMETERS

%I _- Parameters Values

L | il Simulation Time 1500 secs

- | Physical Layer OFDMA

n - MAC Protocol IEEE 802.16e

] =l Transport Protocol UDP

i = Application Traffic Constant Bit Rate (CBR)

Number of Connections 5 to 10 connections
u el Date Payload 1024 bytes
u 1 Channel Frequency 3.5 GHz
Pathloss Model Two-Ray Ground and Automatic
Model Selection
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V. PEFORMANCE EVALUATION

The performances metrics used to analyze the network
performance include: i) Average throughput and ii) Average
packet latency. Using QualNet, the simulation is conducted
for three types of terrains: flat, urban, and rural terrains,
while varying the number of traffic connections from 5 to
10. Thus, there are 3x6 (18) possible scenarios for different
terrain-traffic combinations. Each scenario is simulated with
10 different mobility paths created by NCTUns.

We are interested to investigate the independent effect of
vehicular mobility, as well as the combined effect of terrain
(buildings) and vehicular mobility on the Mobile WiMax
performance. This is our reason for including a flat terrain
scenario, where the building effects are ignored during the
simulation, but the vehicular nodes continue to move in an
urban or rural street topology. This is achieved by simulating
the current urban and rural terrains under two-ray ground
propagation model, which is available in QualNet and is a
practical model to investigate pathloss on the flat terrain
as it considers only both LOS and reflected signals from
earth’s surface. Thus, in this paper, there are two flat terrain
scenarios, one each for investigating the independent effects
of urban and rural mobility.

On the other hand, to investigate the combined effect of
terrain and vehicular mobility, the urban and rural terrains
are simulated under an automatic model-selection mode,
where the most appropriate model for pathloss estimation is
automatically selected by the simulator based on the actual
location and surrounding terrain of the transmiting-receiving
pair, as mentioned in Section III.A.

A. Average Throughput

This metric measures the amount of traffic received in bits
per second on average for each connection. From Figure 3,
it is observed that throughput for all scenarios is generally
stable with different traffic loads on the network. Between
the two flat terrain scenarios with urban and rural mobility,
the rural mobility scenario is found to have a throughput
lower than that of the urban mobility, by as much as 37.5%.
This is due to Doppler shift [9], which results in a frequency
shift in the received signal, causing an errorneous reception,
and this shift increases with the mobility of the vehicle in
the rural scenario. With the introduction of terrain effects,
both urban and rural terrain performance further deteriorate
by as much as 59% and 35%, respectively, as a result of
decreased LOS between nodes, and increased attenuation
and diffraction due to building structures.

It is interesting to note that the performance deterioration
caused by urban terrain has offset the earlier performance
advantage provided by urban mobility, giving a net worse
performance than the rural terrain by as much as 23%. It is,
however, not to be generally concluded that the urban terrain
always impact more than urban mobility on the throughput.
We reckon it depends on the relative degree of ‘urbanness’
(or ‘ruralness’) in the terrain and mobility, and therefore
both factors should be considered when evaluating WiMax
in a vehicular environment.

—&— Flat Terrain with
Urban Mobility

—— Flat Terrain with
Rural Mobility

—k— Urban Terrain

Rural Terrain

Average Throughput (bps)

5 6 7 8 9 10

Number of Traffic Connections

Fig.3. Average throughput

B. Average Packet Latency

This metric measures the average delay experienced by
the packet from the time it is sent from the application layer
to the time it is received by the destination. This includes
queuing time of packet for transmission in the sending node
as well as delays introduced by intermediate nodes along the
packet’s path. In this paper, packets are sent from vehicular
SSs to a common host on the wired network via the BS to
which they are attached. Figure 4 shows the performance
again for the various types of terrains under different traffic
loads on the network.

Similar to the throughput results in Figure 3, there was no
significant trend observed in the delay results with respect to
traffic load. It can also be seen that both flat terrains with
urban and rural mobility show good performance with low
level of latencies experienced. This is due to the absence of
radio obstacles in the flat terrain, which allows the vehicular
SSs to be in coverage of the BSs most of the time, and thus
need not execute the process of network entry very often.
Network entry refers to the initial procedure performed by
SSs to register themselves with the BS of cell to which they
enter (or re-enter), and it can be a time-consuming process
that takes hundreds of milliseconds to complete. Thus, the
incurred packet latency is not very high as the data can be
transmitted almost immediately. Between urban and rural
terrains, however, there are significant differences in their
performance, with rural terrain incurring a latency lower by
as much as 68%. This is due to high density of tall buildings
in the urban terrain, which causes the nodes to fall out of the
fluctuating coverage of BS more often, and thus having to
initiate network re-entry more frequently.
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Urban Maobility
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Rural Mobility

80 == Urban Terrain
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Fig. 4. Average packet latency
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VI. CONCLUSIONS

This paper investigated Mobile WiMax in a vehicular
environment. The investigation evaluated the effect of urban
and rural terrain, as well as urban and rural mobility, on the
throughput and latency performance of Mobile WiMax.
Under the considered scenarios, the effect of terrain appears
to be more dominant than the effect of vehicular mobility
on the network performance. The reduction in LOS due to
the terrain impacts the throughput directly by increasing the
attenuation and diffraction losses, and indirectly impacts the
latency by causing nodes to initiate network re-entry more
frequently under fluctuating cell coverage. As for our future
work, we would like to investigate the independent effects of
terrain characteristics such as building heights and building
densities more thoroughly, as well as the efficacy of current
QoS support in Mobile WiMax for delay-sensitive traffic in
vehicular environments.
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