Channel Characterization and Reliability of
5.8 GHz DSRC Wireless Communication

Links in Vehicular Ad Hoc Networks in
Suburban Driving Environment

A thesis submitted in partial fulfillment
of the requirements for the degree of

Master of Science
in
Electrical and Computer Engineering
at
Carnegie Mellon University

Jacob J. Meyers

Carnegie Mellon University
Department of Electrical and Computer Engineering
5000 Forbes Avenue
Pittsburgh, PA 15213, USA

09 May 2005
(Revised 29 October 2005)



Key Words - VANET, vehicular ad hoc network, packet error rate, link reliability, suburban environment,

field test, channel characterization, path loss model, data distribution.

Abstract — A five node vehicular ad hoc network has been developed and used to model the
communications channel and estimate the packet error rate (PER) in real-world suburban driving
situations in varying traffic conditions. Measurements suggest that signal attenuation can be modeled
using the Log-Normal Path Loss Model with standard deviation of 6 = 9.43 dB, but with an anomalously
low path loss exponent of » = 1.03. The reason for the low path loss exponent is not yet understood, but
data bias is suspected. Measurements also show a PER of 10% or less out to a distance of approximately

100 m, and indicate no strong correlation with relative or absolute velocities up to 48 KPH (30 MPH).
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I. INTRODUCTION

The emergence and rapid commercialization of high-speed short-range wireless interfaces and low-cost
Global Positioning System (GPS) devices provides the opportunity to deploy a range of useful and
practical inter-vehicular communication applications. The integration of the Dedicated Short Range
Communications (DSRC) system in vehicles would enable the peer-to-peer communication required for

various proposed safety and emergency notifications and multimedia telematics applications [1,2].

Unfortunately, there has been very little realistic field testing of vehicular ad hoc networks (VANETS)
using the IEEE 802.11p protocol in dynamic mobile environments. Consequently, the large scale path
loss of the communications channel between nodes has not been accurately modeled using empirical data,
and the performance and reliability of such networks are not well understood in real-world driving

environments.

J. Maurer, et al. describe a set of real-world field experiments using narrow-band measurements at 5.2
GHz [3] similar to those presented in this thesis, however, they only use a single link between two
vehicles. Furthermore, link reliability with respect to packet error rates is not addressed. In addition, their
efforts to model the channel focus on fading statistics, Doppler analysis, and level crossing rate, but do
not address large scale path loss as function of distance. X. Zhao, et al. characterized wideband outdoor
mobile communications signal propagation at 5.3 GHz using techniques very similar to those described in
this thesis [4], however, they used a stationary transmitting node and a mobile receiving node rather than
an ad hoc vehicle-to-vehicle network and did so at a frequency below that of the new IEEE 802.11p band.
Likewise, T. Schwengler and M. Gilbert as well as Gi. Durgin, ef a/. conducted experiments at 5.8 GHz in
residential neighborhoods [5,6] very similar to those presented in this thesis; however, as was the case
with X. Zhao, et al., they used a stationary transmitting node and a mobile receiving node rather than an

ad hoc vehicle-to-vehicle network.



A. Visser, et al. developed a hierarchical method of modeling the reliability of DSRC links for electronic
toll collection applications [7]; however their model was specifically for stationary node to moving
vehicle links and does not apply to vehicle-to-vehicle communications networks. In addition, their results
were based solely on simulations, and were not validated using realistic field testing. Likewise, M.
Torrent-Moreno, ef al. and J. Yin et al. have shown simulation results using a 5.8 GHz DSRC vehicular
ad hoc network with a reasonable estimate of link reliability [8,9]. However, the simulation utilized a

theoretical large scale path loss model and the results were not validated using realistic field testing.

The General Motors Collaborative Research Laboratory Ad Hoc Networking Project Team at Carnegie
Mellon University has developed a five node test-bed platform to collect the real-world data needed to
develop RF channel propagation models and VANET routing protocols for realistic driving situations [1].
This thesis discusses the composition of the platform, data collection and analysis techniques, and the
findings and conclusions about the channel characterization and the reliability of the individual links

between networked vehicles in suburban driving environments.

II. DESCRIPTION OF TEST BED

Each node in the ad hoc network presented in this thesis corresponds to one of five vehicles equipped

with a radio test kit.

A. Description of Test Bed Hardware

Unlike J. Maurer, et al. and G. Durgin, ef al. who used signal generators and spectrum analyzers to make

their channel measurements [3,6], the wireless vehicular networking test-bed used to collect the data

presented in this thesis was created using commercially available communications equipment.

o



Each radio test kit is composed of a CSI Wireless DGPS MAX differential GPS receiver with a
magnetically mounted antenna, an onboard /BM T) hinkPad T23 2647-9LU laptop computer with a
modified Atheros wideband mini-PCI IEEE 802.11a based wireless interface [2,9], and a M/A-Com
ground-plane magnetically mounted 802.11a radio antenna as shown in Fig. 1. The physical layer of the
IEEE 802.11a wireless card has been modified to emulate the DSRC standard specifications [3] with a 10

MHz signal bandwidth that operates at a variable carrier frequency in 5.85 — 5.925 GHz spectrum.

Each radio test kit includes a Logitech audio headset and a generic video camera to facilitate multimedia
applications, and a Sierra Wireless AirCard 555 (CDMA 1xRTT) cellular card and Digital Antenna, Inc.
3 watt dual band cellular amplifier to facilitate remote monitoring of test-bed. All devices are powered by
the vehicle’s DC power system via the cigarette lighter, utilizing DC-DC power converters as needed.
The equipment fits neatly in a plastic molded case and is easy to carry and quick to set up as shown in
Fig. 1. The transmission power of each IEEE 802.11a wireless card was set to 20 dBm, and all test-kit

antennas were mounted on the roof of each vehicle.

Fig. 1 Radio Test Kit — Laptop Computer (A), GPS Antenna (B), GPS
Receiver (C), DC Power Cables with Car Adapter (D), 5.8 GHz
Antennas (E), and Audio / Video Accessories (F)

B. Description of Test Bed Software



Rahul Mangharam and Daniel Weller, both members of the General Motors Collaborative Research
Laboratory at Carnegie Mellon University, developed the GTK RoadMap software package used in this
research project. The GTK RoadMap software tracks vehicle locations on a virtual map, operates the
wireless communications hardware package, and records measured data. The onboard laptop computer in
each radio test kit runs Red Hat Linux Version 9 (Kernel 2.4.18-3) which provides a fertile platform for
network protocol and application development. There are primarily three layers of software, built from

open source libraries.

Runtime display capability for multiple vehicles was added to the original the GTK RoadMap software
tool [4] used by the test-bed so that the current location and movement of all vehicles in the network can
be visually tracked as they are driven. Communications capability was added so that each vehicle’s
onboard computer can act as a server and accept connections from other vehicles. Each computer runs a
User Datagram Protocol (UDP) client thread to connect to all other computers in the test-bed. The
connections occur at the socket level; therefore, the application manages the end-to-end data exchange
between each client and server. The client and server connections are displayed in a panel at the base of
the user interface. The underlying kernel-based networking software handles multi-hop routing along the

set of links between the client and server.

GPS location coordinates are computed five times per second and have an accuracy of < 2m. The
transmission of each data packet coincides with the computation of each set of location coordinates;

therefore, data packets are exchanged five times per second as well.

Using this client-server setup, each vehicle in the network exchanges data packets with headers
specifically designed for the efficient exchange of position and network information. Each transmitted

packet header contains the following data: packet number, packet size, transmitter IP address, time the



packet was transmitted, the longitude, latitude, and altitude of the transmitting vehicle, the speed and
heading of the transmitting vehicle, RF channel, data transmission rate [Mbps], and transmitted signal
strength as well as source and destination routing information and GPS receiver statistics. The packet
payload is utilized to send both critical information such as emergency messages and non-critical

information such as voice and video, multimedia, and application data.

The onboard computer in each test kit logs the GPS and network data contained in the header of both
transmitted and received packets. The logged value transmitted signal strength field for each received
packet is replaced by the measured received signal strength or RSSI. In addition, the packet origin (local
or network) and the distance from the transmitting node to the node at which the data is logged is
included in the data log. This distance value is zero for ail logged transmitted packets and non-zero for all

logged received packets.

These data logs enable the playback of the route driven, at either actual speed or a user defined higher
speed, and the visualization of the vehicles on a vector-based rendering of the map traversed. The
mapping functions utilize TIGER/Line 2002 data files available from the U.S. Census Bureau [11]. In

addition, the raw data can also be used for external post-processing and analysis.

Within the data logs, transmitted packets are differentiated from received packets by the “packet origin”
field - “local” packets were transmitted by the node at which the packet was logged and “network”
packets were transmitted by some other node in the network. The identity of the transmitting node is
specified in the “transmitter [P address” field. The location, speed, and heading data of all packets is that
of the node from which the packets were transmitted, therefore, when the data is processed, the location,
speed, and heading data of the received packets must be interpolated from the nearest transmitted packet

data entries in the log of that particular node.



Each node also has the capability of using the AODV ad hoc networking protocol [1,10], but packet
relaying was not used for collecting the data reported here. Consequently, the results we report apply to

single hop links.

III. CALIBRATION OF RADIO TEST KITS

The transmitted signa!l strength for all packets sent from any radio test kit can be specified by the user in
terms of a “ForcePower” index value, and the received signal strength of the all packets received by any
radio test kit are measured in terms of an “RSSI” index value. In order for these index values to have any
meaningful value in measuring signal attenuation, they had to be calibrated in terms of a physical power

value [dBm] for each radio test kit.

A. Radio Test Kit Transmitter Calibration

Each radio test kit’s transmitted power was calibrated using another radio test kit, a signal detector, an
attenuator, an oscilloscope, and a signal generator. The power transmitted at each “ForcePower” setting
was determined by measuring the amount of power required to create a square-wave-modulated signal of
the same frequency and magnitude using the signal generator, Five iterations of such measurements were
averaged at each “ForcePower” setting to generate the corresponding transmitted power value [dBm]. The
calibration table of “ForcePower” index values and the corresponding overall average power values
[dBm] is shown graphically in Fig. 2. Appendix A provides additional details about the transmitter

calibration process.
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Fig. 2 Measured Transmitted Power vs. ForcePower Index of the Five
Radio Test Kits (GM-1 to GM-5) Used in the Research Project

B. Radio Test Kit Receiver Calibration

The received signal power measured by each radio test kit was calibrated using another radio test kit
whose transmission power was previously calibrated and a series of attenuators. The received power
corresponding to each “RSSI” value was determined by correlating the “RSSI™ values logged by the
receiving test kit with known received signal strengths. Known received signal strengths were created by
attenuating the known transmitted power of the transmitting radio test kit using known amounts of
attenuation. All of the known received signal strength values corresponding to each measured “RSSI”
value were averaged, yielding a single received signal strength value for each possible “RSSI” value. The
calibration table for “RSSI” index values and the corresponding overall received signal strength [dBm]
for each radio test kit is shown graphically in Fig. 3. Appendix B provides additional details about the

receiver calibration process.
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Fig. 3 Actual Received Power vs. RSSI Index for Each Radio Test
Kit (GM-1 to GM-5) Compared With the Model Given by Eq. (1)
For the most part, the calibrated received signal strength values were consistent with the model (1)

provided with the radio cards for “RSSI” values between 20 and the upper end of the range of values.

P.[dBm]= RSSI - 95 (1)

IV. DATA COLLECTION TECHNIQUES

The data presented in this thesis was collected in suburban driving environments, characterized by one or
two story buildings and residential streets. Each data set represents approximately one hour of driving
time. The radio test-kits were set up for broadcast transmission such that a single transmission can be
received by N-1 receivers, where N was the number of nodes involved in the test run. The packet
transmission rate was five times per second and was equal to the rate at which the GPS receiver unit

updates location, speed, and heading data.

The data set presented in this paper contains over 625,000 communications link measurements taken over

the course of multiple days. These measurements required approximately five hours of driving time, and a



combination of 38 individual node-to-node links while driving various numbers of vehicles in a convoy-
like formation through the Squirrel Hill, Shadyside, Oakland, and Bloomfield residential neighborhoods

in Pittsburgh, PA.

V. EMPIRICAL RESULTS

A. Basic Data Structuring and Calculations

As previously mentioned, the location, (absolute) speed, and heading data of all logged packets was that
of the node from which the packets were transmitted, therefore, the logged received packet data provided
no information about the point at which the packet was received. Once each data log was parsed, the
location, (absolute) speed, and heading data for each received packet was replaced with the logged
location, (absolute) speed, and heading data of the packet transmitted from the receiving node at the same
time that the incoming packet was received. The information about the point from which the packets were
transmitted is preserved in each data log. After the data replacement procedure was complete, the data
was divided into data sets for transmitted and received packets. The data set for received packets was then

subdivided by the transmitter from which they originated.

Before the transmitted and received signal strength values could be used for any data analysis, they had to
be converted from the “ForcePower” and “RSSI” index values into physical power values [dBm]. The
power value conversion was accomplished by using a “look-up” table approach. A search was conducted
for the “ForcePower” index value of each transmitted packet in the corresponding transmitter calibration
table. Once the “ForcePower” index value was located in the table, the corresponding transmitted power
[dBm] value was used to replace the “ForcePower” index value for that particular packet in the matrix of
transmitted packet data. Likewise, the “RSSI” index values were replaced with the received power [dBm]

values contained in the corresponding receiver calibration table.



At this point, the packets transmitted from Test-Kit A were matched up with the packets received by Test-
Kits B,C,D, and E which were known to have originated from Test-Kit A using the packet number
information. The resulting matrix of transmitted packet — received packet pairs represented the “received
packets” data set for that particular link. All packets transmitted from one test-kit for which there was no

received packet at any one of the other test kits was considered a “dropped packet” for that particular link.

By definition, there were N-1 links for each transmitter — one to each of the other test kits. Each of these
links was evaluated individually, therefore the number of packets received by or dropped en route to any

other given test-kit was independent of that of all other test-kits.

The distance between any two given nodes was determined using the Haversine formula (2), given the

latitude and longitude of each node [11]:

ALat = Lat, - Lat,

ALong = Long, - Long,

a= (sin( ALzat )) + cos(Lat] ) cos(Laz2 ) (sin( AL;ng )) (2)

¢ = 2-atan2 (\/2,,/11 -a )J

Distance = R-¢

where R = 6,373,000 [m] is the radius of the earth optimized for locations approximately 39° from the

equator.
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