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1 Background

In order to refine the initial communication requirements that were established in Task 3
for potential 5.9 GHz safety applications, the Vehicle Safety Communications
Consortium (VSCC) developed a specialized Communications Test Kit (CTK) and a
mobile communications network simulator. The test kits and simulator were used to
validate the Task 3 communications parameters and provide informed input to the
Dedicated Short Range Communications (DSRC) standards development efforts. All
VSCC member-companies were provided with two CTKs for investigations within the
V SC project, particularly the Task 4 testing activity.

1.1 Communication Test Kits

Though the DSRC standards were incomplete, it was feasible to use and modify existing
802.11a equipment to simulate performance in the DSRC band. In order to use the
equipment for test purposes, original software had to be written to integrate the various
components and provide the necessary test environment to configure, conduct, record,
analyze, and display generated test results. The VSCC agreed to have DaimlerChrysler
define, develop, and assemble the CTKs based on their past experience with similar
equipment. The next step was to define essential CTK features required for baseline
functionality.

The CTKs were intended to support testing of multiple vehicles communications on
roadways at normal driving speeds. In order to accomplish anticipated tests in a vehicular
environment, the VSCC derived the following CTK functional requirements:

e Communications based on a representative 802.11a radio.

e Mobile computing platform interfaced with the radio to support test
configuration, operation, and documentation.

e Measurable and recordable communications performance data.
e Optimized communication paths between radios.

e Accurate and recordable position knowledge of test vehicles that is
synchronized with test data and updated frequently.

e A minimum of two test kits for performing wireless communication
testing.
e Post-processing for data analysis.

A further requirement was that the 802.11a device should be able to connect directly with
a host computer, and that the computer should be portable to allow easy transition
between vehicles. External antennas for the 802.11a frequency should be mounted on the
vehicle exterior, and a Differential Global Positioning System (DGPS) receiver would be
needed for relatively accurate vehicle position readings.
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Test Kit Hardware

Given the preceding requirements, DaimlerChrysler, with VVSCC participation, assembled
the following components to create the baseline CTK:

Item

Brand and Model

Comments

802.11a radio

| B mm!pllll J

MADE I TAIWAN

Atheros model
AR5211, mini-PCI
format (MB23 board)

The mini-PCI format supports external antennas (note
antenna connectors and cables on top right of photo).
This format also provides a higher maximum transmit
power than the PC card version.

DGPS Max from
Communications
Systems

International, Inc.

This differential GPS receiver determines position
accuracy to 1 - 3 meters 95 per cent of the time. It also
has a 5 Hz update rate.

IBM T23 laptop

IBM T series laptops have a mini-PCI slot in the base that
is user accessible. They also have a serial port for the
DGPS interface. Note the installed 802.11a card and
attached pigtail RF coaxial cables.

Atheros Access Point
antennas (AP21
antenna)

These strip antennas are optimized for 802.11a operation
in the 5.1-5.3 and 5.8 GHz range. They also allow for
mounting away from the 802.11a radio, but came as bare
units with only an RF connector on the base.

Antenna enclosure

Hayes, custom

Clear polycarbonate enclosures with magnetic mounts

design were designed and built specifically for the Atheros
antennas. These were essential for tests with external
antennas at vehicle speeds.
RF coaxial cables Talley These low loss cables were custom built to remotely
Communications, connect the antenna to the radio card. They also allow for
custom build the anticipated distance between the external antenna

and the rest of the test kit inside the vehicle.
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A custom antenna housing and mount were needed to protect the 802.11a antennas at
freeway speeds and to secure it to the vehicle exterior. Examples of the typical antenna
mounting configurations on different vehicle types are shown below:

Figure 1. Typical Antenna Mounting Configurations

1.1.2 Test Kit Software

Test kit software for the host |aptop computers needed to be devel oped. Initial testing was
conducted with Version 2.3 software, and subsequent revisions were made to more
closaly resemble the anticipated DSRC standard and to improve the capabilities of the
CTK. The latest revision used in formal evaluation (shown in the table below as
Version 3.0) accommodated multi-sender testing.

CTK S/W v2.3 CTK S/W v3.0 DSRC Standard

25/50 mW default Programmable Up to 750 mW variable
antenna input power | antenna input power | antenna input power

settings (100 mW spec.)
5.85-5.925 GHz

10 MHz channel 10/20 MHz channels

Multi-sender capable | Multi-sender capable
Real-time range/RSSI
Selectable channel Channel switching

Figure 2. CTK Features
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The software has several components, each with specific functions:

e GPSlibrary for converting the DGPS receiver data to a compatible format
within the test kit laptop.

e VSC Test Kit Sender for configuring communication and test parameters,
recording sending vehicle position, and transmitting test data packets from
asingle CTK.

e VSC Test Kit Receiver for configuring communication and test
parameters and recording received data packets and vehicle position.

e VSC Test Kit Notation for annotating specific events during testing.

e VSC Test Kit Diagram for post-processing and displaying the test data
results.

1.1.3 Test Kit Diagramming Function

The CTK diagramming function provides a means to display the test data results in a
graphical format. A sample diagram from the Version 2.3 software is shown below. In
this test, 236 packets were sent, 206 packets were received, and 30 packets were lost over
a 26 second test duration and vehicle separation distances ranging from 85 to 105 meters.
The test was conducted on a test track with one vehicle slowly moving away from the
other.

packets: 236, received packets: 206, lost packets: 30

R S A S S Ee -ps
1 Packets ! 5 s T
200 J-+----successfully - Red: ilLost ... .. A ot e
s 1 recdved | packets e s o
é : :
2150—-""""""""" (et let sl A aic oot ouill kb ool il E
£ : 8
s . Thin Black:: |- 3
B o N e . Cumulative [ 3
[ ! l =
g Blue: ; | packets ||
= P . Vehicle ! : successfully! |- =
50_ . separaﬁon """"""""" TECEIVHj
11 : : distance ' !
O e (RS S ——— 3——55
6 SDIDD 1 e+IDDt1 1 .SEI-H]DA 29+IDDA 2.59|+DDA 3e+‘DDA
Time [ms]
# received packets # |ogt packets - accumulated received packets  + distance

Figure 3. Test Kit Diagramming Key

Additional data capture capabilities were added during the course of the project. One of
the major improvements was the addition of the received signal strength indication
(RSSI). The RSSI is not plotted against specific values shown on an axis, but it provides
an indication of the received power (sensitivity between —96 dBm and —36 dBm). This
allows for more detailed analyses of the correlations between packet loss and
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obstructions, for example. A significant convenience feature has also been added to the
test kits: a dynamic display of the distance between test vehicles in field test situations.
This feature made field-testing much more precise, by allowing separation distances
between moving vehicles to be maintained within the desired scenario values.

The diagram below shows the RSSI feature along with the addition of the multiple sender
functionality. In order to clearly show the data received from both sending vehicles, note
that the data from Sender 1 is offset from that of Sender 2. The use of offsetsis evidenced
by the negative values that appear on the Y -axis of the graph. The range and packet offset
levelsfor Sender 1 are 50 meters and 200 packets.

Obstructing
Vehicles

Sender 1 m m m’ Sender 2
Receiver m (E.P

Receiver 1001, Sender 1, Sender 2, Packets: 1068, Received Packets: 1067, Lost Packets: 1

[w] aaueysig

Packet [packet number]

&00 — — 30
500 —| ; f
)l | | . Sender 2 S : Py s
RSSI Levels i : i o i s
| | | i H - | el
00 - - AN PR L E R e RREEEEEEEE R B bR L L L LR R CCL QLU R L EEE: R EE R “F
. i : L .10
200 — : :
: ! —-20
.
0 ] ; .
: : H -4
-200 ] : : L .50
[ T T T T T T T T T T T T
0 Te+04 2e+04 Se+04 de+04 Se+04 Be+04 Te+04
Time [ms]
— received packets ID =1 — lost packets ID =1 — accumulated received packets 1D =1 —distance ID =1 — 1550 D =1
—received packets ID = 2 — lost packets ID = 2 — accumulated received packets ID = 2 —distance ID = 2 —rssilD =2

Figure 4. Multi-Sender Diagramming Key
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1.2 Test Plan

Test scenarios have been defined by delineating the Technical Parameters and Environment
Effects required to create the Requirements Summary (see the figure below). This has led to the
definition of evaluation items within each application, scenario, and associated tests, and
subsequently scripting the exampl e test scenarios to address those areas of focus. The goals of the
Task 4 example test scenarios were to create a testing procedure that could evaluate the test kits
development and provide timely feedback to the DSRC Standards devel opment.

Jan /03 : : 5
Step 1 Step 2 Step 3

Requirement Summary Test Scenario Design Basic Performeance Evaluation

1-1

Technical Parameters 3-1 3-2

Evaluation #1 Evaluation #2

il=2

Environmental Effects i Revision of Revision of ;
H Evaluation Procedure Evaluation Procedure | B

. Project Outputs
Evaluation test kits development

Requirements to Updated Evaluation System | | Feedback to standard process
Final Evaluation Scenario /Procedure

Figure 5. Evaluation Flow Overview for Task 4

1.2.1 Scenario Definition

The word “scenario” could have multiple meanings since every unique variable change within an
environment creates a different scenario. After evaluating the aforementioned factors, VSCC
grouped blocks of similar situations by the quantity of “sending” antennas required (*the eight
priority applications from Task 3 require, at times, multiple sending antennas) and their relative
movement, and described each assemblage with a “base scenario.” To this base scenario, other
technical parameters and environmental effects were added to define various test situations and
sketches.

1.2.2 Technical Parameters

Technical parameters are defined herein as a subset of the overall variables within or between the
test kits that may be considered when given a sterile or laboratory environment. Those variables
that are introduced once the test kits and vehicles are introduced into “real-world” conditions are
deemed environmental effects and are described in section 1.2.3.
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Step 1 — Technical & Environmental Effects

TECHNICAL PARAMETERS (TP's)

TP4: Velocity of Sending Antenna
TP5: Angle between 7 ]1& 72
TP6: Update Rate
TP7: Transmitter Power Level
TP8: Packet Size
TP9: Height of broadcast antenna
antenna's signal
TP11: Velocity of Second Sending
TP12: Distance Between Second
Sending Vehicle and Receiving Vehicle
Sending Vehicle & Receiving Vehicle
TP14: Height of Second Broadcast
Antenna
TP15: Packet Size for Response
TP11: Velocity of Fourth Antenna

]
c
e
c
<
j=2}
I
=
Q
o
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=

TP2: Distance between antennas
TP3: Lateral offset to broadcast antenna
TP10: Angle of directionality of stationary

TP13: Lateral Offset Between Second
TP16: Distance from RCU & Receiving
Vehicle

ENVIRONMENTAL EFFECTS (EE's)

EES5:Other Effects

EE1: Path Obstructions
EE3:Road Class
EE7:Weather Conditions
EEB8:Other Effects

EE2: Vehicle Obstructions
EE4:Traffic Conditions

EEB6: Vehicle-class of Cut-In

Figure 6. Technical and Environmental Effects

The variables shown below are the technical parameters that will be varied during Task 4
and, mostly likely, future tests:

vi: Velocity of Recelving Antenna — This value represents the speed (in
miles per hour) of the receiving antenna; coupled with the sketch creates
the velocity. The receiving antenna may be stationary in some tests (v, =0
mph), thereby simulating an RSU.

dy;: Distance Between Antennas — This represents the distance (in
meters) between the receiving antenna and the first sending vehicle along
the y-axis.

d«1: Distance Between Antennas — This represents the distance (in
meters) between the receiving antenna and the first sending vehicle along
the x-axis. Four metersis meant to simulate one car lane.

V2. Veocity of Sending Antenna — This value represents the speed (in
miles per hour) of the sending antenna; coupled with the sketch creates the
velocity. The sending antenna may be stationary in some tests (v = 0
mph), thereby simulating an RSU.

a: Angle Between v; & v, — This angle describes the difference in
direction between the sending & receiving antenna' s velocity, and serves
simply as a numerical reinforcement of the test sketches' velocities.
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&: Update Rate — This represents the inverse of the number of times per
second the test kits are sending the packets of information, and is
expressed in milliseconds.

e P Transmitter Power Level — This percentage describes at what relative
level the sender is broadcasting the communication with respect to full
potential power.

e S Packet Size — The test kits broadcast a message of specified packet
size (in bytes) wirelessly to the receiving antenna which may be varied by
the engineer.

e d;: Distance Between Antennas — This represents the distance (in
meters) between the receiving antenna and the first sending vehicle along
the z-axis (see sketches). The z-axis height for al antennas will be fixed
throughout Task 4 for testing simplicity.

e dyp dyo & dy: Distance Between Antennas — This represents the distance
(in meters) between the receiving antenna and the second sending vehicle
along all three axes.

« ¢: Angle of Directionality of Stationary Antenna's Signal— This angle
designates the directionality of the sending antenna.

e vz Veocity of Second Sending Antenna — This value represents the
speed (in miles per hour) of the second sending antenna; coupled with the
sketch creates the velocity. The sending antenna may be stationary in
some tests (v = Omph), thereby simulating an RSU.

e V4 Veocity of Fourth Antenna — This value represents the speed (in
miles per hour) of the fourth antenna; coupled with the sketch creates the
velocity. The sending antenna may be stationary in some tests (v, = Omph),
thereby ssimulating an RSU.

1.2.3 Environmental Effects

Environmental effects are defined herein as the variables that are introduced once the test
kits and vehicles are introduced into “real-world” conditions. The variables shown below
are the environmental effects that will be varied during Task 4 and, mostly likely, future
tests:

e Path Obstructions—Thisis areference indicator of whether a building or
roadside structure shall be within the intended path of communications,

e Vehicular Obstruction(s) — This is a reference indicator of whether a
vehicle shall be within the intended path of communications. This vehicle
may be designated as a “cut-in” (temporary) or “sustained” (continuous)
obstruction.

e Road Class— This designates the general category of road design (arterial,
highway, test track) that shall be used for the specified test.
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o Traffic Conditions — This loosely designates the relative volume of
uncontrolled traffic desired while conducting the test (e.g., light, heavy).

e Vehicle Class Of Cut-in Vehicle — This loosely describes the size of

vehicular obstruction (e.g., sedan, SUV, truck).

e Weather — This variable loosely describes the ambient conditions (e.g.,

raining, snowing, sunny) required to run the test.

e Other — Other variables which should be considered once Task 4
evaluations have shed light on conditions beyond the vehicle’ s design.

1.2.4 Scenario Definition

The figure below shows four test scenarios with their representative vehicle configurations.
Testing for the first three scenarios was conducted using CTK v2.3 software, while tests for

Scenario 4 were conducted with CTK v3.0 software.

Step 2 — Test Scenario Design

One Dynamic Unit (OBU)
One Static Unit (RSU)

a, |

Scenario 3 o=
Scenario 4

Two Static Units Multiple Sending Units

Legend: )7 Sender () Receiver 7]

Figure 7. Test Scenario Design
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1.2.5 Basic Performance Evaluation

The test plan was constructed based upon multiple field trials under each of the Task 4
test scenarios described in atest matrix. These test scenarios were chosen by the technical
team to allow thorough field-testing and validation of the communications requirements
for the eight high-priority application scenarios identified in Task 3.

Step 3 — Basic Performance Evaluation Step 3 — Basic Performance Evaluation

I

Generate a
Sketch For
Each Test

Scenario 1 ‘

Test (& Sketch) Number

~
&

Figure 8. Test Matrix and Vehicle Configuration

The test data was collected during the field-testing. After analysis of multiple trials for
each test scenario, a summary was prepared to illustrate the test results.

Step 3 — Basic Performance Evaluation

DATAFILES RESULTS

Summary File Name

Test (& Sketch) Number

Graph & Summarize
Results

»
o
z
2

i i o 4 Mkl Mk G By

Oporating Usod s
Softwars Lovel Usod. VI3 (B Julp 1) o Gl ok £ Mkl Mke: 804

pacivens: AL, Tecaterd Jachtn] BAE, Mot pachets; 8

b4 bd00055500000000000011 ¢

Figure 9. Summary Development
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2 Field Test Results

The field-testing program was conducted using test track facilities at GM’s Milford
Proving Ground as well as testing on public roadways. The testing was conducted in
accordance with the test scenarios described in the test plan, as well as detaled
explorations of several factors that emerged from theinitial test results.

Since DSRC equipment was not yet available, 802.11a was used to approximate DSRC
operations. The general conditions throughout all the field-testing (with the exception of
several tests with power control and multiple sender scenarios), included: broadcast of
repetitive small packets (100-400 bytes), update rates of 50-100 milliseconds, ranges
exceeding 300 meters, 5.15-5.25 GHz (802.11a) transmission frequencies, 20 MHz
channel width, around 50 milliwatt transmission power (at the output port of the radio
card), dry weather, and 6 Mbps datarate.

In general, multiple test runs were completed for each test scenario. After the test runs
were completed for each scenario, the test data were analyzed and evaluated. A summary
of the test results was then prepared for each of the test scenarios.

The test scenarios can be divided into five main categories:
e Dynamic Vehicle-Roadside Communications
e Dynamic Vehicle-Vehicle Communications
e Stationary Vehicle Communications
e Multiple Sender Communications
e Multipath Considerations

The following sections summarize the test results in each category by presenting
examples of the test results on a scenario-by-scenario basis within each of the main
categories. Further details of each particular test can be found at the end of this appendix.
An illustration of each scenario graphically portrays the test result summary for the
examples shown.

2.1 Dynamic Vehicle-Roadside Communications

The testing of dynamic vehicle-roadside communications within the scope of Task 4
consisted of using a stationary test vehicle located beside the roadway as a surrogate for
the roadside unit (RSU). The main limitations that were imposed by this arrangement
were the constraints on antenna height and placement.

Tests performed in a test track environment showed excellent communication
performance for transmissions having both direct line-of-sight (LOS), and also a single
vehicle obstructing the LOS between the sending and receiving antennas. The following
diagrams illustrate the results found during these tests. The diagram below (Test 1-2)
shows a receiving vehicle traveling at 60 mph with no packet loss 300 meters before
passing the stationary sending antenna, and 300 meters after.
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Figure 10. Test 1-2 Results

A similar test was conducted in which the moving vehicle transmits packets instead of
receiving them (Test 1-12). In this trial, a few packets were lost at a range of about 90
meters, but over 99 percent of the packets were still received.

packets: 220, received packets: 218, lost packets: 2
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Figure 11. Test 1-12 Results

Similar results were found in a test in which the moving vehicle slows down to 20 mph
(Test 1-14). In this case, a few packets are lost at a range close to 80 meters both before
and after the transmitting vehicle passes the stationary antenna.
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packets: 325, received packets: 322, lost packets: 3
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Figure 12. Test 1-14 Results

packets: 411, received packets: 411, lost packets: 0
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This pattern of lost packets at distances close to 80-90 meters was investigated further,
and the findings are described in Section 2.5: Multipath Considerations. The results were
similar when an obstructing SUV moving at the same speed as the receiving sedan
blocked the direct line-of-sight to the stationary antenna (Test 1-4). There were no lost
packets with the vehicles moving at 40 mph.

Figure 13. Test 1-4 Results
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The same was true when the moving vehicle changed its role from the receiver to the
transmitter (Test 1-15). There were no lost packets while traveling at 40 mph.

packets: 327, received packets: 327, lost packets: 0
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Figure 14. Test 1-15 Results

The public road tests featured results with passing vehicles, cut-in vehicles, and other variables to
complicate the transmission environment. The diagram below shows areceiving vehicle passing a
stationary sending antenna at 60 mph along a highway with light traffic conditions (Test 1-17).
Almost no packets were lost on the straight-away for the middle section of the test. There was no
reception before and after the straight-away where the road makes sharp bends and obstruction
blocked the antennas.
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Figure 15. Test 1-17 Results
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More packets were lost in heavier vehicle traffic, as the diagram below illustrates (Test 1-
22). This test took place on an arterial road in arura environment at 30 mph, and heavy
traffic periodically blocked the line-of-sight while the receiving vehicle approached the
roadside unit. After the vehicle passed the RSU, it went over a hill and out of line-of-
sight.
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Figure 16. Test 1-22 Results

Another test showed similar results with the line-of-sight being blocked by atruck in addition to
the SUV used for the trial (Test 1-10). Asthe sender goes out of line-of-sight, the RSU started
losing packets.

1000 — -4 -eme e Tt G EeeTIENEEEER R SERRE SRR SRR - B0

blocking by atrufck and an SUV

___________________________________________

Packet [packet number]

Time [ms]

* 1ereie d narkats # Inst narkets = arrvmilated received nackate  + distanre

Figure 17. Test 1-10 Results
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2.2 Dynamic Vehicle-Vehicle Communications

This section discusses the results with two dynamic antennas representing vehicle-to-
vehicle communications. In the diagram shown below, there were no lost packets with
two vehicles traveling in the same direction with a distance between them of about 150 m
(Test 2-2). The test was conducted on atest track at speeds up to 60 mph.
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Figure 18. Test 2-2 Results

In asimilar test track trial, there were also no packets lost when an SUV temporarily cut
in between the vehicles (Test 2-3).
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Figure 19. Test 2-3 Results
The test below approximates the driving characteristics of an application like Emergency
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Electronic Brake Lights (Test 2-28). The sender vehicle and an obstructing SUV brake to
a stop while the receiving vehicle passes them at 50 mph. In this particular trial about 5
percent of the packets were lost, and this packet |oss appeared to be due to the obstructing
SUV. The test results were repeatable over several trials.

packets: 264, received packets: 251, lost packets: 13
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Figure 20. Test 2-28 Results

In this next test the obstructing vehicle was removed. The results improved significantly
with only afew lost packets occurring at arange of about 90 meters (Test 2-24).
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Figure 21. Test 2-24 Results
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The next test approximates the driving characteristics of an application like Pre-Crash
Sensing by having the sending and receiving vehicles pass by each other at 50 mph,
simulating a head-on collision (Test 2-27). The test also was meant to stress the system
with ahigh delta-velocity and a 50 msec update rate. Even at distances up to 400 m, there
was no packet loss.
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Figure 22. Test 2-27 Results

Interestingly, there was packet loss during a less stressful test with the vehicles traveling
at 30 mph (Test 2-25). Once again the packet loss occurred when the vehicles were at a
distance of about 90 m.
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Figure 23. Test 2-25 Results
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In the public road testing, basic communication at separation distances of around 100
meters experienced less than 3 percent packet loss (Test 2-6). The vehicles were traveling
on a highway at 60 mph in light vehicle traffic conditions. The packet loss in this case is
most likely dueto atruck moving in between the two cars and blocking the line-of-sight.
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Figure 24. Test 2-6 Results

Similar results were found when the vehicles had a two-highway lane offset while
traveling at 60 mph (Test 2-14). There was noticeable packet loss due to line-of-sight
blockage between the test vehicles while driving on opposite sides of a hillcrest.
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Figure 25. Test 2-14 Results
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Momentary packet losses were also experienced with blocking sedans between the
sending and receiving vehicles while traveling at 40 mph in light traffic conditions, as
shown below (Test 2-25). The GPS outages were due to many thick overhanging trees.

Packets: 1432, Received Packets: 1383, Lost Packets: 49
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Figure 26. Test 2-25 Results

Two blocking SUV's between the sending and receiving vehicles caused more significant
packet losses as shown in the trial below (Test 2-11). The vehicle formation was traveling
at 60 mph in light traffic conditions. Packet transfer seemed more successful at longer
distances, possibly due to reduced field of view blockage compared to that of a tightly
packed formation.
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Figure 27. Test 2-11 Results
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2.3 Stationary Vehicle Communications

The dtatic tests considered communication range and the effect of other vehicles
obstructing the line-of-sight between the antennas. The test below shows that no packets
were lost at a distance of 200m with the vehicles in direct line-of-sight (Test 3-4). The
message size was 200 bytes with a 100 msec update rate.
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Figure 28. Test 3-4 Results

Another test considered a large, box-type truck parked lateraly between the test vehicles
(Test 3-14). There were no lost packets with this arrangement.
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Figure 29. Test 3-14 Results
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A similar test where the vehicles were parked longitudinally at a distance of 39 meters
with the truck between them found some packet losses, though 93 percent of the packets

were still received (Test 3-12).

packets: 1798, received packets: 1675, lost packets: 123
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Figure 30. Test 3-12 Results
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Transmissions were excellent between two stationary vehicles in a public parking lot

(Test 3-3). No packets were lost at a distance of 148 meters.
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Figure 31. Test 3-3 Results
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Another test conducted in a parking lot had the sending and receiving vehicles separated
by an SUV parked between them (Test 3-9). No packets were lost during the test. The
distance between the test vehicles based on GPS data fluctuated from ~9 ~10 meters.
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Figure 32. Test 3-9 Results

Figure 33. Test 3-9 Vehicle Configuration
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2.4 Multiple-Sender Communications

Tests that included both three and four CTKs were conducted to evaluate multi-sender
capabilities in various driving configurations. In order to differentiate the data that was
received from more than one sender unit, the respective data plots for different senders
are often shifted to a lower location on the diagram, with negative values on the Y-axis
indicating the amount of the offsets.

The test below was conducted at arterial speeds close to 25 mph (Test 4-4). A tight
formation was maintained with distances of less than 20 m between Sender 1 and the
Receiver. Two obstructing vehicles were sustained throughout the test (Obstacle 1 was an
SUV, and the other vehicles in the test were sedans). Overall, over 99 percent of the
packets sent during all three trials of the test were received. The obstructing vehicles did
not cause any significant loss of reception from Sender 1. The Sender 2 values are shifted
on the diagram from those of Sender 1 with packet and range offsets of 200 packets and
50 meters.
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Figure 34. Test 4-4 Results
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The same test was performed with the SUV driving directly in front of the receiver sedan
(Test 4-6). Similar results were found and no more than one packet was lost out of the
thousand packets that were sent during each of the three trials.

Receiver 1001, Sender 1, Sender 2, Packets: 1028, Received Packets: 1027, Lost Packets: 1
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Figure 35. Test 4-6 Results

Another test on an arterial road in light traffic conditions specified the sending vehicles
moving dightly faster than the receiving vehicle (Test 4-1). The band of lost packets
shown on the diagram below was due to a number of vehicles that came in between the
receiver and lead sender vehicle. The offsets used for the graph are 20 packets, 200
meters, and 200 RSSI.
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Figure 36. Test 4-1 Results
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In testing conducted at highway speeds with the senders slowly passing a receiver (one-
lane separation), non-test vehicles occasionally entered the test pattern and blocked some

packets, as shown in the diagram below (Test 4-2).
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Figure 37. Test 4-2 Results

In a similar test with a two-lane separation between the senders and the receiver there
was substantial packet loss due to a large truck passing between test vehicles and
blocking the senders’ line-of-sight to receiver (Test 4-9). There was aso occasional line-

of-sight blockage by obstructing SUVs.
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In a highway test that showed the effect of distance upon packet reception, there was
approximately 100 meters of separation between the front sender (Sender 1) and the
Receiver, while Sender 2 and the Recelver remained side-by-side (Test 4-7). Almost all
packets from Sender 2 were received, but many packets from Sender 1 were lost.
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Figure 39. Test 4-7 Results

A longer duration test conducted at highway speeds found that 96 percent of the packets
sent during the test were received (Tests 4-3 and 4-5). The majority of the lost of packets
(circle 1) were caused by an obstacle 18-wheeler in close proximity (under 25 m).

Receiver 1001, Sender 1, Sender 2, Packets: 8087, Received Packets: 7792, Lost Packets: 295
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Figure 40. Test 4-3 and 4.5 Results
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Tests were also conducted to simulate an intersection environment with both on-board
units and a roadside unit simultaneously transmitting data. In the test shown below, the
sender OBUs (triangle 1 and circle 2) were traveling a 25 mph while the receiving
vehicle was parked next to another sender vehicle (square 3) that represented the RSU
(Test 4-11). The distance between the stationary sender and the receiver was about 10 m,
and moving senders were one lane apart.

Overadl, over 99 percent of the packets sent during all three trials of the test were
received. The test shows that having 3 senders in an intersection type scenario has no
effect on packet loss of reception. The Sender 2 values are offset from the Sender 1
values by 200 packets, 50 meters, and 500 RSSI. The Sender 3 values are offset from the
Sender 2 values by 200 packets, 50 meters, and 500 RSSI.
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Figure 41. Test 4-11 Results
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The same test was conducted with Senders 1 and 2 traveling at speeds close to 50 mph
(Test 4-12). The distance between (stationary) Sender 3 and the Receiver was ~10 m, and
Senders 1 and 2 were initialy stationary for a significant period of time while waiting for
unexpected traffic to clear from the test zone. Also, Sender 2 began well beyond the line-
of-sight of the Receiver. Aside from this, very few packets were lost during the actual
drive by. It should be further noted that there was significant roadside clutter in the form
of trees and parked cars, which may have partially contributed to the few lost packets.
Note that the data curves are offset for clarity, with a shift of 200 packets, 50 meters, and
500 RSSI units between each.
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Figure 42. Test 4-12 Results
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2.5 Multipath Considerations

During analysis of the test scenario results incorporating a moving vehicle or vehicles, a
zone of minor packet loss was identified at around 90 meters separation. This anomaly
was further investigated by placing two vehicles approximately 90 meters apart, then
slowly moving one vehicle forward and backward while monitoring the packet reception
indication on the CTK screen. Using this “Slow Rolling Test” (see figure below), a
specific point could generaly be found where nearly all packets would be lost, but
moving forward or backward as little as one meter would re-establish reliable
communications. This result was repeatable on subsequent trials.

The Two-Ray Model was used to predict multipath interference at the frequencies and
antenna heights being used in the field-testing. In general, this model predicted a large
degree of interference in the approximate range of 90 meters. Based upon this prediction
and the results of the field-testing, the high packet loss zone is presumed to be due to
multipath interference between the direct line-of-sight transmission and a reflection of the
transmission from the roadway surface. Further testing will be necessary to determine if
the antenna mounting location on the vehicle can be optimized to minimize this presumed
multipath interference.

This multipath packet loss has been a very small percentage of packets in test scenarios
between moving vehicles, or between moving vehicles and stationary roadside units.
Even in slow speed test scenarios, only two or three packets were generaly lost (out of
hundreds of sent packets). Further testing is required to determine the potential impact on
the operation of vehicle safety applications.
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Figure 43. Slow Rolling Test in a Multipath Zone
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3 Simulation Architecture and Test Results

Task 4 included smulation studies in vehicle communications. A DSRC simulator was
therefore developed to perform the required simulation testing. The simulator architecture
was designed to focus on research topics that are readily addressed through a simulation
environment, but difficult, if not impossible, to replicate in a real world vehicle
environment. Therefore, areas such as scalability and potential channel capacity
constraints, multichannel operations, prioritization schemes, and dynamic power control
were primary simulation topics.

3.1 Simulation Architecture

The VSC DSRC simulator was designed to be used for research in various subjects,
including the following:

« Scalability. This is an obvious and major challenge in using DSRC for
vehicle safety communications. When the DSRC penetration level
becomes high, it isimportant to ensure that the system will still effectively
support safety applications even in very dense traffic environments. A
simulator is particularly useful for this work, since there are few, if any,
alternative evaluation tools for the analysis of VSC protocol designs.

e Multi-Channel Operation. DSRC is an explicitly multichannel oriented
design. RSUs advertise their services on the control channel, while
potentially providing the content and/or interaction on service channels.
On the other hand, safety messages are constantly transmitted on the
control channel. So there is a conflict between safety applications’ need to
stay in the control channel for safety message monitoring, and private
applications’ need to provide value in service channels.

o Safety Application Evaluation. The design of the ssimulator is such that it
could mimic the communication channel for safety application
communications. This would incorporate various protocol mechanisms
and constraints such as dynamic power control, multichannel operations,
and other real-world variables.
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3.1.1 Simulator Design

Traffic Trace
Generator

DSRC MAC I

VSC Protocols Vehicle State

DSRC RF Model Global Traffic State

Safety
Applications
ns-2 Smulator Digital Map Post
Processing

Current work .I Future work

Visualization |

Existing component to be modified

Figure 44. Simulator Components

As shown in the figure above depicting the simulator architecture, this DSRC simulator
was built on top of the NS-2 simulation platform. NS-2 is a C++ based network
communication simulator developed at the University of California at Berkeley. It was
historically used in computer network research for many years and is widely distributed
and respected among researchers. A support forum exists in the form of a mailing list,
through which a huge archive of solutions and helpful comments are available.
Additionally, NS-2 is “open source” software and is continuously updated. Its
independence from a commercial source makes it a no-cost and flexible solution. NS-2
works well on various UNIX systems, including Linux. The Win32 platform is aso
supported.

NS-2 isabasic and non-graphical tool. The input to NS-2 is provided by an OTcl (Object
Oriented Tcl) script, which contains all topology and node information. These scripts are,
depending on the scale of the scenario, very complex and large input sources. The output
NS-2 provides is very detailed. It can give per packet information at MAC, agent, or
router levels.

3.1.1.1 Vehicle Traffic Trace as Input for Simulator

The simulator is designed to take external input for the vehicle traffic movement
during the simulation. This traffic movement input could be a file, TCP/IP socket
connection, or even an actual safety application implementation that generates
vehicle movements dynamically.

In comparison, Carnegie Mellon University’s Monarch Group added a mobility
extension to NS-2, which allows mobile nodes to move within the boundaries of a
predefined scenario. This extension, however, is not sufficiently flexible for a
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vehicle safety communication simulation tool. Before starting the simulation, the
movements of al nodes must be set up. It isnot possible to interactively adjust the
movement in the ssimulation as a result of communications among nodes.

The figure below shows a screen shot of the traffic trace configuration window.
The design and implementation of the ssmulator alows for traffic traces in a very
flexible format. For example, any delimited text file with necessary (but
arbitrarily ordered and formatted) data fields could be used in this ssmulator.

EIE
Token delimiter :
Disregard first n lines : 0
Disregard last n lines : ]
token |value | LY i aiaty
~
id true
lane + false
latitude
ongitude — Generated
generated false w lrue
mandatary true A falsa
slot 5
option slot
road
state £
— Trace source File
~ FileSystem Metyork
A continuous file fhomesrolffdiplms/yZesimivehicles_log
w TCRAR server trace Step in Seconds:
~ Process |1
Defaults |
(o],8 | Apply Cancel
1 L

Figure 45. Traffic Trace Configuration Window

3.1.1.2 Simulation Configuration and Operation

The usage of the simulator is generally an iterative process, an example of which
follows:

1.

o b~ w N

Appendix C

Design and implement components for protocols and agents at various layers
inthe NS-2 system.

Match up particular instances of components in each layer.
Configure and adjust parameter values in each component.
Run simulation and produce output traces.

Repeat from step 1 or 2.
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A GUI (graphic user interface) was implemented to ssimplify configuration in
steps 2 to 5. As shown in the screen capture below, one could pick any instance of
a component in any layer and adjust the parameters arbitrarily. All such
configurations can be saved in an XML formatted file. Batch operation of several

simulation sessions is also supported.
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3.1.2 Channel Capacity Evaluations

Figure 46. Graphical User Interface

Simply put, channel capacity could be described as how often and how loud can vehicles
transmit, at what packet size, in what traffic density, and environment while preserving
certain tolerable levels of reliability and channel access delay. Given the complexities of
interrelating so many parameters, it is important to use limited but representative values
for the smulations. The following list describes the parameters in more detail.

e« Packet Size. Most safety messages are expected to contain some
minimum amount of information such as position, velocity, time stamp,
etc. So a very simple message may have a packet size of 64 bytes at the
low end of the scale. Beyond this, packets at 128, 256 and 512 bytes are
examined. In particular, such ssimple variations of large packet sizes could
provide some first order evaluation of the impact created by some form of

security mechanism overhead.

e Transmission Frequency. It seems that 100 ms is a reasonable time
interval since it is often mentioned in various safety application
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communication requirements. Vaues at 150 and 200 ms may also be of
some relevance.

e Transmission Power. Transmission power determines both the reach of
expected communication reception and the interference range at which
others are prevented from transmitting. Since Task 4 simulations depend
on detailed testing and modeling in Task 6A to provide an understanding
of actual power level versus communication reach, transmission power
variations are gsimpligtically simulated to adjust the range of
communication and interference.

There are innumerable ways to model traffic densities and environments. Since thisis a
high level study of channel capacity, the initial simulation focuses on simple scenarios
with traffic densities that range from “moderate” to “heavy,” as shown in the following
figures. The actua figures of traffic flow are based on typical statistics collected from
representative major commuting highways for non-rush and rush hours. The actual traffic
trace will be synthetically generated, since only the average flow and vehicle separation
are important for the high level capacity evaluations.

Moderate Traffic Scenario

Heavy Traffic Scenario
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Conceptualy, an obvious evaluation metric in the simulation is channel occupancy.
However, it is not exactly clear how such a figure should be computed. The roadway
environment is large and by definition is not an enclosed system in which everyone can
hear everyone. If two cars far apart can talk at the same time, should this be counted
twice? If so, the channel occupancy could easily exceed 100 percent, given a large
enough area of simulation.

For this reason, the simulator uses other evaluation parameters. In particular, it tracks the
average channel access delay and packet |oss rate.

3.1.3 Power Control Evaluations

Simulation results in channel capacity evaluations are likely to show that naive usage of
the channel will cause problems in congested situation. The next step will be the
evaluation of proposed techniques to resolve the capacity concern in these situations. In
general, power control is expected to be an important approach in any solution. However,
there may be some hidden limitations in this approach.

The general concept for power control is the following:

o If there are many vehicles around, they will move slowly as in a traffic
jam. In this case, scaling back each vehicle's transmission power would
work well since in slowly moving traffic, there is no great need for safety
messages to reach beyond one’'simmediate neighbors.

o If vehicles are moving fast, they should be reasonably far apart. Therefore,
capacity is less of a concern, even if all of them need to transmit at higher
power for the longer ranges.

Problems arise if these two scenarios are merged into one, as shown above. The slow
moving vehicles on one side of the freeway could be working quite well with each other
using low power, whereas the fast moving vehicles on the other side communicate
effectively among themselves at high power. However, if both scenarios coexist as in the
figure, then there is the danger that high-powered transmissions, even though low in
number, could interfere with a disproportionate number of low powered transmissions.

3.2 Simulation Test Results

Initial simulation testing focused on a significant concern for the proper support of
message prioritization. This s critical for the effectiveness of vehicle safety applications,
and especialy so when channel loading is high. Consequently, simulation testing was
conducted to evaluate the DSRC priority mechanism in increasingly stressful
communication contexts.

3.2.1 Simulation Test Setup

The basic configuration assumed for the purpose of the simulation test was ten concentric
roadway lanes (seeillustration below). The innermost lane was set with an inner radius of
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150 meters. This circular configuration was chosen to alow full vehicle motion within
the roadway lanes, without entering and leaving the simulation.

Simulation test runs were conducted with three different vehicle density assumptions.
These vehicle density assumptions were: 20, 30, and 40 meters per car per lane.

The simulation test runs assumed the communication range at three different levels: 50,
100, and 200 meters. This provided a simplified surrogate for power control (see
Section 1.1.3).

In the ssimulation test runs, the packet size was varied. The three packet sizes used were:
100, 200, and 500 Bytes.

The simulation test assumption of transmission frequency was consistent with the
communications requirements expected for many of the identified vehicle safety
applications. 1 message per car per 100 ms.

[llustration of Simulation Test Setup
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3.2.2 Priority Process

For the purpose of this ssimulation testing, the VSC used the Enhanced Distributed
Coordination Function (EDCF) as the priority mechanism for DSRC. The EDCF was
introduced as a part of the IEEE 802.11e Quality of Service standardization effort. EDCF
is designed to prevent collisions between packets in the communications medium. The
process can be described in the following, basic way:

o Listen: each transmitter listens for the channel to becomeidie

e Wait: based on priority, then wait arandom, but again prioritized back-off
time

o Talk: after the wait times expire and if no other transmissions are heard,
the packet is sent

EDCF is designed to specify the random back-off time according to the message priority.
This means that lower-priority messages should have a longer back-off time. By using
this process, high-priority messages should have much better chances to get on the
channel before messages with lower priority. The following results illustrate the potential
benefits to safety applications from such a prioritization mechanism.
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The EDCF priority mechanism is illustrated in the above ssimulation test result. In this
case, there are 530 cars in the simulation with 20 m separation distance per car per lane.
Transmission power is set for a distance of 200 m and packet size is 500 bytes. Out of the
530 cars, one car (blue data points) is given high priority while all others have no priority.
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In another perspective, the same data is shown below. It is very clear in this perspective
that priority for this particular case significantly reduces message transmission delays.
This result has apparent implications for high-priority vehicle safety applications.

Probability of Reception 530cars 200m comm, S00Bpp

Without Erioritu e

With Priority ——
0.8 |
0.6 F
0.4 F
0.2 F

0
] 50 100 150 200 280 200

distance (m)

The final graph above shows the same results, but now depicts broadcast effectiveness. It
specifically shows the percentage of cars at various ranges that successfully receive the
priority and non-priority messages. This simulation test result demonstrates significant
potential impact to safety messaging success rates through the application of a single
protocol mechanism, message prioritization.
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Field Test Scenarios

4 Dynamic Vehicle-to-Vehicle Communications

4.1 Test Scenario

4.1.1 Test Scenario 1-1

Test Scenario

11

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 1. Test Scenario 1-1

Test Comments: In this test, the RSU (GMC Envoy) sends messages (200 bytes) every
100 msec. The receiving vehicle (LeSabre) istraveling at 40 mph in alane adjacent to the
RSU. Both units are constantly in a clear line-of-sight. The communication link was very
reliable sincein al trials of thistest, at the most, only one packet was lost per run.
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Figure 47. Test Number 1-1 Results

Tost Number 1-1 Ambient Weather Conditions: Sumay
Trace File Name: 081403 1 1_l.trace*  Sending Vehicle Model/Make: GMIC Exvoy
Date Collected: August 14,2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Regident With Whom® F. Ahmed-Zaid Antenna Type Used: Stamdard

Operating System Used: Linwx VEC Cheincls Velicls #1 Model/Make: N/A
Software Level Used: V2.3 (8-July-03) VBC Obstacle Vebicle #2 Model/Make: N/A

packets: 337, received packets: 336, lost packets: 1
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4.1.2 Test Scenario 1-2

Test Scenario

1-2

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 2. Test Scenario 1-2

Test Comments: In this test the RSU (GMC Envoy) sends messages (200 bytes) every
100 msec. The receiving vehicle (LeSabre) istraveling at 60 mph in alane adjacent to the
RSU. Both units are constantly in a clear line-of-sight. The communication link was very
reliable sincein al trials of thistest, at the most, only 5 packets were lost per run.
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Figure 48. Test Number 1-2 Results

Test Number 1-2 Ambient Weather Conditions: Summy
Trace File Name: 081403 _1 2_1.trace*  Sending Vehicle Model/Make: GMIC Eavoy
Date Collected: August 14, 2003 Receiving Vehicle Model/Make: Buick LeSabre

Files Resident With Whom: F. Ahmed-Zaid Antenna Type Used: Standard

Operating System Used: Limuwx VEC Chstacie Vehicle #1 Model/Make: N/A
Sofiware Level Used: V2.3 (8-July-03) VBC Obstacle Velicle #2 Model/Make: N/A

packets: 229, received packets: 229, lost packets: 0
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4.1.3 Test Scenario 1-3

Test Scenario

1-3

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 20
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 3. Test Scenario 1-3

Test Comments: In this test the RSU (GMC Envoy) sends messages (400 bytes) every
100 msec. The receiving vehicle (LeSabre) istraveling at 20 mph in alane adjacent to the
RSU. Both units are constantly in a clear line-of-sight. The communication link was very
reliable sincein al trials of thistest, at the most, only 2 packets were lost per run.
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Appendix C

Figure 49. Test Number 1-3 Results

Test Number 1-3 Ambient Weather Conditions: Summy
Trace File Name: 081483 1 3 1trace®  Sending Vehicle Model/Make: GMC Exvoy
Date Collected: August 14, 2003 Receiving Vehicle Moxdel/Make: Buick LeSabre
Files Resident With Whom: K. Abhmed-Zaid Antenna Type Used: Stamdard

Operating System Used: Linwx VSC Obstacie Vekicle #1 Model/Make: N/A
Soflware Lovel Used: V2.3 (8-July-03) VEC Obsiacle Velicle #2 Moxlel/Make: N/A

packets: 426, received packets: 426, lost packets: O
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4.1.4 Test Scenario 1-4

Test Scenario

1-4

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 4. Test Scenario 1-4

Test Comments: In this test, the RSU (GMC Envoy) sends messages (200 bytes) every
100 msec. The receiving vehicle (LeSabre) is traveling at 40 mph, two lanes over from
the RSU. Both units are in a clear line-of-sight except when they are obstructed by a
stopped SUV (GMC Envoy). The communication link was very reliable since no packets

were dropped.
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Files Resident With Whom: F. Ahmed-Zaid

Operating System Used: Limux

Figure 50. Test Number 1-4 Results

Teat Number 1-4 Ambient Weather Conditions: Summy
Trace File Name: 080703_1 4_2.trace®  Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Amgust 7, 2003 Receiving Vehicle Model/Make: Buick LeSabre

Antenna Type Used: Standard

VEC Obstacls Vehicle #1 Model/Make: GMC Envoy

Software Level Used: V2.3 (8-July-03) VEC Obstacle Vehicle #22 Model/Make: N/A
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415 Test Scenario 1-5

Test Scenario

1-5

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour)

var

Distance Between Antennas (meters) var
Lateral Offset to Broadcast Antenna (meters) var
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions Yes
Vehicle Obstructions Sustained
Road Class Arterial
Traffic Conditions High
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 5. Test Scenario 1-5

Test Comments. The outages shown in the illustration are due to traffic, trees, and
buildings that are in the way before and after the vehicle passes the other one on the side
of the road. The road curves dlightly after the vehicle passes, so that the maximum line-
of-sight is shorter in that direction. The moving vehicle was in the lane closest to the

curb.
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Figure 51. Test Number 1-5 Results

Test Number: 1-5 Ambient Weather Conditions: Summy
Trace File Name: tes(1-5 1 072303.4rnce™ Sexling Vehicle Mixiol/Make: BMW Serdes 3
Date Collected: July 237, 2003 Receiving Vehicle Model/Make: VW Passat
Filcs Rosident With Whom: Cha Hee Lee Antenna Typo Uscd: Standard

Operating System Used: Linnx VBC Otsiacls Vakicle #1 Model/Make:N/A
Software Level Used: 2.3 VEC Obsiacls Vskicle #2 Model/Make:N/A

Packets: 646, Received Packets: 504, Lost Packets: 142
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4.1.6 Test Scenario 1-6

Test Scenario

1-6

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 6. Test Scenario 1-6

Test Comments: In this test, the RSU (GMC Envoy) sends messages (400 bytes) every
100 msec. The receiving vehicle (LeSabre) is traveling at 60 mph, two lanes over from
the RSU. Both units are constantly in a clear line-of-sight. The communication link was
very reliable sincein al trials of thistest, at the most, only 4 packets were lost per run.
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Figure 52. Test Number 1-6 Results

Test Number 1-6 Ambient Weather Conditions: Summy
Trace File Name: 081403 1 6 L.trace*  Sending Vehicle Model/Make: GMC Exvoy
Date Collected: Awpust 14, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: F. Ahmed-Zaid Anterma Type Used: Standard
Operating System Used: Linwx VEC Obstacls Vehicls #1 Model/Make: N/A

Software Level Used: V2.3 (8-July-03)  VBC Obsincle Vehicle #2 Model/Make: N/A

packets: 268, received packets: 267, lost packets: 1
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4.1.7 Test Scenario 1-9

Test Scenario

1-9

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 20
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 7. Test Scenario 1-9

Test Comments: In this test, the RSU (GMC Envoy) sends messages (400 bytes) every
100 msec. The receiving vehicle (LeSabre) is traveling at 20 mph, two lanes over from
the RSU. Both units are constantly in a clear line-of-sight. The communication link was
very reliable sincein al trials of thistest, at the most, only 10 packets were lost per run.
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Figure 53. Test Number 1-9 Results

Test Number 1-9 Ambient Weather Conditions: Summy
Trace File Name: 081403 1 9 3.trace*  Sending Vehicle Model/Make: GMC Eavey
Date Collected: August 14, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: F. Ahmed-Zaid Antenna Type Used: Standard
Operating System Used: Limux VEC Ubstacle Vehicle #1 Model/Make: N/A

Sofiware Level Used: V2.3 (8-July-03)  VEC Obamelo Vekiclo #2 Model/Make: N/A
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4.1.8 Test Scenario 1-10

Test Scenario

1-10

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour)

var

Distance Between Antennas (meters)

var

Lateral Offset to Broadcast Antenna (meters)

var

Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Cut-in
Road Class Highway
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 8. Test Scenario 1-10

Test Comments: The receiver started from a distance about 550 meters from the sender.
The sender was at the traffic light. When the receiver approached the RSU, a big truck, in
addition to the SUV used for the test, was in between the receiver and the RSU (sender)
causing packet drops. As the receiver traveled out of the line-of-sight, the RSU started

losing packets (packet number >700).
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Figure 54. Test Number 1-10 Results

Test File: 1-10 Ambient Weather Conditions: Summy
Trace File Name: testl-10_1 080603.trace® Sending Vehicle Model/Make:BMW 330
Date Collected: August 6%, 2003 Receiving Vehicle Model/Make: VW Passat

Files Resident With Whom: Chw-Hee Lee Antenma Type Used:Standard
Operating System Used: Linwx VBC Obsiacle Vebicle #1 Model/Make: BMW X5
Sofiware Level Used: 23 VEC Obsiacle Vehicle #2 Model/Make:N/A

packets: 851, received packets: 618, lost packets: 233
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419 Test Scenario 1-11

Test Scenario

1-11

Relevant Applications

Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 5
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) var
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class

Traffic Conditions N/A
Other Effects Left Turn
Vehicle-Class of Cut-In Vehicle N/A

Table 9. Test Scenario 1-11

Test Comments: All packets were received during this test. The vehicles were within the

line-of-sight for the entire test.
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Figure 55. Test Number 1-11 Results

Test Number: 1-11 Ambient Weather Conditions: Light rain
Trace File Name: testl-11_2 073103.trace* Sending Vehicle Model/Make: VW Passat
Date Collected: July 31%, 2003 Receiving Vehicle Model/Make: BMW Series 3
Files Resident With Whom: Chu Hee Lee Antenna Type Used: Standard

Operating System Used: Linux VBC Obsiacle Vekicle #1 Model/Make: N/A
Software Level Used: 2.3 VBC Obsiacle Vebicle #2 Model/Make: N/A
pagkets: 158, received pagkets: 158, lost packets:' 0
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4.1.10 Test Scenario 1-12

Test Scenario

1-12

Relevant Applications

Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour)

0

Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 10. Test Scenario 1-12

Test Comments: In this test, the OBU (LeSabre) sends messages (300 bytes) every 100
msec. The receiving vehicle (GMC Envoy) is traveling at 60 mph, two lanes over from
the RSU. Both units are constantly in a clear line-of-sight. The communication link was
very reliable sincein al trials of thistest, at the most, only 4 packets were lost per run.
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Figure 56. Test Number 1-12 Results

Tost Numbor 1-12 Ambiont Woathor Conditions: Semmy
Trace Filo Name: 081403 1 12 3.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: August 14,2003 Receiving Vehicle Model/Make: GMC Exvoy
Hiles Resident With Whom: F. Ahmed-Zaid Antenna ‘I'ype Used: Standard

Operating System Used: Linwx VEC Ubstacle Vebicis #1 Model/Make: N/A
Software Level Used: V2.3 (8-July-03) VEC Obstacls Velicls #2 Model/Make: N/A

packets: 220, received packets: 218, lost packets: 2
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4.1.11 Test Scenario 1-13

Test Scenario

1-13

Relevant Applications

Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour)

0

Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 40
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 11. Test Scenario 1-13

Test Comments. There was a clear line-of-sight for the duration of this test between the
sending vehicle and the stationary RSU. One reception outage was observed in the same
location for all three trials (90-100 m away from the RSU), which was proven in Test 1-
20 to be a multipath interference. Overall, 98 percent of the packets (1369 of 1391) sent
during the four trials of the test were successfully received.
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Figure 57. Test Number 1-13 Results

Test Number 1-13 Ambieni Weather Conditions: Summy
Trace Filo Name: 071703_1 13 Ltrace* Sending Vehicle Model/Make: GMC Eavoy
Date Collected: July 17, 2003 Receiving Vehicle Model/Make: Buick LaSabre

Files Resident With Whom: H. Krishaan Antenna Type Used: Standard
Operating System Used Linwx VBC Obstacle Vekicla #1 Model/Make: N/A
Soflware Lovel Used V2.3 (8-July-03) VEC Obstacie Vehicle #2 Model/Make: N/A
packets: 323, received packets: 318, lost packets:
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4.1.12 Test Scenario 1-14

Test Scenario

1-14

Relevant Applications

Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour)

0

Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 20
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 12. Test Scenario 1-14

Test Comments. There was a clear line-of-sight for the duration of this test between the
sending vehicle and the stationary RSU. Two reception outages (1 packet and 2 packets)
were observed (70-80 m away from the RSU), which is explained in Test 1-20 as a

NULL due to multipath interference.
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Figure 58. Test Number 1-14 Results

Test Number 1-14 Ambieni Weather Conditions: Summy
Trace Filo Name: 072403 1 14 3.trace® Sending Vehiclo Modol/Make: Buick LaSabre
Date Collected: July 24, 2003 Receiving Vehicle Model/Make: Buick LaSabre
Files Regident With Whom: H. Krishaan Antenna Type Used: Standard

Operating System Used Linwx 'VEC Obstacle Vekicls #1 Model/Make: N/A
Soflwars Lovel Used: V2.3 (8-July-03) VEC Obsiacle Velicle #2 Model/Make: N/A

packets: 325, received packets: 322, lost packets: 3
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4.1.13 Test Scenario 1-15

Test Scenario

1-15

Relevant Applications

Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour)

0

Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 20

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle Suv

Table 13. Test Scenario 1-15

Test Comments. This test was done in MS Windows. The intercepting vehicle was a
Chevy Suburban SUV. There was no loss of reception due to the SUV interception. No

packets were lost in all trials of thistest.
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Figure 59. Test Number 1-15 Results

Test Number 1-15 Ambient Weather Conditions: Meatly Semay
Trace File Name: 060503 1 15 3.trace Sending Vehicle Model/Make: Bulck Lesabre
Date Collecied: Jume 5%, 2003 Receiving Vehicle Model/Make: Buick Lesabre
TI'iles Resident With Whom: H. Krishans Antenna Type Used: Stundurd
Operating System Used: Windews XP VEC Obeiacls Vekicls #1 Model/Make: Chevy Suburban

Software Level Used: 2.4a beta (27-Feb-03) VBC Obstacle Vebicls #2 Model/Make: N/A

packets: 327, received packets 327, lost packets: 0
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4.1.14 Test Scenario 1-17

Test Scenario

1-17

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 14. Test Scenario 1-17

Test Comments: Perfect line-of-sight for the middle section of the test, on the straight-
away. Road makes sharp bends before and after the straight-away, and there is no

reception beyond those bends.
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Figure 60. Test Number 1-17 Results

Test Number: 1-17 Ambient Weather Conditions: Summy
Trace File Name: test1-17 2 073003.trace™ Sending Vehicle Model/Make: VW Passat
Date Collected: July 302, 2003 Receiving Vehicle Model/Make: BMW Series 3
Files Resident With Whom: Chm Hee Lee Antenna Type Used:Standard

Operating System Used: Linwx VEC Obstacle Vehicle #1 Model/Make:N/A
Software Level Used: 23 VEC Obstacle Vekicle #2 Model/Make:N/A

packets: 361, received packets: 242, lost packets: 119
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4.1.15 Test Scenario 1-18

Test Scenario 1-18

Relevant Applications Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 80

Distance Between Antennas (meters) <300

Lateral Offset to Broadcast Antenna (meters) 4

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 300

Path Obstructions None

Vehicle Obstructions None

Road Class Highway

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle N/A

Table 15. Test Scenario 1-18

Test Comments: Thiswas a 80 mph drive-by test on a country road with no buildings, but
with terrain blockage beyond the range limits of the scenario. Virtually no packet loss
was experienced within the line-of-sight. However, there was essentially total packet loss
when the receiver was blocked by the terrain.
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Figure 61. Test Number 1-18 Results

Test Number 1-18 Ambient Weather Conditions:Summy
Trace File Name: test1-18 1 073003.trace* Sending Vehicle Model/Make: VW Passat
Date Collected: Jauly 30, 2003 Receiving Vehicle Model/Make: BMW Series 3
Files Resident With Whom: Cha-Hee Lee Antenna Type Used:Standard

Operating System Used: Linux VEC Obsiacle Velicle #1 Model/Make:N/A
Software |.evel Used 23 VAC Ohaiacla Vebicle #2 Maodel/Malce: N/A

packets: 264, received packets: 174, lost packets: 90
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4.1.16 Test Scenario 1-19

Test Scenario

1-19

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 30
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Rural
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 16. Test Scenario 1-19

Test Comments: This test considers a receiving vehicle that passes a stationary antenna at
30 mph. There was a clear line-of-sight throughout the duration of this test. Packets were
lost in five of the six trials, and this loss aways took place at the range of ~90m. The
packet loss can be attributed to multipath cancellation that occurred consistently at that
genera range, as demonstrated in Test 1-20. Overall, 98.8 percent of the packets sent
during the test were received (1,772 out of 1,794 packets).
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Figure 62. Test Number 1-19 Results

Test Number 1-19 Ambient Weather Conditions: Summy
Trace Filo Name: 071703_1_19 lirace* Somding Vehicle Model/Make: GMC Envoy
Date Collocted: July 17%, 2003 Receiving Vehicle Model/Make: Buick LeSubre
Files Rosident With Whom: Jim Bawer Antenna Type Used: Stamdard
Operating System Used: Linwx VBC Obsfacle Voicle #1 Model/Make: N/A
Software Level Used: Version 2.3 VBC Ohbsinclo Vohiclo #2 Model/Make: N/A
packets: 247, received packets: 245, lost packets: 2
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4.1.17 Test Scenario 1-20

Test Scenario

1-20

Relevant Applications

Traffic Signal Violation Warning

Curve Speed Warning / Rollover Warning
Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Left-Turn Assistant

Lane Change Warning

Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) <5
Distance Between Antennas (meters) vary
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects Multi-path
Vehicle-Class of Cut-In Vehicle N/A

Table 17. Test Number 1-20

Test Comments: This test was conducted to investigate packet loss that took place at a
range of ~90 m during several other tests. The test consisted of a stationary vehicle and a
vehicle moving slowly over a distance of ~20 m. The loss of packets highlighted in (1)
can be attributed to multipath that occurred consistently at that general range, as shownin
the next slides. There was a clear line-of-sight for the duration of this test.
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Appendix C

Test Number 1-20
Trace File Name: 071703 1 20 1.trace*
Date Collected: July 17%, 2003
Files Resident With Whom: Jim Bawer

Operating System Used: Limux
Sofiware Level Used: Version23
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Figure 63. Test Number 1-20 Results

Ambient Weather Conditions: Summy
Sending Vehicle Model/Make: GMC Envoy
Receiving Vehicle Model/Make: Buick LeSabre

Antenna Type Used: Standard
VEC Obsiacle Vehicle #1 Model/Make: N/A
VBC Obsincle Vekide #2 Model/Make: N/A

Null zone due to multi-path reflections
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4.1.18 Test Scenario 1-21

Test Scenario

1-21

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions Yes
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Hvy
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 18. Test Scenario 1-21

Test Comments: The sender was coming from a curve out of line-of-sight. This explains
the packet drop at the beginning of the test. As the sender approached to the RSU
(receiver), the RSU starts receiving (<375 m) packets until the sender goes out of line-of-

sight again (>425 m).
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Figure 64. Test Number 1-21 Results

Test Number: 1-21 Ambient Weather Conditions: Sumay
Trace File Name: test1-21_1_080803.trace™ Sending Vehicle Model/Make: VW Passat
Date Collected: Awgust 8%, 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom: Chu-Hee Lee Antenna Type Used:Standard
Operating System Used: Limux VEC Obstacle Vekicle #1 Model/Make:N/A
Software Level Used: 2.3 VEC Obstacle Vekicle #2 Model/Make:N/A
packets: 481, received packets: 226, lost packets: 255
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4.1.19 Test Scenario 1-22

Test Scenario

1-22

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 30
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions Yes
Vehicle Obstructions Sustained
Road Class Rural
Traffic Conditions Hvy
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 19. Test Scenario 1-22

Test Comments. Heavy traffic periodically blocked the line-of-sight when the vehicle
was approaching the RSU. After the vehicle passed the RSU, it went over a hill and out

of line-of-sight.
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Figure 65. Test Number 1-2 Results

Test Number: 1-22

I'race Hile Name: testl1-22 2 080603.trace* Sending Vehicle Model/Make: BMW Series 3

Date Collected: August 6%, 2003
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VEC Obsiaclo Vokicl #1 Model/Make: N/A
VEC Obsincle Vekicls #2 Model/Make:N/A
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Anienna Type Used:Standard

]
=]
[w] souesig

[
i} Te+HIU4 2a+jd Se-+Hil4q Je+lU4

Time [ms]
# received packets # lnst packets = accurmulsted received packets  + distance

4-38



4.1.20 Test Scenario 1-23

Test Scenario 1-23

Relevant Applications
Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation
Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 50

Distance Between Antennas (meters) <300

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions None

Road Class Test Track

Traffic Conditions N/A

Other Effects None

Vehicle-Class of Cut-In Vehicle N/A

Table 20. Test Scenario 1-23

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed (while passing underneath a bridge), but no packets were lost.
Overall, 100 percent of the packets sent during the test were received.
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Figure 66. Test Number 1-23 Results

Teat Number 1-23 Ambient Weather Conditions: Sammy
Trace File Name: 072463 1 23 4.trace* Sending Vehicle Model/Make: Buick I eSabre
Date Collected: July 24%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: H, Krishman Antenna Type Used: Standard
Operating System Used: Linux VEC Obatacle Vehicle #1 Model/Make: N/A

Software Level Used: V2.3 (8-July-03) VBC Obsincle Vehicle #2 Model/Make: N/A

packets: 362, received packets: 362, lost packets: 0
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4.1.21 Test Scenario 1-24

Test Scenario

1-24

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 50
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions Cut-out
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 21. Test Scenario 1-24

Test Comments: There was a clear line-of-sight for the duration of this test. One packet
loss outage was observed (perhaps due to multipath), but no significant communication
loss occurred due to the SUV obstruction. Overall, most of the packets sent during the

test were received.
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Appendix C

Files Regident With Whom: H. Krishman

Operating System Used: Limux
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Figure 67. Test Number 1-24 Results

Test Number 1-24 Ambient Weather Conditions: Summy

Trace Filo Name: 091803 1 24 8.trace* Sending Vehicle Modol/Make: Buick LeSabre

Date Collected: Sep 15%, 2003
Antenna Type Used: Standard

VEC Obstacle Vehice #1 Model/Make: GMC Exvoy

Sofiware Level Used: V2.3 (8-July-03) VEC Obstacle Vehicle #2 Model/Make: N/A

packets: 252, received packets: 251, lost packets: 1
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4.1.22 Test Scenario 1-25

Test Scenario

1-25

Relevant Applications

Traffic Signal Violation Warning
Curve Speed Warning / Rollover Warning
Left-Turn Assistant

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 22. Test Scenario 1-25

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
large truck. There was no significant loss of reception due to the large truck interception.
Only one packet was lost in this tridl and all trials of this test showed similar

performance.
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Figure 68. Test Number 1-25 Results

Test Number 1-25 Ambient Weather Conditions: Moafly Sammy
Trace File Name: 060503_1_25 1.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: JumeS™, 2083 Receiving Vehicle Model/Make: Buick T.eSabre
Files Resident With Whom: H. Krishaan Antenna Type Used: Standard
Operating System Used: Windows XP VEC Obsfacle Vekicle #1 Model/Make: Large Track

Software Level Used: 2.4a beta (27-Feb-83) VSC Otmincle Vebicle #2 Model/Make: N/A

packets: 437, received packets: 436, lost packets: 1
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4.1.23 Test Scenario 1-26

Test Scenario

1-26

Relevant Applications

Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour)

0

Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 20

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 23. Test Scenario 1-26

Test Comments. This test was done in MS Windows. The intercepting vehicle was a
large truck. There was significant loss of reception due to the large truck interception
when the sender and receiver were obstructed by the truck.
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Figure 69. Test Number 1-26 Results

Tost Numbor 1-26 Ambiont Woathor Conditions: Mestly Samay
Trace Filo Name: 060503 1 2€ 3.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Hilea Resident With Whom: H. Kriskman Antenna 'T'ype Usect: Standard
Operating System Used: Windeows XP VBSC Obstacls Vehicle #1 Model/Make: Large Truck

Software Lovel Used: 2.4a beta (27-Feb-03) VEC Obstacis Vebicls #2 Model/Make: N/A

packets: 513, received packets: 480, lost packets: 33
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4.1.24 Test Scenario 1-27

Test Scenario

1-27

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) <5

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 24. Test Scenario 1-27

Test Comments: Thistest considers the effect of three side-by-side SUV's parked between
a stationary receiving vehicle and a slowly moving sender vehicle. Obstacle Vehicle #2
blocked the line-of-sight during the test. Overall, 100 percent of the packets sent during
the test were received.
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Figure 70. Test Number 1-27-1 Results

Test Number: 1-27-1 Ambient Weather Conditions: Mosly Sunmy

‘Irace File Name: 082703 2 19_7 SUV.trace®  Sending Vehiclo Model/Make: Teyota Prius

Dato Collected: August 27, 2003 Recaiving Vehiclo Model/Make: Lexus GS300
Files Rosident With: Jim Bawer Antenna Type Used: Standard

. Obstacle Vekicls #1 Model/Make: Teyota Sequoia
Oporating System Used: Limex Obsiacle Vekicls 22 Model/Make: Teyota Sequoin
Softwarc Lovol Uscd: Version 23 Ohatacla Vekicla #3 Model/Make: "T'eyota
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4.1.25 Test Scenario 1-28

Test Scenario

1-28

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) <5
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 25. Test Scenario 1-28

Test Comments: Thistest considers the effect of three side-by-side SUV's parked between
a stationary sending vehicle and a slowly moving receiver vehicle. Obstacle Vehicle #2
blocked the line-of-sight during the test. Overall, 100 percent of the packets sent during

the test were received.
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Appendix C

Test Number:

Trace File Name:
Date Collected:
Files Resident With:

Operating System Used:
Software Level Used:

Figure 71. Test Number 1-28-1 Results

1-28-1 Ambient Weather Conditions: Mostly Sunny
082703_2_19 11 _SUV.traee® Sending Vehicle Model/Make: Toyota Prins
August 27%, 2003 Receiving Vehicle Model/Make: Lexus GS300
Jim Bamer Antenna Type Used: Standard
Obsiacle Vekicle #1 Model/Make: Toyota Sequoia
Linux Obsiacle Vekicle #2 Model/Make: Toyota Sequoln
Version23 Ohbstacle Velicle #8 Model/Make: Toyota

Highlander
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5 Dynamic Vehicle-Vehicle Communication

5.1 Test Scenarios

5.1.1 Test Scenario 2-1

Test Scenario

2-1

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <150
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 26. Test Scenario 2-1

Test Comments. There was a clear line-of-sight for the duration of this test between the
sending vehicle and the receiving vehicle. Two GPS outages were observed as the
vehicles went under a bridge in the test track. There were no lost packetsin all three trials

of the test.
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Figure 72. Test Number 2-1 Results

Test Number 2-1 Ambient Weather Conditions: Summy
Trace File Name: 072408 2 1_3.traes*  Sending Vehicle Model/Make: Buick 1 eSabre
Date Collected: July 24", 2003 Receiving Vehicle Model/Make: Buick LeSabre
Tiles Resident With Whonr H. Krishans Antenna Type Used: Standard
Operating System Used: Linux VEC Obstucls Vekicle #1 Model/Make: N/A

Software Level Used: V2.3 8-July-83) VEC Obsincle Veliicle 2 Model/Make: N/A

packets: 520, received packets: 520, lost packets: 0
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5.1.2 Test Scenario 2-2

Test Scenario

2-2

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <150
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 27. Test Scenario 2-2

Test Comments. There was a clear line-of-sight for the duration of this test between the
sending vehicle and the receiving vehicle. Two GPS outages were observed as the
vehicles went under a bridge in the test track. There were no lost packetsin al threetrials
of the test.
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Appendix C

Teat Number 2-2

Trace Fils Name: 072403 2 2 2.trace*  Sending Vehicls Model/Make: Buick LeSabre

Dats Collected: July 24,2083
Files Resident With Whom: H. Krishaan

Operating System Used: Linwx
Software Level Used: V2.3 (8-Tuly-03)
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Figure 73. Test Number 2-2 Results

Receiving Vehicle Model/Make: Buick LeSabre
Antenna Type Used- Standard

VEC Otstacle Vebicle #1 Model/Make: N/A
VEC Otsiacle Vehicle 22 Model/Make: N/A
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5.1.3 Test Scenario 2-3

Test Scenario

2-3

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <150
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 40
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions Cut-in
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 28. Test Scenario 2-3

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed in the same location for al three trials (while passing underneath a
bridge), but no packets were lost. Overall, 100 percent of the packets sent during the test
were received.
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Figure 74. Test Number 2-3 Results

Test Number 2-3 Ambient Weather Conditions: Cloudy
Trace File Name: 091803 2 3 4.trace*  Semding Vehicle Model/Make: Buick LeSabre
Date Collected: September 18%,2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: S. Temgler Antenna Type Used: Standard

Operating System Used: Limmx VEC Obatacle Vehicle #1 Model/Make: GMC Eavoy
Software Level Used: V2.3 (8-July-03) VBC Obsiacle Vehicle #2 Model/Make: N/A

packets: 544, received packets: 544, lost packets: 0
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5.1.4 Test Scenario 2-4

Test Scenario

2-4

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <15
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Residential
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 29. Test Scenario 2-4

Test Comments: In this test, the RSU (GMC Envoy) sends messages (400 bytes) every
100 msec. Both vehicles are traveling at ~25 mph, unobstructed and < 20 m apart. Both
units are constantly in a clear line-of-sight. The communication link was very reliable
sincein al trials of thistest, no packets were dropped.
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Figure 75. Test Number 2-4 Results

Test Number 2-4 Ambient Weather Conditions: Summy
Trace Filo Name: 081403 2 4 l.trace*  Sending Vehicle Model/Make: GMC Eavoy
Date Collected: Amgust 14, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Hiles Resident With Whom: F. Ahmed-Zaid Antenna 'I'ype Used: Standard

Operating Sysiem Used: Linwx VEC Obstacie Vekicis #1 Model/Make: N/A
Software Lovel Used V2.3 (8-July-83) VBC Otuincls Velicle #2 Modol/Make: N/A
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5.1.5 Test Scenario 2-5

Test Scenario

2-5

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 30. Test Scenario 2-5

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed in the same location for al three trials (while passing underneath a
bridge), but no packets were lost. Overall, 100 percent of the packets sent during the test
were received with both MS Windows and Linux.
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Figure 76. Test Number 2-5 Results

Test Number 2-5 Ambient Weather Conditions: Summy
Trace File Name: 071703 2 5 l1.trace*  Sending Vehicle Model/Make: GMC Enavoy
Date Collected: July 17, 2003 Receiving Vehicle Model/Make: Baick LeSabre
Files Resident With Whomr H. Kriskman Antenna Type Used: Standard
Operating System Usedt Limwx VRC Obstacle Vabicle #1 Model/Make: N/A

Software Level Used V2.3 (i-July-03) VEC Obsiacle Vekicle #2 Model/Make: N/A

packets: 469, received packets: 469, lost packets: 0
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5.1.6 Test Scenario 2-6

Test Scenario

2-6

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 31. Test Scenario 2-6

Test Comments: Basic communication at ~100 m is working pretty well with less than 3
percent packet loss. The packet loss is most likely due to a truck moving in between the

two cars and cutting the line-of-sight.
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Figure 77. Test Number 2-6 Results

Test Number 2-6 Ambient Weather Conditions: Summy
Trace File Name: test2-6-1 070203.trace™ Sending Vehicle Model/Make:sedan
Date Collected: July 2™, 2003 Receiving Vehicle Model/Make:sedan
Files Resident With Whom" Chu-Hee Lee Antenna Type Used:Standard

Operating System Used: Limux VEC Olsincle Velicle #1 Model/Make:N/A
Software Level Used: 2.1 VEC Obsincle Vebicle #2 Model/Make:N/A

packets: 1952, received packets: 1900, lost packets: 52
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5.1.7 Test Scenario 2-8

Test Scenario

2-8

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 32. Test Scenario 2-8

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed in the same location for all four trials (while passing underneath a
bridge), but no packets were lost. Overall, 100 percent of the packets sent during the test
were received.
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Figure 78. Test Number 2-8 Results

Test Number 2-8 Ambient Weather Conditions: Cloudy
Trace FiloName: 091803_2 8 1.trace*  Sending Vehicle Model/Make: Buick LeSabre
Date Collected: September 18%,2083 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: B. Teagler Antenna Type Used: Standard

Operating System Used: Linux VBC Obstacle Vehicle #1 Model/Make: GMC Eavoy
Software Level Used: V2.3 (8-July-03) VEC Obwincle Vehicle #2 Model/Make: N/A

packets: 1257, received packets: 1257, lost packets: 0
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5.1.8 Test Scenario 2-9

Test Scenario

2-9

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 33. Test Scenario 2-9

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed in the same location for all four trials (while passing underneath a
bridge), but no packets were lost. Overall, 100 percent of the packets sent during the test
were received.
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Figure 79. Test Number 2-9 Results

Test Number 2-9 Ambient Weather Conditions: Cloudy
Trace FileName: 091803 2 9 1.trace* Sendi ng Vehicle Model/Make: Buick LaSabre
Date Collected: Septem_be_r _18”‘ o003 Receiving Vehicle Model/Make: Buick LaSabre

Files Resident With Whom: S, Tengler Antenna Type Used:  Standard

Operating System Used:  Linux VSC Obstacle Vehicle #1 Model/Make: GMC Envoy
Software Level Used: V2.3 (8-JU|y-03) VSC Obstacle Vehicle#2 Model/Make: N/A

(NO GRAPH AVAILABLE due to suspected corruption of the GPS files from the test)
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5.1.9 Test Scenario 2-10

Test Scenario

2-10

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 34.Test Scenario 2-10

Test Comments: Some periods of packet loss, but no continuous outages. L osses seemed
to vary due to road curvature and the resulting position of the blocking vehicle relative to

the test vehicles.
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Figure 80. Test Number 2-10 Results

Test Number 2-10 Ambient Weather Conditions: Summy
Trace File Name: test2-10_1_073003.trace* Sending Vehicle Model/Make: VW Passat

Date Collected: July 30%, 2003 Receiving Vehicle Model/Make: BMW Series 3
Files Reaident With Whom: Che-Hee Lee Antenna Type Used: Standard
Operating System Used: Limwx VSC Obstcle Vebicle 21 Model/Make: BMW X5
Software Level Used: 2.3 VBC Obsiacle Vekicle #2 Model/Make: N/A
packets: 2630, received packets: 2455, lost packets: 175
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5.1.10 Test Scenario 2-11

Test Scenario

2-11

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 35. Test Scenario 2-11

Test Comments: Two blocking SUV's caused significant, though not complete, packet
loss, due primarily to relative positions and not overall separation distance. In fact, packet
success seemed better at longer distances, possibly due to reduced field of view blockage
compared to that of atighter packed formation.
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Figure 81. Test Number 2-11 Results

Test Number2-11 Ambient Weather Conditions: Senmy
Trace File Name: test2-11_3 080603.trace* Sending Vehicle Model/Make: BMW Serles 3
Date Collected: August 6, 2003 Receiving Vehicle Model/Make: VW Passat
Files Resident With Whom: Chu-Hee |.co Antenna Type Used:Standard

Operating System Used: Limux VBC Obstacle Vekicle #1 Model/Make: BMW X5
Software Level Used: 2.3 VHC Obstacle Vekicle #2 Model/Make: Mercedes M-class

packets: 1694, received packets: 1326, lost packets: 368
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5.1.11 Test Scenario 2-12

Test Scenario

2-12

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <70
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 40

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 36. Test Scenario 2-12

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
large truck. There were significant losses of reception due to the large truck interception
and all trials of thistest showed similar performance.
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Figure 82. Test Number 2-12 Results

Test Number 2-12 Ambient Weather Conditions: Most@ly Sumny
Trace File Name: 060503 _2 12 2.trace* Sending Vehiclo Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Buick LeSabre

Files Resident With Whom: H. Krishnan Antenna Type Used: Standard

Operating System Used: Windows XP VEC Obefacle Vekicle #1 Model/Make: Large Truck
Software Level Used: 2.4a beta (27-Feb-03) VBC Obstaclo Vekiclo 22 Model/Make: N/A

packets: 957, received packets: 862, lost packets: 95
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5.1.12 Test Scenario 2-13

Test Scenario

2-13

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 37. Test Scenario 2-13

Test Comments. There was a clear line-of-sight for the duration of this test. One GPS
outage was observed in the same location for al three trials (while passing underneath a
bridge), but no packets were lost. Overall, 100 percent of the packets sent during the test
were received.
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Files Resident With Whom: 8. Temgler

Operating System Used: Limmx

Packet [packet number]

Figure 83. Test Number 2-13 Results

Test Number 2-13 Ambient Weather Conditions: Summy
Trace File Name: 072403 2 13 1.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: July 17%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre

Antenna Type Used: Standard

VEC Obsincle Vehicle #1 Model/Make: N/A

Software Level Used: V2.3 (8-July-03) VBC Ohsincle Velicle 22 Model/Make: N/A
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5.1.13 Test Scenario 2-14

Test Scenario

2-14

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 38. Test Scenario 2-14

Test Comments: Brief GPS outage due to overpass. Noticeable, but not complete, packet
loss due to loss of line-of-sight between test vehicles while on opposite sides of hill crest.
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Figure 84. Test Number 2-14 Results

Test Number 2-14 Ambient Weather Conditions: Summy
Trace File Name: test2-14_3 072303 .trace® Serdling Vehicle Model/Make: VW Pamat
Date Collected: July 237, 2003 Receiving Vehicle Model/Make: BMW Serles 3
Files Rewidenl With Whom: Che-Hee Lee Anienna Type Used: Staadard

Operating System Used: Limux 'VBC Obstacle Vekicls #1 Model/Make: N/A
Software Level Used: 2.3 VEC Obetacle Vekicls #2 Model/Make: N/A
Packets: 1371, Received Packets: 1298, Lost Packets: 73
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5.1.14 Test Scenario 2-15

Test Scenario

2-15

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 40
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle Sedan

Table 39. Test Scenario 2-15

Test Comments. GPS outages likely due to many thick overhanging trees. Also went
under an underpass at one point in the first third of the run. The few vehicle-to-vehicle
outages that were observed were due to the blocking vehicle.
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Figure 85. Test Number 2-15 Results

Test Number: 2-15 Ambient Weather Conditions: Sammy
Trace File Name: test2-15_3 072303.trace® Sending Vehicle Model/Make:BMW Serics 3
Date Collected: July 237, 2003 Receiving Vehicle Model/Msake:VW Passat
Files Resident With Whom: Chu Hee Lee Antenna Type Used:Standard

Operating System Used: Linax VEC Obsiacle Vehicle #1 Model/Make:Audi A4 Quattre
Software Level Used: 2.3 VEC Obsiacle Vehicle #2 Model/Make:N/A

Packets: 1432 Received Packets 1383. Lost Packets: 49
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5.1.15 Test Scenario 2-16

Test Scenario

2-16

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 40
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 40. Test Scenario 2-16

Test Comments. GPS outages are likely due to many heavy trees overhanging the road.
The few vehicle-to-vehicle outages that were observed were due to the blocking vehicle.
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Figure 86. Test Number 2-16 Results

Test Number: 2-16 Ambient Weather Conditions: Semmy
Trace File Name: test2-16_2 073003.trace™ Sending Vehicle Model/Make:VW Pamat
Date Collected: July 384, 2003 Receiving Vehicle Model/Make:BMW Series 3
Files Resident With Whom: Chu Hee Lee Anterma Type Used:Standard

Operating System Used: Linax VEC Obsiacle Vehicle #1 Model/Make:BM'W X5
Software Level Used: 2.3 VEC Otsincle Vehicle #2 Model/Make:N/A
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5.1.16 Test Scenario 2-17

Test Scenario

2-17

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 41. Test Scenario 2-17

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
large truck. There were significant losses of reception due to the large truck interception
and all trials of thistest showed similar performance.
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Figure 87. Test Number 2-17 Results

Test Number 2-17 Ambient Weather Conditions: Mos@ly Sumny
Trace Filo Name: 060503 2 17 2.trace” Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5=, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Filos Resident With Whom: H. Krishnam Antenna Type Used: Standard
Operating System Used: Windows XP VEC Obsfacle Vekicle #1 Model/Make: Large Truck

Software Level Used: 2.4a beta (27-Feb-03) VSC Obstaclo Vekiclo 22 Model/Make: N/A

packets: 1435, received packets: 1079, lost packets: 356
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5.1.17 Test Scenario 2-18

Test Scenario

2-18

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 42. Test Scenario 2-18

Test Comments: Significant, but not complete, blockage due to combination of curving

terrain and blocking SUV.
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Figure 88. Test Number 2-18 Results

Test Number 2-18 Ambient Weather Conditions: Summy
Trace File Name: test2-18 2 073003.tracs* Sending Vehicle Modal/Make: VW Passat
Date Collected: July 302, 2003 Receiving Vehicle Model/Make BMW Series 3
Files Resident With Whom: Chu-Hee Lee Antenna Type Used:Standard

Operating System Used: Linwx VEC Otsiacle Velicle #1 Model/Make: BMW X3
Software Level Used: 2.3 VSC Obsiacle Vebicle #2 Model/Make:N/A
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5.1.18 Test Scenario 2-20

Test Scenario

2-20

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 43. Test Scenario 2-20

Test Comments: This test considers a sending vehicle traveling at 30 mph that is slowly
separating from areceiving vehicle moving at 25 mph. There was a clear line-of-sight for
the duration of this test. A GPS outage was observed for all three trials while passing
underneath a bridge, but no packets were lost. One packet was lost in Tria 3 at the range
where multipath interference commonly occurs. Overall, 99.9 percent of the packets
(3410 out of 3411) sent during the test were received.
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Figure 89. Test Number 2-20-3 Results

Test Number 2-20-3 Ambient Weather Conditions: Semmy
Trace File Name: 071703 2 20 3.trace* Sending Vehiclo Model/Make: GMC Eavoy
Date Collected: July 17%, 2003 Receiving Vehicle Model/Make: Baick LeSabre
Files Resident With Whom: Jim Bawer Antenna Type Used: Standard

Operating System Used: Limux VEC Obsincle Vekicle #1 Model/Make: N/A
Software Level Used: Version23 VBC Ohaincle Vekicle 22 Model/Make: N/A

packets: 1149, received packets: 1148, lost packets: 1
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5.1.19 Test Scenario 2-21

Test Scenario

2-21

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 65
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 44. Test Scenario 2-21

Test Comments: Overall, this test was successful, except for an extended outage (no clear
cause) around the middle of the test period.
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Figure 90. Test Number 2-21 Results

Test Number 2-21 Ambient Weather Conditions: Summy
Trace File Name: test2-21-2 070203.trace* Sending Vehicle Model/Make: Sedan

Date Collected: July 2=, 2003 Raceiving Vehicle Model/Make: Sedan
Files Reaident With Whom: Che-Hee Lee Antenna Type Used: Standard
Operating System Uszed: Linux VSC Obstcle Vebicle #1 Model/Make: N/A
Software Level Used: 2.1 VEC Obsiacle Vebicle #2 Model/Make: N/A

packets: 3301, received packets: 2579, lost packets: 722
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5.1.20 Test Scenario 2-22

Test Scenario

2-22

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 75
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 45. Test Scenario 2-22

Test Comments. The chart shows only the pertinent portion of the test period. Although
the overall packet loss for the whole test was over 50 percent, during the pertinent period
shown, the packet loss rate was 1.7 percent.
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Figure 91. Test Number 2-22 Results

Test Number 2-22 Ambient Weather Conditions:Ssmmy
‘I'race Hile Name: test2-22_4 071403.trace™ Sercling Vehicle Model/Make: BMW Series 3
Date Collected: July 14%, 2003 Receiving Vehicle Model/Make: VW Pamsat
Files Resiient With Whom: Chu-Hee Lee Anterma Type Used:-Standard
Operating System Used: Limax VAC Otatacie Vehicie #1 Modol/Make:N/A
Softwarc Levol Used: 2.3 VEC Otsincle Vehicle #2 Modol/Mako:N/A
packet;: 16795, received paclfets: 832, lost packets: 843
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5.1.21 Test Scenario 2-23

Test Scenario

2-23

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 30
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30->0
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 46. Test Scenario 2-23

Test Comments: This test considers a receiving vehicle traveling at 30 mph that passes a
sending vehicle braking from 30 to O mph. There was a clear line-of-sight for the duration
of thistest. All of the packets lost in eight of the nine trials occurred at the ~90m range,
and this loss can be attributed to multipath that occurred consistently at that general
range, as demonstrated in Test 1-20. There were no packets lost at ~90m in Trial 2-23-4
because the vehicles did not reach that separation distance during the course of data
collection. Overall, 99 percent of the packets sent during the test were received (3837 out

of 3876 packets).
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Figure 92. Test Number 2-23 Results

Test Number 2-23 Ambient Weather Conditions: Sunmy
Trace File Name: 071703 2 23 9.trace® Sending Vehicle Model/Make: GMC Eavoy
Date Collected: July 17%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: Jim Bamer Antenna Type Used: Standard
Operating System Used: Limux VEC Obetacle Vebicle #1 Model/Make: N/A
Software Level Used: Version2.3 VEC Obsincle Vekicle #2 Model/Make: N/A
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5.1.22 Test Scenario 2-24

Test Scenario

2-24

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 50
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30->0
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 47. Test Scenario 2-24

Test Comments: Thistest considers areceiving vehicle traveling at 50 mph that overtakes
and passes a sending vehicle braking from 30 to O mph. There was a clear line-of-sight
for the duration of this test. A loss of packets (1) took place at a range of ~90m in the 3
trials. This packet loss can be attributed to multipath that occurred consistently at that
general range, as demonstrated in Test 1-20. Overall, 99 percent of the packets sent
during this test were received (864 out of 873 packets).
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Figure 93. Test Number 2-24-1 Results

Test Number 2-24-1
Traco Filo Name: 072403 2 24 1.trace*
Date Collected: July 24%, 2003
Files Resident With Whom: Jim Bamer

Operating System Used: Limux
Software Level Used: Versiom 2.3

packets: 307, received packets: 304, lost packets: 3

Ambient Weather Conditions: Summy
Sending Vehicle Model/Make: Bulck LeSabre
Receiving Vehicle Model/Make: Buick LeSabre
Antenna Type Used: Standard

VEC Obstacle Vebicle #1 Model/Make: N/A
VEC Obsincle Vebicle #2 Model/Make: N/A
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5.1.23 Test Scenario 2-25

Test Scenario

2-25

Relevant Applications

Pre-Crash Sensing for Co-op Collision
Mitigation

Velocity of Receiving Antenna (miles/hour) 30
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30
Angle Between Vehicle 1 & Vehicle 2 (degrees) 180
Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 48. Test Scenario 2-25

Test Comments. This test considers a sending vehicle traveling at 30 mph as it
approaches and passes a receiving vehicle traveling at the same speed. There was a clear
line-of-sight throughout the duration of this test. Of the four trials that were conducted,
packets were lost only in Trial 1. The loss of packets (1) took place at the range of ~90m
and can be attributed to multipath that commonly occurred at that general range, as
demonstrated in Test 1-20. Overall, 99.6 percent of the packets sent during the test were

received (793 out of 796 packets).
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Figure 94. Test Number 2-25 Results

Test Number 2-25 Ambient Weather Conditions: Summy
Trace File Name: 072403 2 25 l.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: July 24,2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom: Jim Bamer Antenna Type Used: Standard
Operating System Used: Linwx 'VBC Obstacle Vekicle #1 Model/Make: N/A
Software Level Used: Version 23 VSC Obsiacle Velicle 2 Model/Make: N/A
packets: 229, received packets: 226, lost packets: 3
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5.1.24 Test Scenario 2-26

Test Scenario

2-26

Relevant Applications

Pre-Crash Sensing for Co-op Collision
Mitigation

Velocity of Receiving Antenna (miles/hour) 50
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30
Angle Between Vehicle 1 & Vehicle 2 (degrees) 180
Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 49. Test Scenario 2-26

Test Comments. This test considers a receiving vehicle traveling at 50 mph that catches
up to and passes a sending vehicle traveling at 30 mph. There was a clear line-of-sight for
the duration of this test. There were no GPS outages in any of the 4 trials. Overall, 100
percent of the packets sent during the test were received.
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Figure 95. Test Number 2-26 Results

Test Number 2-26 Ambient Weather Conditions: Summy
Trace File Name: 072403 2 26 3.trace* Sending Vehicle Model/Make: Baick I .eSabre
Dato Collected: July 24%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Files Resident With Whom: Jim Bawer Antenna Type Used: Standard
Operating System Used: Limux VEC Obstacle Vehicle #1 Model/Make: N/A
Software Level Used: Version 2.3 VBC Obsincle Vekicls #2 Model/Make: N/A
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5.1.25 Test Scenario 2-27

Test Scenario 2-27

Relevant Applications Pre-Crash Sensing for Co-op Collision
Mitigation

Velocity of Receiving Antenna (miles/hour) 50

Distance Between Antennas (meters) <50

Lateral Offset to Broadcast Antenna (meters) 4

Velocity of Sending Antenna (miles/hour) 50

Angle Between Vehicle 1 & Vehicle 2 (degrees) 180

Update Rate (milliseconds) 50

Transmitter Power Level (%) 100

Packet Size (bytes) 400

Path Obstructions None

Vehicle Obstructions None

Road Class Test Track

Traffic Conditions N/A

Other Effects None

Vehicle-Class of Cut-In Vehicle N/A

Table 50. Test Scenario 2-27

Test Comments. This test considers two vehicles that communicate while approaching
and passing each other at 50 mph. There was a clear line-of-sight for the duration of this
test. There were no GPS outages in any of the 4 trials. Overall, 100 percent of the packets
sent during the test were received.
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Figure 96. Test Number 2-27 Results

Test Number 2-27 Ambient Weather Conditions: Sunmy
Trace File Name: 072403 2 27 4.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: July 24™, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Files Regident With Whomr Jim Bawer Antenna Type Used: Standard
Operating System Used: Limux VEC Chefacks Vohicle #1 Model/Make: N/A
Software Level Used: Version 2.3 VEC Obsincle Velicls #2 Model/Make: N/A
packets: 240, received packets: 240, lost packets: 0
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5.1.26 Test Scenario 2-28

Test Scenario

2-28

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)

Velocity of Receiving Antenna (miles/hour)

50

Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30->0
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 51. Test Scenario 2-28

Test Comments: Thistest considers areceiving vehicle traveling at 50 mph that overtakes
and passes an SUV and a sending vehicle as they brake from 30 to O mph. The line-of-
sight was obstructed by the SUV during the first part of this test, and cleared as the
receiving vehicle passes the SUV. Packets were lost in each of the five trials. The packet
loss (1) took place at various ranges early in the trials and are likely to be due to the
obstructing SUV. Overall, 95 percent of the packets sent during the test were received.
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Figure 97. Test Number 2-28-5 Results

Test Number 2-28-5 Ambient Weather Conditions: Summy
Trace File Name: 080703 2 28 S.tmce* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Amgust 7%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whom Jim Baumer Antenna Type Used: Standard
Operating System Used: Limux VEC Obstnclo Vohicle #1 Model/Make: GMC Eavoy
Software Level Used: Version23 VSC Obstacle Vebicle #2 Model/Make: N/A

packets: 264, received packets: 251, lost packets: 13
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5.1.27 Test Scenario 2-29

Test Scenario

2-29

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 40
Distance Between Antennas (meters) <300
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 52. Test Scenario 2-29

Test Comments. There was a clear line-of-sight for the duration of this test between the
sending vehicle and the receiving vehicle. Two GPS outages were observed as the
vehicles went under a bridge in the test track. There were a few lost packets in all three
trials of the test. The reception outage was observed in the same location for all three
trials (80-90m) which was proven in Test 1-20 to be a multi-path interference.
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Appendix C

Files Resident With Whom: H. Krishaan

Operating System Used: Linux
Software Level Used: V2.3 (8-July-03)  VEC Obstacle Vekiclo #2 Model/Make: N/A
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Figure 98. Test Number 2-29 Results

Test Number 2-29 Ambient Weather Conditions: Summy
Trace File Name: 072403 2 29 l.trace* Sending Vehicle Model/Make: Buick I.eSabre
Date Collected: July 24%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Antenna Type Used: Standard

VEC Chstacle Vehicie #1 Model/Make: N/A

packets: 687, received packets: 683, lost packets: 4
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5.1.28 Test Scenario 2-30

Test Scenario

2-30

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) <150
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 53. Test Scenario 2-30

Test Comments: There was a clear line-of-sight for the duration of this test. Several short
partial outages were observed, and an explanation for the outages was not clear at the
time of the test. Overall, 96 percent of the packets sent during the test were received.
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Figure 99. Test Number 2-30 Results

Teat Number 2-30 Ambient Weather Conditions: Mostfly Sumay
Trace File Name: 051303 01.trace® Sending Vehicle Model/Make: Nissam Altima
Date Colleciod: May 13%, 2003 Receiving Vehiclo Model/Make: Lexus GS300
Filos Rosident With Whom: Jim Bawer Antonna Typo Used: Standard
Operating System Used: Windows XP VBC Obstace Vehicle #1 Model/Make: N/A

Software Level Used: 2.4a beta (27-Feb-03) VSC Obsiacle Vehicle #2 Model/Make: N/A

packets: 2976, received packets: 2859, lost packets: 117
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5.1.29 Test Scenario 2-31

Test Scenario

2-31

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <15
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 54. Test Scenario 2-31

Test Comments. This test considers two vehicles traveling at 25 mph in the same
direction at close proximity. There was a clear line-of-sight throughout the duration of
this test. A GPS outage was observed in the same location for all three trials (while
passing underneath a bridge), but no packets were lost. Overall, 100 percent of the
packets sent during the test were received.
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Figure 100. Test Number 2-31 Results

Test Number 2-31 Ambient Weather Conditions: Sumny
Trace File Name: 072403_2 31 1.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: July 24%, 2003 Receiving Vehicle Model/Make: Bulek LeSabre
Files Regident With Whom: Jim Bamer Antenna Type Used: Standard
Operating System Used: Limwx VBC Obsiacle Vokiclo #1 Model/Make: N/A
Software Lovel Used: Versiom 2.3 VBC Obstacke Vekicke #2 Model/Make: N/A
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5.1.30 Test Scenario 2-32

Test Scenario

2-32

Relevant Applications

Pre-Crash Sensing for Co-op Collision
Mitigation
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 30->0
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 50

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 50
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 55. Test Scenario 2-32

Test Comments: This test considers a sending vehicle traveling at 50 mph that overtakes
and passes areceiving vehicle and an SUV that brake from 30 to O mph. The line-of-sight
was obstructed by the SUV during the first part of this test, and clear after the receiving
vehicle passes the sending vehicle. The 3 lost packets highlighted in (1) of Trial 2 took
place at arange of ~40 and is probably due to the obstructing SUV, although the loss of
packets at that range was not repeated in Trials 1 and 3. There was alost packet in Trial 1
at arange of ~90m. The packet loss at this range happened in other tests and is likely due
to multipath, as shown in Test 1-20. Overall, 99.7 percent of the packets sent during the

test were received.
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Figure 101. Test Number 2-32-2 Results

Test Number 2-32-2 Ambient Weather Conditions: Summy
Trace File Name: 080703 2 32 2.trace® Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Angust 7%, 2003 Receiving Vehicle Model/Make: Bulek LeSabre

Files Resident With Whom: Jim Bawer Antenna Type Used: Standard
Operating System Used: Limux VEC Obstacle Vebicle #1 Model/Make: GMC Eavoy
Software Level Used: Version2.3 VEC Obsiacle Vekicls #2 Model/Make: N/A
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5.1.31 Test Scenario 2-33

Test Scenario

2-33

Relevant Applications

Pre-Crash Sensing for Co-op Collision Mitigation

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) 180
Update Rate (milliseconds) 20
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Test Track
Traffic Conditions N/A
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 56. Test Scenario 2-33

Test Comments: Thistest considers a receiving vehicle traveling at ~25 mph that approaches and

passes a sending vehicle traveling at ~25 mph in the opposite direction. While this test was

essentially conducted before (scenario 2-26), it was repeated in this context at an update rate of

20ms to be consistent with the safety requirements of Task 3. In this particular test, there was a

reasonably clear line-of-sight, however there was a significant amount of clutter in the form of
parked cars and trees along the side of the route. There were no more than a few packets lost in
any of the runs, and they may have merely been due to the roadside clutter.
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Figure 102. Test Number 3-33 Results

Test Mumber 2-33 Armbient Weather Conditions: Light Rain
Trace File Mame: Test 2 33 *.* Sending Wehicle Model/hdalke: Camry
Date Collected: Warch 30, 2004 Eeceiving Vehicle Model/Ifalke: Tanrus
Files Eesident "With %Whotm: Jim McBride Antenna Type Teed: Standard
Ciperating Swstem Tsed: Linux W5 Ohstacle Vehicle #1 MWodel/Take: TNrA
Software Level TTzed: ¥W3.0 — B3 WSC Cbstarle Vehicle #2 IWlodeliblake: /A
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6 Stationary Vehicle Communications

6.1 Test Scenarios

6.1.1 Test Scenario 3-1

Test Scenario 3-1

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 10

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions None

Road Class Parking Lot

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle None

Table 57. Test Scenario 3-1

Test Comments. Two vehicles separated by ~20m. There was a clear line-of-sight and no
packets were lost. Even though the vehicles were standing still, there was a distance
variance of 0.5m (19.65m to 19.15m) in the GPS readings.
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Figure 103. Test Number 3-1 Results

Test Number 3-1 Ambient Weather Conditions: Summy
Trace File Name: test3-1_1 072503.trace* Sending Vehicle Model/Make: VW Pazsat
Date Collected: July 257, 2003 Receiving Vehicle Modsl/Make: BMW 330
Files Resident With Whom: Chw-Hee Lee Antenna Type Used: Standard
Operating System Used: Limwx VEC Obsiacle Vekicle #1 Model/Make: N/A
Software Level Used: 2.3 VEC Obstacle Vebicle #2 Model/Make:N/A
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6.1.2 Test Scenario 3-2

Test Scenario

3-2

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 50
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 58. Test Scenario 3-2

Test Comments. Two vehicles separated by ~46m. There was a clear line-of-sight and no
packets were lost. Even though the vehicles were standing still, there was a distance
variance of 0.8m (46.5m to 45.7m) in the GPS readings.
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Figure 104. Test Number 3-2 Results

Test Number 3-2 Ambient Weather Conditions: Summry
Trace File Name: tesf3-2 2 072503.trace™ Sending Vehicle Model/Make: VW Passat
Date Collected: July 25", 2003 Receiving Vehicle Modol/Make: BMW 330

Filos Resident With Whom: Chw-Tlee Lee

Operating Systom Used: Limux
Software Level Used: 2.3

Antenna Type Used: Standard

VEC Cbsincle Vebicle #1 Modol/Make:N/A
VEC Obsincle Velicle #2 Modol/Make:N/A
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6.1.3 Test Scenario 3-3

Test Scenario

3-3

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 150
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 59. Test Scenario 3-3

Test Comments. Two vehicles separated by ~148m. There was a clear line-of-sight and
no packets were lost. Even though the vehicles were standing still, there was a distance
variance of 1.7m (147.1m to 148.8m) in the GPS readings.
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Figure 105. Test Number 3-3 Results

Test Number 3-3 Ambient Weather Conditions: Summy
Trace File Name: test3-3 2 072503 trace* Sending Vehicle Model/Make: VW Passat
Date Collected: July 257, 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom: Chw-Hee Lee Antenna Type Used:Standard
Operating System Used: Linux VBC Obstacle Vehicle #1 Model/Make: N/A
Software Level Used: 2.3 VBC Obstacle Vebicle #2 Model/Make: N/A
packets: 273, received packets: 273, lost packets: 0
1 e
250 - cl
- - 148.5
gzao -
¢
= !
150 cebe b 148
of DL
2
gmﬂ -1 i
o .
P47
5 5500 1e+lﬂD-1 1.59[!-004 zeioaa 2 591004 39+rCIDri 3.591004
Time [ms]
# received packels # lost packets - accurulsted received packets  + distance

[w] =ouelsIq

6-6



6.1.4 Test Scenario 3-4

Test Scenario 3-4

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 200

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions None

Road Class Parking Lot

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle None

Table 60. Test Scenario 3-4

Test Comments: In this test, the RSU (GMC Envoy) sends messages (200 bytes) every
100 msec. Both vehicles are stationary and about 200 m apart. Both units are constantly
in aclear line-of-sight. The communication link was very reliable sincein al trials of this
test, no packets were dropped.
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Figure 106. Test Number 3-4 Results

Test Number 3-4 Ambient Weather Conditions: Sunmy
Trace File Name: 081403 3 4 2.trace*  Sending Vehicle Model/Make: GMC Eavoy
Date Collected: August 14, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Resident With Whonr F. Akmed-Zaid Antenna Type Used: Stundard

Operating System Used Linux VEC Obstucls Velicle #1 Model/Make: N/A
Software Level Used: V2.3 (8-July-83) VEC Obsiacle Vekicle #2 Model/Make: N/A
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6.1.5 Test Scenario 3-5

Test Scenario

3-5

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 250
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 61. Test Scenario 3-5

Test Comments. Two vehicles separated by ~210m. There was a clear line-of-sight and
no packets were lost. One of the vehicles moved twice during the test and it’s shown in

the plot.
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Figure 107. Test Number 3-5 Results

Test Number: 3-5 Ambient Weather Conditions: Summy
Trace File Name: test3-5 1 072803 trace* Semnding Vehicle Model/Make: VW Passat
Date Collected: July 28", 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom: Chw-Hee Lee Antenna Type Used-Standard
Operating System Used: Linmx VEC Obsiacle Vehicle #1 Model/Make:N/A
Software Level Used: 23 VBC Obsiacle Vebicle #2 Model/Make:N/A
packets: 320, received packets: 320, lost packets: 0
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6.1.6 Test Scenario 3-6

Test Scenario

3-6

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 300
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 62. Test Scenario 3-6

Test Comments: There wasn't a clear line-of-sight at the beginning (~350m) and it
caused some packet loss. Once the vehicles were in line-of-sight (~300m) no packets

were lost.
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Figure 108. Test Number 3-6 Results

Test Number: 3-6 Ambient Weather Condiitions: Summy
Trace Filo Name: test3-6 1 072803 trace™ Sending Vehicle Model/Make: VW Passat
Date Collected: July 28, 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom: Chu-Hee Lee Antenna Type Used: Stamdard
Operating System Used: Linux VEC Obatacie Vekicle #1 Model/Make:N/A
Software Level Used: 2.3 VEC Obstacle Vekicle #2 Model/Make: N/A
packets: 759, received packets: 6835, lost packets: 74
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6.1.7 Test Scenario 3-7

Test Scenario 3-7
Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant
Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 10
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 50
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle None

Table 63. Test Scenario 3-7

Test Comments. Two vehicles separated by ~10m. There was a clear line-of-sight and no
packets were lost. Even though the vehicles were standing still, there was a distance
variance of ~2m. The sender used half power (50mW) and the average RSSI shown in the
trace file but not in the graph was 34/60.
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Appendix C

Figure 109. Test Number 3-7 Results

Test Number: 3-7 Ambient Weather Conditions: Sammy
Trace File Name: test 3-7 1 _2003-08-20.* Sending Vehicle Model/Make: VW Passat W3
Date Collected: August 202, 2003 Receiving Vehicle Model/Make: VW Passat
Files Resident With Whom: Chw-Hee Lee Antenna Type Used: Stamdard

Operating System Used: Linux VBC Obatacle Vekicle #1 Model/Make: N/A
Software Level Used: 2.5 VSC Obstiacle Vebicle #2 Model/Make: N/A

Packets: 1000, Received Packets: 1000, Lost Packets: O
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6.1.8 Test Scenario 3-8

Test Scenario 3-8

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 100

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 50

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions None

Road Class Parking Lot

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle None

Table 64. Test Scenario 3-8

Test Comments. Two vehicles separated by ~100m. There was a clear line-of-sight and
11 packets got lost. Typically there is no packet loss in the setting with full transmission
power (please refer to test 3-3 for comparison). Even though the vehicles were standing
still, there was a distance variance of ~3m. The sender used half power (50mW) to
transmit and the average RSSI shown in the trace file but not in the graph was 9/60.
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Figure 110. Test Number 3-8 Results

Test Number: 3-8 Ambient Weather Conditions: Summy
Trace File Name: test 3-8 1 2003-08-20.* Sending Vehicle Model/Make: VW Passat W3
Dats Collected: August 202, 2003 Receiving Vehicle Model/Make: VW Passat
Files Resident With Whom: Chw-Hee Lee Antenna Type Used: Standard

Operating System Used: Linux VEC Obatacle Vekicle #1 Model/Make: N/A
Software Level Used: 2.5 VEC Obsiacle Vebicle #2 Model/Make: N/A

Packets: 1000, Received Packets: 989, Lost Packets: 11
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6.1.9 Test Scenario 3-9

Test Scenario

3-9

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 10
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Parking Lot
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SuvV

Table 65. Test Scenario 3-9

Test Comments: Sending and receiving vehicles were separated by ~10m. A blocking
vehicle (an SUV) was in between but no packets were lost during the test. The distance
based on GPS data fluctuated from ~9m to ~10m.
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Figure 111. Test Number 3-9 Results

Test Number: 3-9 Ambient Weather Conditions: Summy
Trace File Name: test3-9 1 072803 trace* Sending Vehicle Model/Make: VW Passat
Date Collected: July 28", 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom: Chw-Hee Lee Antenna Type Used-Standard

Operating System Used: Linmx VSC Obsiacle Vekicle #1 Model/Make: Jeep SUV
Software Level Used: 2.3 VBC Obsiacle Vehicle 2 Model/Make:N/A

packets: 453, received packets: 453, lost packets: 0
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6.1.10 Test Scenario 3-10

Test Scenario 3-10

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 100

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Parking Lot

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle SuvV

Table 66. Test Scenario 3-10

Test Comments: Sending and receiving vehicles were separated by ~76m. A blocking
vehicle (an SUV) was in between but no packets were lost during the test. The distance
based on GPS data fluctuated from ~74m to ~77m.
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Figure 112. Test Number 3-10 Results

Test Number: 3-10 Ambient Weather Conditions: Summy
Trace File Name: test3-10_1_072803.trace* Sending Vehicle Model/Make: VW Passat
Date Collected: July 28, 2003 Receiving Vehicle Model/Make: BMW 330
Files Resident With Whom® Chu-Hee Lee Antenna Type Used:Standard

Operating System Used: Linux VEC Obsiacle Vehicle #1 Model/Make: Jeep SUV
Software Level Used: 2.3 VEC Otatncle Vehicle #2 Model/Make:N/A

packets: 235, received packets: 235, lost packets: 0
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6.1.11 Test Scenario 3-11

Test Scenario 3-11

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 10

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Test Track

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle SuvV

Table 67. Test Scenario 3-11

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Chevy Suburban SUV. There was no loss of reception due to the SUV interception. No
packets were lost in all trials of this test.
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Figure 113. Test Number 3-11 Results

Test Number 3-11 Ambient Weather Conditions: Mestly Sumny
Trace Filo Name: 060503 3 11 2.trace* Sending Vehicle Model/Make: Bulck |.eNahre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Filos Residlent With Whom: H. Krishean Anienna Type Usd: Standard
Operating System Used: Windews XP VEC Obetacie Vekicle #1 Model/Make: Chevy Suburban

Software Level Used: 2.4a beta (27-Feb-03) VEC Obstacle Vekicks #2 Model/Make: N/A

packets: 1798, received packets: 1798, lost packets: 0
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6.1.12 Test Scenario 3-12

Test Scenario

3-12

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 40
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 68. Test Scenario 3-12

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Large Truck. There were frequent losses of reception due to the large truck interception.
The packet loss of less than 10 percent was found in al trials of thistest.
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Figure 114. Test Number 3-12 Results

Tost Numbor 3-12 Ambicnt Woathor Conditions: Mesly Sammy
Trace Filo Name: 060503 3 12 4.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Hilea Resident With Whom: H. Kriskman Antenna 'T'ype Usect: Standard
Operating System Used: Windeows XP VBSC Obstacls Vehicle #1 Model/Make: Large Truck

Software Lovel Used: 2.4a beta (27-Feb-03) VEC Obstacis Vebicls #2 Model/Make: N/A

packets: 1798, received packets: 1675, lost packets: 123
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6.1.13 Test Scenario 3-13

Test Scenario 3-13

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 0

Lateral Offset to Broadcast Antenna (meters) 8

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Test Track

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle SuvV

Table 69. Test Scenario 3-13

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Chevy Suburban SUV. There was no loss of reception due to the SUV interception. No
packets were lost in all trials of this test.
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Figure 115. Test Number 3-13 Results

Test Number 3-13 Ambient Weather Conditions: Mestly Sumay
Traco Iilo Name: 060503 3 13 1.truce* Sonding Vehicle Model/Make: Bulck LeSabre
Dato Colloctod: Jume 5%, 2003 Rocciving Vohiclo Modol/Mako: Buick LeSabre
Files Reaident With Whom: H. Krishman Antenna Type Used: Standard
Operating System Used: Windows XP VRC Ghstacls Valicla #1 Model/Make: Chevy Suburban

Software Level Used: 2.4a beta (27-Feb-03) VEC Obsiacls Vehicls #2 Model/Make: N/A

packets: 1798, recewed packets 1798, lost packets: 0
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6.1.14 Test Scenario 3-14

Test Scenario 3-14

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 0

Lateral Offset to Broadcast Antenna (meters) 8

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Test Track

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle Truck

Table 70. Test Scenario 3-14

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Large Truck. There was no loss of reception due to the large truck interception. The
phenomenon of no packet |oss was found in several trials of thistest.
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Figure 116. Test Number 3-14 Results

Tost Numbor 3-14 Ambiont Woathor Conditions: Mestly Samay
Trace Filo Name: 060503 3 14 2.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Hilea Resident With Whom: H. Kriskman Antenna 'T'ype Usect: Standard
Operating System Used: Windeows XP VBSC Obstacls Vehicle #1 Model/Make: Large Truck

Software Lovel Used: 2.4a beta (27-Feb-03) VEC Obstacis Vebicls #2 Model/Make: N/A

packets 1798, received packets: 1798, lost packets: 0
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6.1.15 Test Scenario 3-15

Test Scenario 3-15

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) 100

Lateral Offset to Broadcast Antenna (meters) 0

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 200

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Test Track

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle SuvV

Table 71. Test Scenario 3-15

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Chevy Suburban SUV. There was significant loss of reception due to the SUV
interception. The most significant packet loss was observed when the SUV was close to
the front vehicle (receiver).
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Figure 117. Test Number 3-15 Results

Test Number 3-15 Ambient Weather Conditions: Mostly Sunny
Trace Filo Name: 660503 3_15 1_trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: June 5%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Regident With Whom® H. Krishnam Antenna Type Used: Standard
Operating System Used: Windows XP VEC Obstacle Vekicle #1 Model/Make: Chevy Suburban

Software Level Used: 2.4a beta (27-Feb-03) VBC Obstacke Vehicle 12 Model/Make: N/A

packets 1798, received packets 1264, lost packets 334
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6.1.16 Test Scenario 3-16

Test Scenario

3-16

Relevant Applications

Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 0
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Test Track
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle Truck

Table 72. Test Scenario 3-16

Test Comments: This test was done in MS Windows. The intercepting vehicle was a
Large Truck. There were very few packets that were received and the loss of reception
due to the large truck interception was severe. The phenomenon of increased packet loss
was found in al trials of this test and particularly when the truck was close to the front

vehicle (receiver).
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Figure 118. Test Number 3-16 Results

Tost Numbor 3-16 Ambicnt Woathor Conditions: Mesly Sammy
Trace Filo Name: 060503 3 1€ 1.trace* Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Hilea Resident With Whom: H. Kriskman Antenna 'T'ype Usect: Standard
Operating System Used: Windeows XP VBSC Obstacls Vehicle #1 Model/Make: Large Truck

Software Lovel Used: 2.4a beta (27-Feb-03) VEC Obstacis Vebicls #2 Model/Make: N/A

packets: 1798, recewed packets 45, lost packets: 1753
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6.1.17 Test Scenario 3-17

Test Scenario 3-17

Relevant Applications Traffic Signal Violation Warning
Left-Turn Assistant
Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0

Distance Between Antennas (meters) <100

Lateral Offset to Broadcast Antenna (meters) 8

Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100

Transmitter Power Level (%) 100

Packet Size (bytes) 400

Path Obstructions None

Vehicle Obstructions Sustained

Road Class Test Track

Traffic Conditions Light

Other Effects None

Vehicle-Class of Cut-In Vehicle Suv

Table 73. Test Scenario 3-17

Test Comments: This test considers the effect of three side-by-side SUV s parked between
a stationary sending and receiving vehicle. In Tria 1, the sender and receiver vehicles
were positioned ~25m apart, and the obstacle vehicle was separated from the sender
vehicle in the dyl direction by ~5m. The line-of-sight was obstructed by Obstacle
Vehicle #2. Overall, 100 percent of the packets sent during the test were received. Tests
1-27 and 1-28 were run to check this vehicle configuration under dynamic conditions.
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Figure 73. Test Number 3-17-1 Results

Test Number: 3-17-1 Ambient Weather Conditions: Mos@ly Sunmy

Trace File Name: 82703 2 19 1 SUV.trace* Sending Vehicle Model/Make: Toyota Prins

Date Collected: August 27%, 2003 Receiving Vehicle Model/Make: Lexus GS300
Files Resident With: Jim Bamer Antenna Type Used: Standard

. Obstacie Vekicle #1 Model/Make: Toyota Sequola
Operating System Used: Limux Obsincie Vekicke #£2 Model/Make: Toyota Sequoia
Software Level Used: Versiom 23 Obstacla Vekicle #3 Model/Make: Toyota
Highlander
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6.2 Multiple Senders Communications

6.2.1 Test Scenario 4-1

Test Scenario

4-1

Relevant Applications

Emergency Electronic Brake Light

Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) 50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 30
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 74. Test Scenario 4-1

Test Comments. Offset used for the graph is 20 (packets), 200 (distance), and 200
(RSSI). The test was done on arterial road with light traffic. The sending vehicles were
moving approximately 40 mph and the receiver at 30 mph. The frequency used for this
test was at 5.8GHz. There was no blocking vehicle between the 2 senders. However,
there were some vehicles on the road blocking the receiver from the sender causing
packet drops. The top number of packets, distance and RSSI correspond to sender 1.
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Figure 119. Test Number 4-1 Results

Test Mumber 4-1

Trace File Mame:
Drate Collected:
Files Eesident "With "Whom:

Operating System Tsed:
Software Lewel TTsed:

Receiver 1001, Sender 1, Sender 2, Packets: 1000, Received Packets: 827, Lost Packets: 73

test 4 1 8 2 *.*

MMarch 26, 2004
C.Lee

Linux
v3.0.4

Armbient Weather Conditions:
Sending Vehicle IModelitdake:
Feceiving Wehicle Modelitlake:
Antenna Type Tsed:

WSC Ohstacle Wehicle #1 IModel/bdake:
VS Ohstacle Vehicle #2 Modelihlake:

Cloudy
EMMW 330, VW Passat
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6.2.2 Test Scenario 4-2

Test Scenario

4-2

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 65
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 75. Test Scenario 4-2

Test Comments. Receiver constant speed of about 60mph, Senders slow pass at 65 mph,
one-lane offset, up to and over 100m between the front sender (sender 1) and the
receiver, 5.8 GHz, 100 percent power, nominal 600 packet duration. Occasionally, non-
test vehicles entered the test pattern and blocked some packets. Offset values used for the
plot: O (packets), O (distance), and 0 (RSSI).
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Figure 120. Test Number 4-2 Results

Test Mumber 4-2 Ambient Weather Conditions: Sunny
Trace File IMame: test_ 4-2 2 *.* Sending Vehicle WModel/tdalce : BRMW 330, VW Passat

Date Collected: Warch 224, 2004 Eeceiving Vehicle Model/Ifake: Chrysler Pacifica
Files Eesident "With Whom: Gordon Peredo Antenna Type Tsed: Standard

W52 Ohstacle Yehicle #1 Modelilalee TN/A

Operating Swystem Tsed: Linux
VS Obstacle Vehicle #2 Ifodelitialce TN/A

Software Lewel Uzed: v3.0.4

Receiver 1, Sender 1, Sender 2, Packets: 1200, Aeceived Packets: 1031, Lost Packets: 169
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6.2.3 Test Scenario 4-3

Test Scenario

4-3

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 65
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions None
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 76. Test Scenario 4-3

Test Comments. The test was conducted at highway speeds varying from the prescribed
60/65 mph to 75 mph with occasional obstacle vehicles outside the intended test vehicles.
Overall, 96 percent of the packets sent during the test were received. The mgority of the
lost of packets (encircled by 1) was caused by an obstacle 18-wheeler in close proximity
(under 25m). Offset values used for the plot was 200 (packets), 50 (distance), and 500
(RSSI). The sinusoidal nature of the distance curves during the middle of the test graph
represents multiple repetitions of test 4-3 (the senders pass the receiver going
approximately 5mph faster). Thistest was conducted at 5.32GHz.
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Tezt Mumber

Trace File IMame:

Date Collected:

Filez Eesident "With Whom:

Cperating System Tsed:
Software Lewel TTzed:

Receiver 1001, Sender 1, Sender 2, Packets: 8087, Received Packets: 7782, Lost Packels:

------------------------------------------------------------------------------------------------------------------------------------------------------

Packet, [packet number]
i 8

E

Figure 121.

4-3 and 4-5

test 4 3 2 * =
MIarch 2™, 2004
Steve Tengler

Linux

v3.0.B2 (27 -Feb-04)

Test Number 4-3 Results

Ambient Weather Conditions:
Sending VWehicle MModeltdale:

Eeceiving Wehicle Model/Tlake:

Antenna Type Tzed:

V5C Chstacle Vehicle #1 IModel/Make
V5C Chstacle Vehicle #2 IModel/Idake
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6.2.4 Test Scenario 4-4

Test Scenario

4-4

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV/sedan

Table 77. Test Scenario 4-4

Test Comments. The test was conducted at arterial speeds close to 25 mph. The tight
formation maintained a distance less than 20 m between Senderl and Receiver, and
Sender2 was one lane to the left of the Receiver. Two obstructing vehicles were sustained
during the test. Overall, over 99 percent of the packets sent during al three trials of the
test were received. The obstructing vehicles did not cause any significant loss of
reception from Senderl. The Sender 2 values are offset from the Sender 1 values by 200
packets, 50 meters, and 500 RSSI. This test was conducted at 5.32GHz.
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Appendix C

Test Mumber

Trace File IMame:

Diate Collected:

Files Eesident "With "Whom:

Ciperating System Tsed:
Software Level TTsed:

Receiver 1001, Sender 1. Sender 2, Packets: 1158, Recelved Packets: 1158, Lost Packers: 0

Figure 122.
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Mdarch 2™, 2004
H. Erishnan

Linux
v3.0-B3
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Test Number 4-4 Results

Ambient Weather Conditions:
Sending Yehicle IModel/Tdake:
Eeceiving Vehicle IModel/hiake:
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6.2.5 Test Scenario 4-5

Test Scenario

4-5

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 60

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV/Sedan

Table 78. Test Scenario 3-14

Test Comments. The test was conducted at highway speeds varying from the prescribed
60/65 mph to 75 mph with occasional obstacle vehicles outside the intended test vehicles.
Overall, 96 percent of the packets sent during the test were received. The mgority of the
lost of packets (encircled by 1) was caused by an obstacle 18-wheeler in close proximity
(under 25m). Offset values used for the plot was 200 (packets), 50 (distance), and 500
(RSSI). The ends of the graph demonstrate repetitions of test 4-5. This test was conducted

at 5.32GHz.

Appendix C

6-43



Figure 123. Test number 4-5 Results

Test Mlumber 4-3 and 4-5 Ambient "Weather Conditions: MMostly Sunny
Trace File IName: test 4 3 2 ** sending Wehicle ModelMdalce: M4S & Camry
Drate Collected: Narch 2md, 2004 Eeceiving Vehicle Model/Mlalke: Leaxuns GS300
Files Resident "With Whoem: Steve Tengler Antenna Type TTsed: Standard
Operating System Tsed: Linux V5C Chstacle Vehicle #1 ModelfMfalce: Infinit Q45

Software Lewel Uzed: v3.0-B2 (27-Feh-04) V3C Ohstacle Vehicle #2 Ilodel/Mlalce: Ford Explorer

Receiver 1001, Sender 1, Sender 2, Packets: 8087, Received Packets: 7792, Lost Packets: 235
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6.2.6 Test Scenario 4-6

Test Scenario

4-6

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 25
Distance Between Antennas (meters) <20
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0

Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400

Path Obstructions None
Vehicle Obstructions Sustained
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV/Sedan

Table 79. Test Scenario 4-6

Test Comments. The test was conducted at arterial speeds close to 25 mph with
occasional obstacle vehicles outside the intended test vehicles. The Sender 2 values are
offset from the Sender 1 values by 200 packets, 50 meters, and 500 RSSI. Overall, over
99 percent of the packets sent during the test were received. No more than one packet
was lost out of the thousand packets that were sent during each of the three trials. This

test was conducted at 5.32GHz.
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Appendix C

Figure 124. Test Number 4-6 Results

Test Mumber 4-6
Trace File IMame: test 4 6 5 **
Diate Collected: Mlarch 2™, 2004

Files Eesident "With "Whom: Jim Bauer

Packet [packet number]

Ciperating System Tsed: Linux
Software Lewel TTzed: +3.0-B3

Ambient Weather Conditions:
Sending Vehicle MModelihlalkce:
Eeceiving YWehicle MModel/Ivlake:
Antenna Type Tsed:

VS Obstacle Vehicle # Model/Tvlalkce:
V5 Ohstacle Vehicle #2 MWodel/hlake:

BTostly Sunny
BI4S & (45
Buick LeSahre
Standard

Ford Explorer
Toyota Camry

Recebeer 1001, Sender 1, Sender 2, Packets: 1028, Recelved Packets: 1027, Lost Packets: 1
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—resi D = 2

6-46



6.2.7 Test Scenario 4-7

Test Scenario

4-7

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV

Table 80. Test Scenario 4-7

Test Comments. Test conditions. constant speed of about 60mph, one lane offset,
approximately 100m between the front sender (sender 1) and the receiver, 5.8 GHz, 100
percent power, nominal 1000 packet duration. Traffic surrounding the vehicles was
moderate. Almost all packets from sender 2 were received, but many packets from sender

1 werelost.
Offsets:;

50 packets (on left y-axis); sender 1 packets on top in the diagram

200 meters (on right y-axis); sender 1 distance on top in the diagram
0 RSSI; 0 to 1000 packets corresponds to 0 to 60 RSSI; sender 2 RSSI on top in the

diagram
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Figure 125. Test Number 4-7 Results

Test Mumber 4-7 Ambient Weather Conditions: Sunny
Trace File IMName: test_d4_7_3_** sending Wehicle Idodel/Bdalce: BRW 330, VW Passat
Date Collected: Darch 22, 2004 Feceiving Vehicle IModel/Malke: Chrysler Pacifica
Files Eesident "With Whom: E. Clark Antenna Type TTzed: Standard
Operating Swystem Used: Linux VS5O Chstacle Vehicle # Model/Make: VW Touareg
Software Level Tzed: v3.0.4 V5C Ohstacle Vehicle #2 Mo del/Iale: BWVIW X3
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6.2.8 Test Scenario 4-8

Test Scenario

4-8

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 60
Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV

Table 81. Test Scenario 4-8

Test Comments. Test conditions. constant speed of about 60mph, two-lane offset,
approximately 100m between the front sender (sender 1) and the receiver, 5.8 GHz, 100
percent power, nominal 1000 packet duration. Virtually all packets from sender 2 were
received, but many packets from sender 1 were lost. Additional (blocking) vehicles
occasionally passed between the two lanes of test vehicles.

Offsets:;

0 packets (on left y-axis); sender 2 on top in the diagram

0 meters (on right y-axis); sender 1 on top in the diagram
0 RSSI; 0 to 1000 packets corresponds to 0 to 60 RSSI; sender 2 RSSI on top in the

diagram
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Figure 126. Test Number 4-8 Results

Test Number 2-11 Ambient Weather Conditions:Sumwy
Trace File Name: test2-11_3 080603 .trace* Sending Vehicle Model/Maks:BMW Series 3
Date Collected: Angust 6™, 2003 Receiving Vehicle Madel/Make: VW Pamat
Files Resident With Whom: Chu-Hee Lee Antenna Type Used:Standard

Operaling Syslem Used: Limax VEC Obstacie Vehicle #1 Modol/Make: BMW X5
Software Level Used: 2.3 VEC Otetacle Vehicle #2 Model/Make:Mercedes M-class
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6.2.9 Test Scenario 4-9

Test Scenario

4-9

Relevant Applications

Emergency Electronic Brake Light
Pre-Crash Sensing for Co-op Collision
Mitigation

Co-op Forward Collision Warning (FCW)
Lane Change Warning

Velocity of Receiving Antenna (miles/hour) 60
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 8
Velocity of Sending Antenna (miles/hour) 0

Angle Between Vehicle 1 & Vehicle 2 (degrees) 0
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 400
Path Obstructions None
Vehicle Obstructions Sustained
Road Class Highway
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle SUV

Table 82. Test Scenario 4-9

Test Comments. Receiver constant speed of about 60mph, Senders slow pass at 65 mph,
two-lane offset, up to and over 100m between the front sender (sender 1) and the
receiver, 5.8 GHz, 100 percent power, nominal 600 packet duration. Severe packet loss
due to large truck passing between test vehicles and blocking senders' line-of-sight to
receiver. Occasiona line-of-sight blockage by obstructing SUV's. Offset values used for
the plot was O (packets), O (distance), and 0 (RSSI).
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Figure 127. Test Number 4-9 Results

Test Number 2-12 Ambient Weather Conditions: Mostly Summy
Trace File Name: 060503 2 12 2.trace® Sending Vehicle Model/Make: Buick LeSabre
Date Collected: Jume 5%, 2003 Receiving Vehicle Model/Make: Bulck LeSabre
Files Resident With Whom: H. Krishman Antenna Type Used: Standard
Operating System Used: Windows XP VEC Obstacle Vehicle #1 Model/Make: Large Truck

Software Level Used: 2.4a beta (27-Feb-03) VSC Obsiacle Velicle #2 Model/Make: N/A

packets: 957, received packets: 862, lost packets: 95
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6.2.10 Test Scenario 4-10

Test Scenario

4-10

Relevant Applications

Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 83. Test Scenario 4-10

Test Comments: This test was conducted at 5.32GHz. This test was conducted on an
arterial road at speeds close to 25 mph. The distance between (stationary) Sender 1 and
the Receiver was ~10m. The test demonstrates that having 2 senders in an intersection-
type scenario has no adverse effect on packet reception. (Note that the data curves are
offset for clarity, with a shift of 200 packets, 50 meters, and 500 RSSI units between
each.) Sender 1 began transmission significantly prior to Sender 2 so that the receiver
could verify packet reception. Only a few packets were lost during any of the multiple
runs for this scenario; primarily near the endpoints where Sender 2 was often out of sight.
A couple additional packets were lost during the actual drive-by portion, but it should be
further noted that there was significant roadside clutter in the form of trees and parked
cars, which may have partially contributed to this.
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Figure 128. Test Number 4-10 Results

Test Number 2-13 Ambient Weather Conditicns: Summy
Trace File Name: 072403 2 13 1.trace* Sending Vehicle Model/Make: Bulck LeSabre
Date Collected: July 17%, 2003 Receiving Vehicle Model/Make: Buick LeSabre
Files Rosident With Whom: B. Temgler Antenna Type Used: Standard
Operating System Used: Linux VEC Obsiacle Velicle #1 Model/Make: N/A

Software Level Used: V2.3 (8-July-03) VBC Obsiacle Vebicle #2 Model/Make: N/A

packets. 1065 received packets 1065, lost packets: 0

200 —=d-m mm e e e R ERERteRE LR Boono o b 60
4 Wentmderbndge .
qggg—-.: ---------------------------------------------------------- . _'71]

B - &0
"E’ 800

3 o
2 ] 50 @
t 3 J U, VSRS NS N S o . 2
& ®
] a0y
- =1
=

(+]

]

o

Time [ms]

# received packets # lost packets - accumulsted received packets + distance

Appendix C 6-54



6.2.11 Test Scenario 4-11

Test Scenario

4-11

Relevant Applications

Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 50
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 25
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 300
Path Obstructions None
Vehicle Obstructions None
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 84. Test Scenario 4-11

Test Comments: The test was conducted at arterial speeds close to 25 mph. The distance
between stationary Sender3 and Receiver was about 10m, and Sender1 and Sender2 were
one lane apart. Overall, over 99 percent of the packets sent during al three trials of the
test were received. The test shows that having 3 senders in an intersection type scenario
has no effect on packet loss of reception. The Sender 2 values are offset from the Sender
1 values by 200 packets, 50 meters, and 500 RSSI. The Sender 3 values are offset from
the Sender 2 values by 200 packets, 50 meters, and 500 RSSI. This test was conducted at

5.32GHz.
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Appendix C

Figure 129. Test Number 4-11 Results

Test Number 2-14 Ambient Weather Conditions: Sunmy
Trace File Name: test2-14_3 072303.trace”™ Sending Vehicle Model/Make: VW Passat
Date Collected: July 237, 2003 Receiving Vehicle Model/Make: BMW Series 3
Files Resident With Whom: Chu-Hee Lee Antenna Type Used: Standard

Operating System Used: Limux VEC Obstacle Vekicle #1 Model/Make: N/A
Software Level Used: 2.3 VEC Obsiacla Velicle #2 Model/Make: N/A

Packets: 1371, Received Packets: 1288, Lost Packets: 73
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6.2.12 Test Scenario 4-12

Test Scenario

4-12

Relevant Applications

Stop Sign Movement Assistant

Velocity of Receiving Antenna (miles/hour) 0
Distance Between Antennas (meters) 100
Lateral Offset to Broadcast Antenna (meters) 4
Velocity of Sending Antenna (miles/hour) 45
Angle Between Vehicle 1 & Vehicle 2 (degrees) N/A
Update Rate (milliseconds) 100
Transmitter Power Level (%) 100
Packet Size (bytes) 200
Path Obstructions None
Vehicle Obstructions None
Road Class Arterial
Traffic Conditions Light
Other Effects None
Vehicle-Class of Cut-In Vehicle N/A

Table 85. Test Scenario 4-12

Test Comments: This test was conducted at highway speeds close to 50 mph. The
distance between (stationary) Sender 3 and the Receiver was ~10m, and Sender 1 and
Sender 2 were one lane apart. The test demonstrates that having 3 senders in an
intersection-type scenario has no adverse effect on packet reception. (Note that the data
curves are offset for clarity, with a shift of 200 packets, 50 meters, and 500 RSSI units
between each.) Senders 1 and 2 were initialy stationary for a significant period of time
while waiting for unexpected traffic to clear from the test zone. Also, Sender 2 began
well beyond the line-of-sight to the Receiver. Aside from this, very few packets were |ost
during the actual drive by. It should be further noted that there was significant roadside
clutter in the form of trees and parked cars, which may have partially contributed to the
few lost packets. This test was conducted at 5.32GHz.
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Figure 130. Test Number 4-12 Results

Test Number: 2-15 Ambient Weather Conditions: Summy
Trace File Name: test2-15 3 072303.trace* Sending Vehicle Model/Make: BMW Serles 3
Date Collected: July 237, 2003 Receiving Vehicle Model/Make: VW Passat
Files Resident With Whom: Chw Hee Lee Antenna Type Used:Standard

Operating System Used: Linux VEC Obstacle Vebicle #1 Model/Make: Audi A4 Quattro
Sofiware Level Used: 2.3 VEC Obstacle Vehicle #2 Model/Make: N/A

Packets: 1432, Received Packets: 1383, Lost Packets: 49
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