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Abstract

Junsung Choi

Vehicular communications ar@ major subject of research and policy activityindustry,
governmentand acadera. Dedicated ShoiRange Communications (DSR{S)currently the
main protocol used for vehicular communications, andperates in the 5.9 GHz band
addition to DSRC radios,other potential uses of this band includé-Fi, LTE-V, and
communication amongnlicensed deviee This dissertation presents architectureand a
feasibility analysis including field measuremerisd analysisfor vehicleto-train (V2T)
communications, a safetyitical vehicular communication application The dissertation
also presents a survey of research relevant to easdvefal possible combinations of radio
spectrum and vehiculmafety regulationghat would affect use of the 5.9 GHz band
identifies the most challenging of the possible resulting technical challesgggpresents
initial measurements to assess feagybibf sharing the band by DSRC radios and other
devices that operate on adjacent frequencies using different wireless communication

standards.

Although wireless technolog is available for safetgritical communications, few
applicationshave been devebed to improve railroad crossing safetyV2T communication
system fora safety warning application with DSRC radiocan address the need to prevent

collisions between trains and vehicléBhe dissertation presents \&T early warning



application architeare with a safety notification time and distance. We conducted channel
measurements ata 5.8615.91-GHz frequency and 5.9GHz DSRC performance
measurementat railroadcrossings in open spaces, shaddwnvironments, and rural and
suburban environments atéd tothe presented V2T architectul@SRC systerscan provide
good communication range; howevére range is likely to be reduced in the presence of
interferenceand / orNon-Line-of-Sight (NLoS) conditioa Suchenvironmental factors are
the majorinfluence onDSRC performanceBy knowing the relationship between DSRC and
environmental factef DSRCradics canbe setup in a way that promotegod performance

in an environmentof interest Although independenthe DSRC performance measurements
and propagation channel characteristieasurementa/ere conducted in the same locations
and share thesame distance parameteResults of linear regression to analyze the
relationship between DSRC performance and propagation channel characteribtiate
that additionaldataare required t@nablerobust statistical modelingHowever, the DSRC
links performed well in V2T measurements conducted near rural and suburban railroad
crossings with varying numbers and types of obstacles to the radio signalse rékalts
provide a strong indication thdte DSRCprotocolcan be adapted to serve the purposa of

V2T safety warning system.

Several stakeholders, including traditional mobile operators, unlicenseléi Yioponents

and CellulatVehicle-to-Everything(C-V2X) proponentsare seeking access twets.9 GHz

band currently used by DSRCThe FCC and National Highway Traffic Safety
Administration (NHTSA), the two major organizations that are responsible for regulations
related to vehicular communications, bkawot finalized rulesregarding this band. The

relative merits ofthe above mentioned wireless communicastandards and coexistence



issues between these standards are complex. There has been considerable research devoted
to understanding theerformance of these standards, but in some instanaesatieegaps in
needed research. We have analyzed regulation scenarios that FCC and NHTSA are likely to
consider and have identified the technical challesngssociated with these potential
regulatoy scenarios. The technical challenges are presented and for each a survey of relevant
technical literature is presented. In our opinion for the most challenging technical
requirements that could be mandated by new regulatim@teroperability betweddSRC

and GV2X and the ability to detect either adjacent channel ochamnel coexisting
interference. We conductedinitial measurements to evaluate the feasibility of adjacent
channel coexistence between DSRC,-RNiand GV2X, which is one of the posdiéd
regulatory scenarios. We set DSRCGitannel 172, Wi at Channel 169 for 20 MHz
bandwidth and a€Channel 167 for 40 MHz, and-Z2X at Channel 174 with almost 100%
spectrum capacity. From the measurements, we observed almost no effeEtSRC
performance due taadjacent channehterference Based on our results, we concludédt

adjacent channel coexistence between DSRE2K, and WiFi is possible
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General Audienc@bstract

Junsung Choi

Researchers and regulatorsndustry,governmentand acadeiu institutions are interested
in vehicular communicationPedicated ShoiiRange Communications (DSRE) currently
the standard protocol for communication between vehicles, including for safety applications,
and operates in the band of radio frequencies near 5.9IGddition to operators @SRC
radios, other potential users are interested in using the 5.9 GHz. [dmsl dissertation
presents amrchitectureand a feasibility analysis including field measurements for vehicle
to-train (V2T) communications, a safetyitical vehicular communication application The
dissertation also identifies major technical challented could become importam the
future for users of the 5.9 GHz banthe challenges will be different depending on what
decisions government regulators maébout the types of radios and communication
protocols that are allowed in the 5.9 GHz bamd about which types of radios should be

used for vehicular safety

Although wireless technolog is available for safetgritical communications, few
applicationshave been developed to improve railroad crossing safetprevent collisions
between traingnd vehicleswe presena vehicleto-train (V2T) communication systethat
uses DSRC radios to providgafety warning to motoristsAlthough the term V2T is used,
the emphasis is on communication from the train to vehicl&® presenta highlevel design

or architecturepf the warning system that includgeals forsafety notification time and



distance. We conductetheasurements of radio channels near 5.9 GHz as well as
measurements d.9 GHz DSRC radio link performance at the same locatioralrpad
crossings in open spaces, shaddwr obstructedenvironments, and rural and suburban
environments The measureants were performed to help decide whetheMBE warning
systemarchitecturevould work

A DSRC system can provide good communicatiange; howeverthat range could be
reduced if the DSRC system experienggsrferencefrom other radios or if the signal is
partially blocked due to objects between the DSRC radibs environmental factoege the

most important influence oSRC perfomance.By knowing the relationship between
DSRC and environmental factprmanufacturers and operators can set up the radios
perform well inenvironmenrs of interest Although DSRC performancand radiochannel
characteristicsvere measured separatetiiey were measured in the same locations near
railroad crossings. This made it possible to perform a statistical analybis @flationship
between DSRC performance and propagation charaehcteristics. This analysis indicated

that additional measements will be required to collect enough data to develop robust
statistical models that relate DSRC performance directly to measured channel characteristics.
However, the results of the V2T measurements that we conducted near rural and suburban
railroadcrossings with varying numbers and types of obstacles to the radio signals provide a

strong indication thaDSRC can be used for to provil@T safety warning

The5.9 GHz band has been sought after by several stakeholders, including traditional mobile
operatorsand others who support use of the bandX8RC unlicensed WHFi, and Cellulaf
Vehicle-to-Everything (CV2X) communication The FCC and National Highway Traffic

Safety Administration (NHTSA), the two major organizations that are responsible for
Vi



regulations related to vehicular communications, have not finalized theragasding this

band. The relative merits ¢ifie above mentioned communicatisiandards and coexistence
issues between these standards are complex. There has been consekzatih devoted

to understanding the performance of these standards, but in some instamcaetgaps in
needed research. We have analyzed regulation scenarios that FCC and NHTSA are likely to
consider and have identified the technical challesngsseiated with these potential
regulatory scenarios. The technical challenges are presented and for each a survey of relevant
technical literature is presented. In our opinion for the most challenging technical
requirements that could result from new regalzst are interoperability between DSRC and
C-V2X and the ability to detect either adjacent channel ezt@mnel coexisting interference.

We conductedhitial measurements to evaluate the feasibility of adjacent channel coexistence
between DSRC, Wki, andC-V2X, which is one of the possible regulatory scenarios. From

the measurements, we observed almost no effe@SRC performance when other types of
radios used frequencies adjacent to the frequencies used by the DSRCBaskmson our
results, we corcludedthat adjacent channel coexistence between DSRU2K, and WtFi

is possible
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Chapter 1 Introduction

1.1 Vehicleto-Everything (V2X)Communication

Commercial cellular wireless communication systeavolved fromanalogfirst generation

(1G) cellular systemso the current fourth generation (4G) and kiagn evolution (LTE),

which is intended to promotiirther continuous evolutiorFifth-generation (5G) wireless
systems are expected to extend and improve current 4G LTE cellular systeni
becomes more flexible in the future, it will develop the capability to support a wide range of
services: gigabit per second data throughput lamd latency will enable 5G systems to
suppat such applications as smatrt city canseslfdriving cas, augmented reality, etc.
Self-driving cars, a 5G application, can be developed with a technology called connected car
or the Internet of Vehicles (Igy which is a combination of Internet of Things (IoT) and
intelligent transportation systems (ITSBedicated shostange communications (DSRC) is a
current standard for ITS applications, so it is a natural candidate for use in loV systems.
DSRC uses ceet frequencies near 5.9 GHz, and it is closely related to VMERC has

been deployed to the market and its usage is slowly growing.

The distinctive end users of oV will be vehicles and drivers, but loV also has the potential to
enable communications beten road vehicles and pedestrians, trains, ships, airplanes,
unmanned aerial vehicles, amichmore. This is referred to as vehitteeverything (V2X).

V2X enables numerous convenient, but not necessarilydritieal applications and services.
Because V2X applications do not rely on classical vehicular communication, sufficient
validation of the feasibility of these applications is required. There¥®#¥, system designs

mustbe provereffective fordesiredapplications.



Within V2X communicatios, we consider and provide contributions in three important areas:
vehicleto-train (V2T) communication, also referred to as vehideailroad (V2R), cellular
vehicleto-everything (GV2X) communication, and propagation channels for vehicular

communicaidn.

1.2 V2T Communicatios

A collision between @rain and avehicle happensabout onceper 90 minutes in the U§L].

These accidentsvhich lead to injury and degtar e mai nl y calackefd by
awarenesaboutapproaching trains. Most accideritappen near railroagtade crossings [1,

2]. Despiteefforts, like by Operation Lifesaverinstalling safetyrelated features at grade
crossingsmore than80% of U.S. crossings awdnsidereda s i u n p rmedniaccthee d , 0
crossing haso safety devicesuch aslights, warnings, or gatefl]. In addition, during
JanuaryDecember 2012about 10% of reportedtrain accidents were V2T collisions,
accounting fomlmost95% of reportedrain accident fatalitie$2].

Through direct communication between vehichesl trains or indirect communication with

the aid of a relay, VR communication comprising the transmission and reception of warning
messages will be possible. Unlike typical vehideehicle (V2V) or vehicleo-
infrastructure (V2I) communications, th@esentedsystemis transmiting warning of an
approaching train that is running on a knoand fixedtrack. Therefore, the focus of a V72
communication application would be different from V2V or V21 communicat®ecause

DSRC is currently used for commuation among vehicles and between vehicles and
roadside infrastructure, the new V2T application requires a proper feasibility study and

performance evaluation in typical railroad environments



1.3 C-V2X Communicatios

On February 20, 2013, the Federain@nunications Commission (FCC) issued a notice of
proposed rulemaking (NPRM) regarding the potential use of thR@BADSRC spectrum by
Unlicensed National Information Infrastructufld-NIl) devices. According to FCC Docket

ET 1349 [3], the FCC is consating the sharing of the 5.85.925GHz spectrum between
DSRC and unlicensed devices. The 58525GHz spectrum was originally used for DSRC
with seven different channels, each with aMBEz bandwidth. The proposed-NIi-4
Channel 163, with a center fregncy at 5.815 GHz, will correspond to the MBIz
bandwidth. Meanwhile, the proposedNJI-4 Channel 171, with a center frequency at 5.855
GHz, will correspond to 80 MHz, and the proposedl}-4 Channel 175, with a center
frequency at 5.875 GHz, will correspond to 40 MHz. Finally, the proposiHdl 44 Channel

177, with a center frequency at 5.885 GHz, will correspond to 20 MHz. As shown in the
proposed NII-4 channel allocation ifigurel, the lower 48MHz bandwidth of the DSRC
band maybe allocated foco-channel existence or adjacent channel existence with unlicensed
devices. The primary uicensed devices could be 802.11ac or LTE devices. If LTE is used
for vehicular communication and a substitute DSRC application, LTE for vehicular
communication will be termed-E€2X. If 802.11ac uses the spectrum, bottNU-4 devices

and DSRC will be categized as WiFi deviced.o inform the FCC decision about permitting
C-V2X or WiFi in DSRC spectrum bands, it is necessary to characterize performance of
DSRC in the presence of-©hannel interference and adjacent channel interference due to C

V2X and dugo WiFi.
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1.4 Propagation Channels for Vehicular Communicaion

A DSRC system has a communication range of up to 1.0 km with strongfigight (Lo
communication and no interference. However, the range of communicatiaghig relying

on the surroundecenvironment, and is possible tasignificantlyreducedue to the existence

of any surrounding interference sources or -ea-of-sight (NLoS). BRC radios and
protocols already contain mechanisms that allow reliable communication in typical vehicular
environments. However, the reliability is also affected by interference at the same time.
Propagation channel parameters, such as root mean sqWd8) (Rlay spread, Ricedf

factor, and path loss exponent, can represent the conditions of the surrounding propagation
environment. Use of the same physical setup for DSRC radio measurements and propagation

measurements can provide instantaneous numeRCO&rformance values and propagation



statistics at the same time. The relationship or correlation between propagation channel
statistics and DSRC performance can be found using the same physical setting for the two
types of measurements. By knowing thédatienship between DSRC performance and
propagation channel statistics, when a service provider is planning to implement a vehicular
communicatiorrelated application in a certain place, it can estimate the DSRC performance,
reducing the need for field t&sy. Therefore, validating the relationship between DSRC
performance and propagation channel statistics reduces the cost of deploying a new DSRC

infrastructure and applications.

1.50verview ofDissertation

The vehicular communication field a focus oindustral and acadensiresearch and will be

a major5G wirelessresearch aredor future research in the field, vehicular communication
requires contributions fromindustry, the academy, and government. Their interests
vehicular communication will bedifferent. companiesmust fulfill customer8 needs,
academic researchessek technical advancés the field and future works, and government
must ensure thatevelopment of vehicular communication is safel protectsitizenglives.
Therefore, this dissertatiggresentne type of vehicular communicationsaasritical safety
application, considersupcoming regulation issuesnd associated technical and research
challengeghat would result from possible regulatory decisions, aiedgnts measurements
that evaluate feasibility of adjacecthhannel band sharing betweeghicular communications

and other wireless technologies



Chapter 2 Summary of Contributions

This research presents three major contributions:

1. A V2T communicatiorfeasibility study and performance evaluation

2. A strategic survey of literature related to potential regulatory decisions that identifies

2.1

technical challenges associated with several possible decisions and summarizes
relevant research to date related to ¢hedsallenges. The results of this study can be
used to set a research agenda in vehicular communications.

An experimentalevaluation of DSRC performance in the presence of adjacent

channel interference froiVi-Fi, LTE, and GV2X signals.

V2T Communication Feasibility Study Performance Evaluation

andStatistical Analysis

The first contribution of this research is a feasibility stofl}w2T communicationin wide-

open space and shadowing environments and a performance evaluation of a DSR®& radio

V2T communication in wid@pen space, shadowing, rural, and suburban environments. The

key aspects of the research are described below:

This work presented a V2T communication scenario for broadcasting warning
messages, which is a new type of appitcator V2X communication.

This work presented theumericrequirements for and a feasibility study of V2T
communications with DSRGwvhich is differs from prior works

It proposed and implemented a measurement methodology for the feasibility study
and perbrmance evaluatignwhich only able to find simple methods from prior

works.



It provided a recommended configuration of hardware tools used for measuring
propagation channel statistics and a DSRC performance evaluation measurement.

It characterized the inggt of the propagation environment, modulation schemes,
transmit power level, and antenna types on the performance of DSRC for V2T
communication.

It presented tools for propagation channel measurements and a DSRC performance
measurement, similar to thatggented for Contribution 1.

It provided a measurement methodology to align two independent measurement
results.

It presented results showing propagation channel statistics relative to positions in
locations shared with a DSRC performance evaluation.

It presented a linear regression model among propagation channel statistics, the
Packet Error RatePER), and the relative distance from a train to a crossing.

It compared the observed models from previous works.

ITS Band Regulatory Survey

The second contsution of the research is a regulatory contingency study for FCC and

NHTSAG possible spectrum sharing plan at ITS bands, presented potential technical

challenges, and technical surveys related to presented technical challenges.

FCC and NHTSAs 5.9 GHz ITSand possible scenarios are presented
The ITS band sharing scenarios can be adaptable for sharing spectrum in other bands
Based on technical surveys, more papers were found that related to usage of DSRC

or GV2X only than papers related to coexistence



Technical challenges/research priorities identified for multiple regulatory
contingencies
If mandatedinteroperability between DSRC and\2X would be the most difficult

technical challenge

2.3 Adjacent Channel Interference Evaluation

The third contribution of the research is a performance evaluation of DSRC (5.865

GHz) with the existence of-82X, which acts as adjacent chanimgkrferencg5.865 5.875

GHz and 5.8785.885 GHz). The outcomes of the research to date are described below:
It provided tools not yet deployed in the actual market for measurements relevant to
broadcasting DSR@eployed technology in the spectrum band and broadcasting Wi
Fi, LTE, and modified €/2X signals at adjacent channels.
It provided a measurement methodgldg evaluate DSRC performance by setting
the adjacent interference sources at desired spectrum bands.

It provided results about the impact of adjacent channel interference fram WIE, and G

V2X on DSRC performance.



Chapter 3
V2T Communication Feasbility Study and

Performance Evaluation

3.1 Introduction

Collisions betweentrains and vehiclesthat lead to injury or death are mainly caused by a
driverdés | ack of awar enes s referencé2) most@grideotss c hi n g
happen near railroagrade crossingskfforts such asOperation Lifesaver tomplement
safetyrelated featureat crossings improved the safety at many grade crossingshut80%

of U.S. crossingare still consideredas unprotected meaning the crossing ha® lights,
warnings, or gategl]. In addition,in 2016, about 986 of all reported railroad accidents were
due toV2T collisions[2].

For ITSs, DSRC{] is the mgor recommendedrotocol for V2V and V21 communications.
DSR@® sener frequency ista5.9 GHz, with seven XBHz channels between 5.850 and
5.925 GHz. One feature of DSRC is an early warning system to avoid a potential vehicle
collision [5].

Unlike typical V2V or V2I, V2T collisions feature several different aspects. U$ial
communication environment near a crossing is similanantersection on a vehicle road,;
however, the visibilies of trains and vehiclearedifferent. At typical vehicle intersections,
drivers are able to view the other vehicles at the othetgofrthe intersection, as well as to
prepare for a potential accident, to an extent. However, drivers find it hard to prepare for

oncoming trains due to a blocked view or the fact that it is difficult for a vehicle to stop once



the driver notices an oncang train. In addition, the time to stop is different; trains take
much longer than a vehicle to stop, and vehicle drivers are able to react faster to avoid
collisions. Therefore, the safety warning applications used for trains must fdifferthose
usedfor vehicles.

In this sectionthe V2T communications architecture for an early warning applicagon
presentedBecause it is more difficult for a train driver to react than for a vehicle driver, the
trainds role is al way oleisreeeines mihe arehitectusenThe t h e
designed system targets messages transmitted from a train approaching a crossing and
running on a known track. The DSRC receivers in the road vehicles near the crossing
determine whether to trigger a warning based tbe location difference between the
oncoming train and the position of the vehicle.

We measurdthe DSRC performanceys well as the wireless propagation environment, under

a variety of operational conditiondhe measurementsised place atcrossings ofthe
Transportation Technology Center, Inc. (TTCI) at Pueblo, Colorado, and the Shenandoah
Valley Railroad (SVRRat Staunton, Virginia

We presented a V2T communications architecture for early warning systems with scenarios
and safety requirements relatiedtrain and vehicle speeds and stopping distances. Through
the DSRC performance measurements, we evaluated the feasibility of adapting DSRC to the
proposed V2T communications architecture to enable a warning application that meets the
safety requirementssuch as packet reception within the stopping distance, to prevent
collisions. From the wireless propagation measurements, we compared the propagation
channel characteristics of our measurements and characteristics of V2V or V2| cases from

previous workgo identify near environments

10



The setups for DSRC radios can be defined into regulatory parameters which are fixed and
selective by the environments that radios face and the setup is highly effective by
environmental parameters which are flexible and gatifferent by where the radio will
deploy. By knowing the expected DSRC performance under certain combinations of
environmental parameters, DSRC can select the setup based on fixed regulatory parameters
and provide the best performance under ém@ironmet. Tablel showed the types of
environmental parameters, values for DSRC, and considerable environmental parameters.
Within the considerable parameters, we selectempggation channel characteristics to
evaluate the relationship between the parameters and DSRC perfori@angenerating the
models, the estimation methods are mainly usingemtbcess. The estimation methods used

are 1) finding mean and variance fording one independent value at the certain setup of an
experiment, 2) finding a linear model by applying linear regression models where
independent and dependent aspects existing at the certain setupxqfahment

By knowing the relationship betwedSRC performance and propagation channel statistics,
when a service provider is planning to implement a vehicatanmunicationrelated
application to a certain place, they can estimate the DSRC performance, reducing the need for
field testing. Therefore validating the relationship between DSRC performance and
propagation channel statistics reduce the cost of deploying new DSRC infrastructure and

applications.

Table | Regulatory and Environmental parameters

Parameter type Parameter name Value

11



Regulatory

Parameter

Available BW

75 MHz (10 MHz x 7 ch + 5 MHz extra) @ 5.9 GHz

Coexisting

Technologies

Co-channel, adjacent channel

User multiplexing

schemes

TDM only

Data channel coding

Convolutional

Resource Selectior

CSMA-CA

Modulation support

Up to 64QAM

Waveform

OFDM

Transmission perioc

Once every 100ms/50ms

MIMO support No
Data messages | 50 symbols
CP 1.6 us

Subcarrier spacing

156.25 kHz

Environmental

Parameter

Flexibility Flexible number of OFDM symbols
# of vehicles/km
Traffic speed <25mph, 25~45 mph, 65mph<

Vehicle spacing

<2m, <15m, <50m, <100m

Terrain

Rural: wide open space, one or two low height buildi

Suburban: more number of low height buildings

CH condition

LOS

12




3.2 RelatedWorks

Researchers have studied use of-Rivbased and LT#ased systems for warning
applications such as V2V and Vehicle to Pedestrian (VEP)6], the authors combined
IEEE 802.11gbased multhop clustering and 4G cellular system. Similar to the capt in

[6], [7] presented WFi-associated warning applications; the difference fréhwjas they
focused on the performance of a single device8Inthe authors compared the performance
between IEEE 802.11p and LTE for vehicles (LVE under the intemsction collision
warning system (ICWS), which is an environment similar to our warning application, a
crossing.Moreover we observed a similarity in the architecture in the userofdsideunit

(RSU) placed near the intersection and acting as a releycdncept is also shown ifl]]

which presented a V2V relay network in an obstructed environment. The authdr§] of |
presented a warning application for pedestrians, named V2P. In the presented system, the
minimum notification distance was representedd aur architecturehas the minimum
notification time and distance for safety, as well. As shown6jin[10], we observed a
warning application representing methodologies by showing the major components,
architecture, and minimum requirements for usingaplication, and some were similar to

the methodology used to represent our architecture.

There are teidies on train communications services using advanced wireless technologies,
such as LTE an&lobal System for Mobile CommunicatierRailway (GSM-R). In[11], the

author presents an LTRilroad (LTER) testbed with an Internet protocol (Pased
network architecture. The authors demonstrate the performance of the testbed and confirm
that reliable communications and multimedia services that require highatizdaare feasible.

In [12], the authors propose a feasible quatifyservice (QoS) management scheme for

13



control train traffic using a conventional LTE system. In [11], the authors presented a GSM
R-based trairrelated monitoring system for the entiegl metwork in the UK. The authors of

[14] presented technical surveys of possible candidates for railroad technologies, including
GSM-R, Wi-Fi, Worldwide Interoperability for Microwave Acce$8/IMAX ), LTE-R, Radio

Over Fiber RoF), Leaky Coaxial CablesLCX), and cognitive radio. They concluded that
WIMAX and LTE could be the best technologies for trestated communications;
interestingly, the authors did not consider DSRC a candiddie. presented train
communication using a DSRC protocol, one that matsconsidered by the authors &fi]i

[13].

The concept of V2T communications was introduced i8],[vhich describes aehicleto-

train early warning systenthat are designed and managed for trains and vehicles near
railroad crossings in Australid%]. In [15], the authors were more focused on the warning
architecture and the degree of noticing warnings than the reception performance of the radio
communications; without considering the reception performance, the noticing performance
can differ in the vadus conditions in which the application will be implementadaddition,

there have been many related theoretical studies and measurement campaidijsarid [1
[17], the authors explore the antenna criteria for a railroad crossing safety application and
derive an optimal antenna pattern for practical installation. Whig¢ §bhd [17] present
theoretical antennas, [16] presertapirical models ananeasurement results for 5GHz
propagation channels itrain environments. The authors of9lintroduce a \2T early
warning system architecture, and they present their DSRC performance and propagation
channel measurements at the measurement sites.6]Ji[19], DSRC performance and
propagation channels are measured. This paper extends our prior wak [@ 7l and [19].

In those works, DSRC technology was proven to have the potential to offer-effectite
14



approach to the deployment ah early warning system to avoid V2T collisionde
presented a more detailed V2T early warning system architecturesaféty requirements
and DSRC performance evaluations in six more crossings thafjjritjé results that will be
presented in later sections are an extension of the studied]iifil[].

Studies on 5.9GHz or vehicular communication environment propagatiochannel
characteristicare presented in40]i [25]. The authors of J0] measured and analyzed the
propagation channel measurements at 930 MHz in a practicalspegd railway and
provideda Ricean kfactor and path loss equation withe relative distane and height o&
viaduct. In R1], the authors presentespath loss exponent frorthe measured path loss
valuesof urban and suburban scenarios at 5.9 GHz wahsmitter antenna heightf 1.5
and 3.5 m.The measurementwere performed ab.6 GHz Also, the authorsompared
measured results betwedime- and frequencyarying K-factor in [2] and delay and
Doppler spreads in B. Similarly, the authors of @ and [5] measuredhe propagation
channel at 5.9 GHz and presentedelay spread and Dopplepread in rural, urban, and
highway environments. The methodology of8]land [5], usingthe PDP, is used for our
analysis method. From our measurement results at 5.9,@t¢uding those extended from
[18] and [19], we comparedhe values inZ0]1[25] to evaluate the measurement site types

and howthe V2T propagation channéliffers from that ofV2V or V2I

3.3 V2T Communication Scenarios and Requirements

The considered V2T communication scenario comprises ancoming train, vehicles

approachingo crossng, and an infrastructure transceiveuch as a light signal or a signal

15



pole near the crossinhepossible early warning system for V2T communicasognarios

comprises @irectcase andhdirect warningcase. The scenarios are shownkigure2.

Direct Warning
/’ﬁﬁ? Rx
™

1" -.l.II-'-'-'I -
Indirect \
Warning

oo

Figure 2 V2T communication scenario

For direct warning the driverof vehiclesreceives thenessage abowvarning directly from

the transmitter in thetrain. This scenario is preferred at low vehicle speeds and where the
radio channel between the train and vehigke strong LoSondition

For indirect warning the train is broadcashg message®f warning to the infrastructure
transceivewhich placednear the crossinga RSU,andit retransmits the messages to dne

board unit (OBU) orthe vehicles; thd&RSU has a role ofa relay. Theindirect warningis
preferablewhen the speed of the vehicle is highed dahe propagation channel between the
infrastructure and when the train has a stronger LoS component than that between the train

and the venhicle.
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As shown in Table I, the difference in stopping time for a sispeed, e.g., 25 mph, and a
faster speed, @., 65 mph, is about 3 s. &lifference is more critical for the train to make a
decision regarding when to transmit the message; in 3 s, the train moves 13 m at a low
velocity of 10 mph and 105 m at a high velocity of 79 mph. Anatheortantaspect whe
deciding the boundary is the minimum notification time, which is the time when the warning
message needs to be received by the vehicle drivadroltidaccount for the recognition time

about warningreaction timeafter notifying the warningand stoppig time. By knowing

when the driver must be notified, the distance when the train needs to broadcast the warning
message can be determined. The message needs to be received so the driver can stop the car
before the crossing. The time of the warning isracfion of the train and car speed and the
reaction time. From Table I, the minimum notification time can be acceptable at 10 s, while
15 s can provide more time to take action. With the given notification time from Table I, the
car driver must receive theessage when the train is at least at the distance shown in Table II.
The differences due to different train and vehicle speeds and notification time requirements
require a proper warning message schedule as a function of the speeds, geometry,

communicatias, and other delays.

Table Il VehicleAverage Stopping Distance With Related to Speed [26]

Vehicle Vehicle Stopping Stopping Stopping Stopping
Speed Speed (m/s) Distance on | Time on Dry | Distance on | Timeon Wet
(mph) Dry (m) (s) Wet (m) (s)

25 11.11 25.5 2.3 51.3 4.62
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35 15.55 41.4 2.66 82.8 5.32

45 20 59.1 2.96 118.2 5.91
55 24.44 79.8 3.27 159.3 6.52
65 28.89 103.2 3.57 206.7 7.15

Table Il Notification Distances for Different Locomotive Speeds

Locomotive Speed| Locomotive Speed | Notification Time (s)| Notification Distance
(mph) (m/s) (m)
10 4.44 10 44 .4
15 66.6
20 8.88 10 88.8
15 133.2
50 22.22 10 222.2
15 333.3
79 35.11 10 351.1
15 526.7

3.4 Measurements Characteristics

3.4.1Measurement Category

We took two major measurements: the DSRC performance measuremeadiafcequency
(RF) propagation characterization measurement. Both measurements shared the same

crossing points and same locomotive; howgther toolsdiffered.
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1) DSRC Performance Measurement

The purpose ofDSRC performance measurements is to evaluate the performance of V2T
communication to determine whether the performance can cover the minimum notification
distance for both the locomotive and the vehicle. The pedoce metric of DSRC is the

PER, within a certain distance windp®0 m,related to the distance to the crossing point.

The distance values are calculated between the crossing and instantaneous Global Positioning
System (GPS) locations. The PER veadculded from thepostprocess by comparing the

received packets and the transmitted packets.

2) RF Propagation Characterization

The RF propagation characterization measur el
channel characteristicsparameters for the areclose tothe train tracks where DSRC
performance measurements were taken. Becaliske DSRC performance measurements

used (5.8765.885 GHz andChannel 176), the RFrppagationcharacterization measurtdse

5.86i 5.91-GHz frequencyrange which covers the measuring spectrum bawith, thedirect
sequencespreadspectrum (DSSSghannel sounder 8. The channel sounder gRthat we

used transmitteda continuous waveform with a 2,047 long sequenespreading code,

which is clocked athe rate of 25 MHz using 50 MHz RF bandwidth. Both radios used a

GNU Radioprogramand USRP B210. The data were scanned and saved at intervals of 0.5 s.
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3.4.2Measurement Parameters/Settings

1) DSRC Radios

For the DSR(erformanceneasurement§ohda MK5 BRC radiodor both the OBU and

RSU [27] are usedFor both the TTCI and SVRR track$y@DSRC OBl which acted as the
transmitterwas installed othelocomotive engine and itsedChannel 174denter frequency

of 5.87 GHz). The OBU antennawasplacedon top of thet r a long éiaod right after the

engi neer6s <cab; the height from the ground
the train, was approximately 5 Mhe antenna installation is shownhkigure3. For both the

TTCIl and SVRR tracks, the radios on the vehicles or the infrastructures acted as the receiver.

2) DSRC Radio Displacements

For both the TTCI and SVRR tracks, the DSRC OBU that performiseaeteiver is on the

roof of a bucket truck, which is about 1.7 m in height, as showigure4(b) andFigure5(a)

for the TTCI track andrigure5(b) for the SVRR track. For the TTCI track widpen space
named the railroad test track (RT38tup, the DSRC OBU is placed about 50 m away from
the crossing. For the TTCI track artificial shadowimgmed the precision test track (PTT)
setup, the DSRC OBU is placed about 3 m away from the raitraegbs, and the cargos
were about 2 m away from the operating tradke displacements of the cargos are shown in
Figure6. The DSRC RSUs are placed aboiif 6n from the ground, as shownhigure4(a)

and (B. For the SVRR track, the DSRC OBU at Crossing #2 is about 42 m away from the
track, and at Crossing #5, it is about 36 m away from the track. For the DSRC RSU that
performs as a receiver, the radio is hanged on the tip oh4aB tripod, as shown ifrigure

5(c), and it is placed about 4 m away from the crossing.

20

t



Figure 3 Antenna installations for TTCI

DSRC OBU #2
General Location

(b)

Figure 4 (a) DSRC OBU and RSU displacement for wid®pen space TTCI, (b) DSRC OBU and RSU

displacement for artificial shadowing TTCI
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Figure 5 (a) DSRC OBU installation for shadowing TTCI, (b) DSRC OBU installaton for SVRR, (c)

DSRC RSU installation for SVRR

PTT Track

18-30 ft 18-30 ft 18-30 ft

Figure 6 Displacement of the cargos for the TTCI track
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3) Channel Sounder Radio Displacements

For both the TTCI and SVRR tracks, the receiver is on top of the train engine, where the
DSRC transmitter is placed. For the TTCI track, the channel sounder transmitter is hanged
about 10 m from the ground and placed at the end of the ttaekhannel sounder antenna is
placed above the DSRC RSUsor the SVRR track, the channel soundengnaitter is
hanged on the tip of-B-tall tripod, similar to the DSRC RSU, and it is placed abdut #h

away from the crossing.

4) Configurations

For both the TTCI and SVRR tracks, the DSRC OBU and RSU as receivers us#li a 6
omnidirectional antenna &, the antenna pattern is shown kigure 7(a) and (b). The
transmitter for the TTCI track used a-@Bi omnidirectional antenna & with a 23dBm
power level; the aenna pattern of the 1@Bi omnidirectional antenna 8 is the same as
that of the edBi antenna. The transmitter for the SVRR track used-dBi2mnidirectional
and 12dBi bi-directional antenna2P] with power levels of 11 and 23 dBm, respectively; the
antenna pattern of the-tdirectional antenna is shown Kigure 7(c) and (d).The installed
omnidirectional antenna is shown Kgure 8, and the installed fdirectional antenna is
shown in Figure 9. The modulation scheme for the TTCI track QPSK, while the
modulation schemes for the SVRR track are BPSK, QPSK, and 16 QARKl.hardware

configuration is shown iifablelV.

Table IV Hardware Configurations

Parameter Configuration
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Antenna Type 12dBi Omnidirectional 28]/ Bi-directional P9
(Transmittery

6dBi Omnidirectional 28] (Receiver3

Transmit Power 11 /23 dBm
Modulation BPSK, QPSK, 16QAM

b
2
" |

© (d)

Figure 7 (a) Omnidirectional antennals devation pattern, (b) horizontal pattern, (c) bidirectional

antennals elevation pattern, (d) horizontal pattern
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Figure 8 Omnidirectional antenna

Figure 9 Bi-directional antenna
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5) Train Operations

For both the TTCl and SVRR trackbetranma de a fApasso through the
For each pass, theain startedl km for the TTCI track an800' 400 mfor the SVRR track

before the crossing and it accelerabedil hitsthe desired test speeds20, 50, and 79 mph

for the TTCI track and 10 mph for the SVRR track. The rate of 79 mph is the highest speed a
locomotive can run in the US, and 10 mph is the maximum sgdkededd ue t o t he SVEF
track regulations. For latases, the locomotiveaintained a constant speed through the test

area and then decelerated after trainpassed aertain distancbeyond thecrossing

3.5 Data Analysis Methods

Because V2T communication is for safetytical applications, the performae metric

should be related to the distance between the locomotive and the crossing. To be effective,
the system must provide a reliable warning signal at/before the minimum notification
distance fothedriver to be able to react and safely stop thecletiefore the crossing.

With the different regions of interest, the evaluations of performance should be highlighted in
the region; performance beyond the region may also be important because of the potential for
applications other than V2T communicatidhthe performance is good enough within the
regions, we culd assume the driveis able toreceive the warningnessageswithin the

minimum notification time, preventing a potential collision.
3.5.1DSRC Data Analysis

For the DSRC performance measuremghisapplication namedbasic safety message (BSM)
which usinga packetize of 99 byteswas usedEachpackets are continuously transmitted
every 0.05 s. The PER is calculated by comparing the transmitted and received packets with
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a 20m range window. fie number of transmitted pack@&@verageis 94 within the 2m

range window, and weecidedthe thresholdboutpacket reception ashouldreceivingmore

than10 packets in the window range, which represents at least one packet captured per 2

range. Wih the threshold, we decided thatéssthan 10 packets were received within the

window rangs, we would consider this to mean reliable communication was not achieved.

When the PER is equal to or less than 0.9, we consider the DSRC performance as having

satisfied the minimum requirement for safety and succeeded in receiving the warning

message. PER can be given by:

0 %2 p (1)

3.5.2Propagation DatAnalysis

With the recorded data from the channel sounder, we creat@dwes delay profile RDP

to evaluate the propagati@mannel characteristic¥he PDP contains one bin per 65 ns of
delay, which is the shortest time delay we can evaluate.

With the createdPDP, we calculated the propagation channel characteristicgpafhdoss
exponentRMS delay spread, and Ricearf&ctors are pogprocessed with the recorded data.
We calculated Ricean-Kactorsby the ratiobetweerthe LoS a dominant path sighgower,

to the multipath signal power. Ricearféctors were calculated with the following equation:

+ (2)

We considered the specular power as the LoS power and thepeounlar power as the
reflected power in the PDP.

We calcul ated t h gy d@diSe patreldss axposep) byecampariggthe
LoS signal and the mul ti pad, defired ag theadquare Tobt e

of the second central moment of the PDP, is:
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T T 17 )

The second moment is given by:

t (@)

The first moment of the PDP, mean excess delay, is given by:

B

fr 2 (5)

P( ;s the power level observed in the PDP.

The path loss exponef) is defined by:

[ (6)
Kois the freespace path loss at the reference point where the transmitter is placeg,iand K
given by:

+ (mEQ (7)
where d is the distance between the channel soundeshméter (the crossing) and the
receiver (the train). With these calculatiotise channel characteristic parameters can be
obtained from the PDP. All calculations were done with the relative position of the train from
the crossing.

For DSRC measurementgje used (1) for packets within a -B® distance window and
evaluated the performance by a metric of the PER related to distances. With the threshold of
the PER at 0.9, we define whether the performance can be considesadisty For
propagation channelharacteristic measurements, we used (2), (3), and (6) for the same

distance window as the DSRC measurement, and we averaged the total value.
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3.6 TTCI Results/Evaluations

The TTCI track tests evaluated the DSRC performance for possibly theabdstorstcase
scenarios a train can face. Two scenarios are a-eygde space without any interference
sources near a crossing and an artificial shadowing environment, as shieigarail0 and
Figure11. DSRC performance waseasured in each of these environments in terms of PER

as a function of the distance of the train from the crossing.

(a)

Figure 10 TTCI Tracks: (a) wide-open space and (b) artificial shadowing environment and radio

displacement
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Figure 11 TTCI tracks: Test site 1 (wideopen space) and test site 2 (artificial shadowing)

3.6.1TTCI Sites

The TTCI trackds envir onme nRigarel((s)dhe tirgt setumr e di
is a wideopen space with no existence of any potential reflection or fading sources near the
track. As shown irFigure10(b), the second setup is an artificial shadowing environment. We
artificially set seven railroad cargos, approximately 4 m in height and 10 m in length,
between the track and DSRC radias shown inFigure 4(b). The railroad cargos are
displaced between the track and DSRC receiver, so shadowing is generated.

With these two different scenarios, we evaluated the feasibility of D&R{©s for V2T
communication with possibly the besind worstcase scenarios in communicatioaswide

open space and a shadowing environment.

For the TTCI track, the DSRC OBU was placed 50 m away from the track, which can be
represented as a 28ph stopjng distance. The locomotive operated at speeds of 20, 50, and

79 mph. The minimum notification time of 10 s is enough time for-en@h speed scenario;
30



therefore, the regions of interest for different speeds are 88.8, 222.2, and 351.1 m before and

after he crossing; these values are froablelll .

3.6.2Propagation Channel Measurements

The propagation channel parameters, average Ricefattér (Kiag, RMS delayspread

(trms) pat h

| oss exponent

(n).,

a nopen space anslt and a

artificial shadowing scenarios are shownTiableV. We find that theRicean kfactors are

generally consistent across the entire track, but the difference appears in different speeds;

therefore, we calculated average Riceahd ct or s f or

bot h

tracks©o

In addition, the path loss exponents are net¢vant to the different train speeds; therefore,

we calculated the value for each setivfmre detailed evaluations and figures are shown in

Appendix A

Table V Propagation Channel Parameters for Wideopen Space and Artificial Shadowing

Scenario Train Speed Train Propagation Channel

(mph) Speed | Kag(dB) | tyms(ns) | N &
(m/s)

Wide-open Space 20 8.88 10.9 <1 27 | 55
50 22.22 9.8 8
79 35.11 11.3 14

Shadowing 20 8.88 10.9 3 27 | 31
50 22.22 9.8 9
79 35.11 11.3 4
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Interestingly, the propagation channel parameters for both tracks are similar. The delay
spreads are different; however, because the unit is ns, the valussillalen enough.
Furthermore, the differences in the delay spreads for the different speeds are small. We
expect the reason to be that the two setups have similar propagation channel parameters due
to the significant height of the channel sounder trailemithe height of the channel sounder
transmitter is higher than the blocked railroad cargos; therefore, the channel sounder
transmitter and receiver have clean sight and they are minimally affected by the cars. In
addition, two buildings placed besideettracks for the artificial shadowing scenario may
have a minor effect.

We observe Ricean-Kactors in the range of 9.v61.31, and [2] provided 14.2 as a rural

and 14.6 as an doridge value. Other than these two cases, the measured RidaatoKis

higher than any values from other previous works. For the path loss exponent, we observe it
near 2.8, while 21] measured it as 1.12 for suburban and 1.98 for urban regions; we can
assume V2T communication faces a higher path loss exponent than the vehicle
communication environment. The measured RMS delay spread is much lower than any cases
shown in [3]i[25]. Therefore, under the assumption of operating in a rural environment,
V2T will face a similar fading environment and greater power degradation dubigiher

path loss exponent, but a lower effect from multipath components.

3.6.3DSRC Performance Measurements

To evaluate DSRC performance, we useBER to see the distribution and cumulative

distribution function (CDF) of the received packets. Using these plots, we can evaluate
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whether the performance can be definedassfactoryin the proper regions-or a poper
comparison, we choose OBU results instead of comparing both the OBU and RSU results
because of a different displacement of RSU for the wjakn space and artificial shadowing
environments. The results of RSU for both scenarios are showpendix B

Figure 12 shows the results of the DSRC performance for the -apn space scenario. We

can identify the DSRC performance by the PER within the region, as shdwguie 12(a).

The proper regions for speeds of 20, 50, and 79 mph ag&8#8, 222.2, and 351.1 m with

the center at the crossing and a minimum notification time of 10 s. For theopatgespace
scenario, the best environment a locomotive can face, we can idéatifthe performance

can besatisfiedfor all three different speeds. The coverage range after the crossing is shorter
than that before the crossing; we assume the existence of a blockage after the position of the
antenna degraded the transmitted powersioguthe results. Interestingly, we observe that
the performance of DSRC might not be affected by speed in theop&te space scenario, as
shown in Figure 12(b). The coverage region seems to make a huge difference-niL0O0
difference between each speed), but when we compare the overall packet distribution, 50% of
packets were received approximately 200 m before the crossing.

Figure 13 shows the DSRC performance results for the artificial shadowing environment
setup. As shown ifrigure 13(a), weare able to observe the effect of shadowing. For all
speeds, we observe a certain gap range, whBiRLequals 0, and the reason for the event is
due to the shadowing by the railroad cars. The DSRC performance can be identified as
satisfiedfor all speedsat the minimum notification distances. The interesting aspects of the
artificial shadowing environment are that the performance can be identifisdtiafed

whenever a weak signal is captured and the effect of shadowing is lesser for a faster speed.
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Figure 12 DSRC performance with different speeds for the widepen space (a) distribution of the DSRC
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3.6.4Conclusions of TTCI Measurements

From the DSRC performance and the propagation channel measurements in tbpenide
space and réficial shadowing setups, we observe that the DSRC performance could be
identified assatisfactoryfor both the wideopen space and artificial shadowing environments,
regardless of the train speed. At the same time, we observe that DSRC could re@we a B

even if the signal is weak; whenever shadowing appears, no packet is captured by the DSRC

35



radio. In addition, with the assumption of operating in a rural environment, a V2T
communication propagation environment will be similar to the vehicle commiameat
propagation environment, with a lesser effect of multipath components. From the TTCI track
experiments, we identify DSRC as a feasible V2T early warning communication environment
for operation in both the besind worstcase propagation environmeita wide-open space

and shadowing, respectivélya train can face.

3.7 SVRR Results/Evaluations

The SVRR tracks were used to evaluate the DSRC performance in a real environment with
the desired V2T communication setup and to confirm the communication environment
through propagation channel characteristic measurements. We took measurements at six
different crossings, as shown kigure 14 and Figure 15. The SVRR tracks are placed in a
small town, Staunton, Virginia; therefore, the environment near the crossings has real vehicle
traffic, buildings, woods, and parking lots, as showFkigure14. Three crossings, shown in
Figure 14(a), were considered a rural enviromheand three crossings, shown kigure

14(b), were considered a suburban environni8heriffsSkyview Circle inFigurel15).
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Figure 14 SVRR tracks: (a) Crossings #1, #2, and #3; (b) crossings #4, #5, and #6
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Figure 15 Crossing locations and crossing sites

3.7.1SVRR Sites

We used six different crossings along the SVRR tracks, as shokigure 14. Figure 14(a)

shows the environments near crossings #1, #2, and #3, Wiglee 14(b) shows the
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environments near crossings #4, #5, and #6. We placed the DSRC R&ldsatgs #1, #3,

#4, and #6, and we placed the DSRC OBU at crossings #2 and #5 for the measurements.

As shown inFigure 14(a), the environments of crossings #1, #2, and #3 feature a small
number of buildings near the crossings and many open spaces between the locomotive and
DSRC radios, and the potential fadingueces are woods. Buildings with too low a height
exist near the DSRC radio position at crossing #2.

As shown inFigure 14(b), the environments of crossings #4, #%] #6 are somewhat more

likely suburban environments than those of crossings #1 to #3. There are more buildings near
crossings #4, #5, and #6 than near crossing#3tXCrossing #4 is located right beside a four

lane vehicle road, while crossing #5 sudgeopens from wood walls, and there are
additional buildings nearby.

From the performance evaluations of the SVRR track, we may make detailed parametric
decisions about V2T communications in a real environment with bditeet and anindirect
warning case The crossings using the DSRC RBW1, #3, #4, and #brepresent the
indirect warning and the crossings using the DSRC @BER and #B represent theirect
warningcase.

On the SVRR tracks, the speed limit for vehicles is 25 mph. For this speed limiggpagt
distance is 51.3 m and the stopping time is 4.62 s, as shohablall. As with the TTCI
scenarios, the minimum notification time of 10 s is enough for thRRSWack scenarios.

Due to track regulations, the locomotive is only able to operate at 10 mph on the SVRR
tracks. Therefore, the regions of interest for the SVRR tracks are 44.4 m before and after the

crossings.
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3.7.2Electromagnetic Interference (EMI)

The scenarios for electromagnetic interference (EMI) measurements ar@0dp@h run

with the throttle notch imdle, 2, 5, 8and 2) &25-mph run with the throttle notch imle, 2, 5,

8.

For each locomotive scenario, the measurement was taken using t28508Aspectrum
analyzers; one measured EMI inside the crew cabin and the other measured EMI outside the
locomotive. The SA2500 settings were: span of 10 MHz, resolution bandwidth of 50 kHz,
and reference level 660 dBm. Each scanning process searched@MHz starting from

5.85 GHz until 5.93 GHz, which covers all DSRC channels.

Sample result plots iRigurel16, Figurel7, andFigure18 show essentially noise.

Figure 16 EMI measurement result (ouside antenna, 25 mph, idle notch, no brakes, 5.82.93GHz).
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Figure 17 EMI measurement result (outside antenna, 10 mph, notch #5, no brakes, 591 GHz).

Power (dBrm)

Figure 18 EMI measurement result (outsideantenna, 10 mph, notch #8, no brakes, 5.808.908GHz).
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Occasionally, RF signals were captured, but only for one swipe, which means the signal is
not generated by the locomotive. Rather, there is a possibility that when the locomotive
passed a certain ptiat a certain time, other wireless sources were captured by our spectrum
analyzers. Other than these three figures, all other plots showed consistent RF power levels
corresponding to noise.

From these results, we can conclude there is no EMI from tlenmove. Some cases
showed a few excursions into higher power; however, the peaks were instant and the power
level was only 2030 dBm above the baseline and lower th&h dBm. Hence, we conclude

that these signals did not come from the locomotive.

3.7.3Propagation Channel Measurements

The propagation channel parameters for six crossings are shavabléVI. Unfortunately,
we were unable to record proper data farssing #1 with an omnidirectional antenfide
Ricean K factor values over time and PDP values of approaching, at the crossing of, and

departing from crossings #3, #4, #5 are showrigire19i 23 and Figures 230

Table VI Propagation Channel Parameters for SVRR Tracks

Crossing # | Considerable| Antenna Propagation Channel

Environment Kavg | tms | N G

(dB) | (ns) | (dB) | (dB)

Rural Omni N/A | N/A | N/A | N/A

1
Bi 801 | 152 | 2.27 | 7.74
2 Rural Omni 381 204 | 262 | 4.11
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Bi 6.3 | 136 | 1.97 | 5.65

Rural Omni 3.96 | 205 | 2.5 | 348
Bi 7.7 | 125 | 2.07 | 841

Suburban Omni | 3.16 | 227 | 3.04 | 5.35
Bi 5.08 | 140 | 2.52 | 5.87

Suburban/ Omni | 425 | 840 | 3.6 | 481
Urban Bi 6.83 | 632 | 3.34 | 6.28
Rural Omni | 456 | 184 | 2.79 | 4.64
Bi 6.54| 96 | 216 | 6.73
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Figure 19 Ch sounder result (omnidirectional crossing #3)
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46



K factor (dB)

Yo% B » 0 0 © MW W 0w
Measurement tme (sec)

Biarectional Laured Hil

Powes level (¢8m)
A5 2 8 h b

Pdp Lowrel HE
™ iy
1]
=

8

3

Power (08m)

a

® B2 04 08 DA 1 %2 4 I8 1\

Deley (viec)

Figure 22 Ch sounder result (bidirectional crossing #4)

47




K factor Omni Dunsmore (Kavg = 4.2545dB) K factor Bidirectional Dunsmore (Kavg = 6.82864B)
v 15 X |

— et [ — fach

| e Crotting P Crossng Postion

5

' 1 " 4 i

G : M ‘ ] =
,

K factor (dB)
K factor (dB)

o o o 0 0 w0 »o o
Measurement time (sec) Measurement time (sec)

Omnl Duramore Bidrectional Dunsmore

Power loved (38m)
Powar laveol (0Bm)
RN 8 b

. Measurement Time (sec) Weasurement Time (sec)
Delay (usec) Delxy (usec)

Figure 23 Ch sounder result (crossing #5)

To confirmthe communicatm envi ronment for each crossing
path loss with the omnidirectional antenna frtre PDP and path loss model frotie 3

Generation Partnership Proje8GPB [31]. We consider certain models to compare: Rural

Macro LoS (RMaLoS), Suburban Macro 19 (SMa LoS), Suburban MacroLNS (SMa

NLoS), Urban Macro LoS (UMa LoS), and Urban Macro NLoS (UMa NLoS).

RMa LoS is given by:

00 CméEQ—— T ¢EQ T TET T (8)

SMa LoS is given by:

00 CHéEO— pdREQ ¢&p TE MR (9)
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SMa NLoS is given by:

00 PCRT OO EDQ 0 CcméW (10)
UMa LoS is given by:
0 0 COENQ cPgmé @ (11)
UMa NLoS is given by:

0 0 poft c@@AEQ 0o qmeEW (12)

Figure 24 shows the measured path loss and 3GPP path loss model for crossigs\A2

confirm the communication environment of each crossing by comparing the path loss with
the 3GPP model, as shownFkigure24, and other propagation channel parameters. Because
the 3GPP path loss model is applicable for longer than 10 m, each figure was plotted with a
boundary at10 and 10 m.

For crossing #5, we determine that the calculated value for the Ricdantdk was
inaccurate due to the low power of the LoS path signal. The Ricdantét is calculated

using the ratio between the LoS path signal power and the reflegiesl power. Because

the LoS path signal power is as low as the reflected signal power, the calculated Ricean K
factor is reasonably higher. Therefore, even though the calculated value is 4.25 dB, the actual
Ricean Kfactor is supposed to be lower.

Ricean Kfactor. From [22], the author categorized road crosssupurban environments as
having a Kfactor of 3.7 with traffic and 4.5 without traffic, and our measured results show
values of 3.814.56 for rural and 3.16 for suburban environments. Eveyugih our
assumption was that crossings #1, #2, #3, and #6 were rural and crossings #4 and #5 were

suburban, all crossings fall into the road crossingurban category given ingR
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The Ricean Kfactor results from the onmirectional antenna are 3.146.56, while they are

5.08 8.01 for the bidirectional antenna. We can definitively conclude that thaireictional
antenna will face lesser fading than the omnidirectional antenna. In addition, the Ricean K
factor from [2] shows 7.6 for a general LoS highway environment, and the results forthe bi
directional antenna can be considered within this category.

Furthermore, by comparing the results from the TTCI tracks, where there are no obstructions
near the crossings, we messuhe Ricean Kactor as 9.7611.31, while we measure it as
3.16'4.56 for the SVRR tracks. Within our measurements, we can conclude that the Ricean
K-factor for rural environments can beonsidered representative @& ncobstruction
environment for a V2Tcommunication propagation environment and that a suburban
environment can beonsidered representatixgral and suburban regions.

Path Loss.By looking at the measured path loss and 3GPP path loss model, reasonably,
crossings #1, #2, #3, and #6 can besidered in a rural environment. Even though crossing
#1, with an omnidirectional antenna, does not have values, the values falirachonal
antenna are relatively similar for crossings #2, #3, and #6. Therefore, we considered crossing
#1 to be ruralas well. As shown irrigure 24(a) and (e), crossings #2 and #6 almost match
the RMa LoS path loss values. As showrrigure 24(b), crossing #3 has a somewhat lesser
path loss shown than the 3GPP model. Witjure24, we could assume crossings #1, #2, #3,
and #6 fall into the rural environment category.

Crossings #4 and #5 can be considered to be in a suburban environment. As dfhigwrein
24(c), shorter distances, such as in the rangel®® O m, are considerable for the rural
environment; however, most distances are between SMa LoS and NLoS. Therefore, we
assumedrossing #4 to be in a suburban environment. In addition, as shown in Figure 8(d),

interestingly, the measured path loss is almost identical to SMa NLoS before the crossing and
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UMa NLoS after the crossing. With this result, we are able to assume croSsiiogbe
somewhat between a suburban and an urban environment.

The interesting aspect relating to path loss is that the path loss is much lowel @@ #1

than the 3GPP path loss model. As shownFigure 24(a), (c), and (e), which show
considerably classic rural and suburban environments, we are able to see that both the
measured and 3GPP models match at distances farther away from the crossing; however, in a
near rgion, within +£ 100 m, the path loss is much lower than the 3GPP model. We assume
this behavior is due to the special environment of crossings; the environment around the
crossing is reasonably wide open, with possibly a strong LoS environment and & lack
interference sources nearby.

RMS Delay SpreadwWe observe the RMS delay spread to be in the range ©2284or the
omnidirectional antenna andi2652 for the bidirectional antenna, and these values are much
higher than those that were observed affth€l tracks. We assume the difference appeared
due to the existence of a few obstructions, such as trees, buildings, or parked cars, near the
crossings.

The omnidirectional antenna results are much higher than any values 8pam{[24], but

the urbarLoS with a 600m distance result from § is somewhat similar. The {aiirectional
antenna results are similar to the street crossumyirban category from 3P and highway

LoS from [&)].

Through the propagation channel characteristic measurements aydednvalues, we are

able to confirm the communication environment of the crossings, where we also measured
the DSRC performance. When comparing our outcomes with the results 2¢r28?, we

observe a V2T communication propagation environment sinailre suburban environment
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using an omnidirectional antenna and to the highway environment usingligedtional

antenna. Interestingly, the 3GPP model matches our assumed environment.

3.7.4DSRC Performance Measurements

The DSRC performance measurement results for the SVRR tracks are sHegurés 25

30. Even though we took the measurements in combinations of three modulations and two
power levels, here, we present BPSK, QPSK, and 16 QAM with the high transmissian powe
of 23 dBm and QPSK and with the low power of 11 dBm. All of the intersecting roads at the
six crossings have a speed limit of 25 mph, and the train speed was limited to 10 mph due to
track regulations. With these speed limits, we considered 10 s asnaumimotification time

to be enough; the stopping time for 25 mph is 4.62 s, as shown in Table I, with a notification
distance of 44.4 m, as shown in Table Il. Therefore, the region of interesti$.4/m. Even

though we know the region of interest, a@mpare the DSRC performance with the400

m range because of the potential of our contribution to other applications that require a longer
range than our defined region of interest.

he DSRC performance measurements on the SVRR tracks can be combmdtiein
rural/suburban environment addect warnindindirect warningscenarios. Crossings #1, #3,

and #6 can be considered as being in a rural environment witidiagct warningscenario.
Crossing #2 can be considered as being in a rural environménaeiiect warningscenario.
Crossing #4 can be considered as being in a suburban environment withrect warning
scenario, and crossing #5 can be considered as being in a suburban/urban environment with a
direct warningscenario. With these combinatis of scenarios, we can properly evaluate the

feasibility of DSRC for V2T safety.
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Figures 25, 27, and 3€how the results for a rural environment withiadirect warning
scenario. From all three figures, the DSRC performance in a rural environment with an
indirect warningscenario can be said gatisfythe minimum requirement for saje The

range that satisfies the requirement, PER <0.9, is more th&0+h for all three crossings.

The performances with a -directional antenna are also similar to those with an
omnidirectional antenna. However, as clearly shown for crossings #1#@ndthe
performance with an omnidirectional and 16 QAM high power/QPSK low power shows an
increase in the PER at 400 m before the crossing, and it is expectedsatisfgaround the
500m range. Meanwhile, the performance with adipectional antennasisteady for the
whole range. From these comparisons, we can expect DSRC with an omnidirectional or bi
directional antenna to provide a similar performance, but usingdadaitional antenna can
provide a slightly longer range. In addition, with thesailteswe can identify that a DSRC
radio is adaptable for a V2T communication system in a rural environment wiitialiegct
warningscenario.

Figure 26 presents the results for a rural environment witthiract warningscenario. The
DSRC performance with an omnidirectional antenna can be considersdtisfy the
minimum requirement for safg but QPSK with low power is near the minimum notification
distance. However, if the minimum notification time is 15 s, QPSK with low power may not
satisfy Interestingly, the performances between the omnidirectional astirelstional
antennas for thiscenario are similar; the coverage range is similar for each combination of
modulation schemes and power levels. Moreover, the performance of-thedbional
antenna after the crossing is worse due to a blockage from a building placed after the, crossing
which is the reason for creating the NLoS environment. With the comparison, we are able to

identify that a bidirectional antenna performs worse than an omnidirectional antenna for the
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NLoS environment. From the evaluations, we confirm the DSRC radieajstable for a V2T
communication system in a rural environment witdigect warning scenario. In addition,
different from the evaluation of a rural environment with iadirect warning scenario,
omnidirectional and bdirectional antennas can provide enitar performance, but bi
directional antennas can be worse when the communication environment changes to NLoS
from LoS.

For a suburban environment with andirect warningscenario, we evaluated Figure 28.

The DSRC performance with an omnidirectional, as well as bidirectional antemde to
considered taatisfythe minimum requirement for safety. The DSRC performance with a bi
directional antenna shows an adtzge in terms of coverage range over an omnidirectional
antenna for this scenario, and the performances after the crossing are similar for all
modulation schemes and power levels. However, the performances before the crossing, which
can be more importanthan after the crossing, showore variationthan with an
omnidirectional antenna. More interestingly, the performance difference is larger for a higher
power level and lower modulation scheme; the difference in BREKQPSKis larger than

the differencan 16 QAM high power and QPSK witlower power the effect of antenna
beamforming is higher for lower modulatioRsom these evaluations, we confirm the DSRC
radio is adaptable for a V2T communication system in a suburban environment with an
indirect warnng scenario. Moreover, we observe that using -@if@ctional antenna can
provide benefits in terms of coverage range over the omnidirectional antenna.

For a suburban environment withdaiect warningscenario, we evaluated Figure29. The

DSRC performance with an omnidirectional and with alilectional antennas able to
considerto satisfythe minimum notification range. The advantageising the bi-directional

antennais able toobserve in this scenario. The performance difference between the
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omnidirectional and the firectional antennas is larger for higher power levels and lower
modulation schemes, and this is observed in the suburban ememorwith anindirect
warning scenario, as well. The difference is larger fatir@ct warningscenario than for an
indirect warningscenario. Through the evaluation, we confirm a DSRC radio is adaptable for
a V2T communication system in a suburban enwitent with adirect warningscenario.
Furthermore, we can identify the advantages of usingdaréctional antenna in a suburban

environment for both thimdirectanddirect warningscenarios.

3.7.5Reliability Analysis

We choose crossing #4, one of thest performing crossings, and crossing #5, one of the
worst performing crossings, to discuss the reliability of packet reception before the crossing
using the CDF. We generate the CDF based on the number of correctly received packets at
the granularity o0 m as the train advances toward the crosstiggire 31 and Figure 32

show the CDF for crossings #4 and #5.
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Figure 31 Crossing #4: CDF of successfully decoded packets before the crossing for (a) omnidirectional
and (b) bi-directional

59



1 —_—
e BPSK High = BPSK High
w | =QPSKHigh w | =QPSKHigh
s 0.8 =4 =QPSK Low s 0.8 =4 =QPSK Low
% |m==16QAMHigh §  |[T==16QAMHigh|
o o
o o
T 0.6 T 0.6
2 2
§ 8
&4 o4
° °
w
G 0.2 G 0.2
O 3}
04 0+
400 -300 -200 -100 0 -400 -300 -200 -100 0

Distance Before Crossing (m)

(a)

and (b) bi-directional

When the CDF curves are approximately linear with a slope of one over the distance where
packets are being received, and if this distance is sufficiently long feffegtive warning,
the system can be considered reliable. This is the case for crossing #4, among others. For

crossing #5, the reliability is high only for the-directional antenna system configuration
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Figure 32 Crossing #5: CDF of succe$slly decoded packets before the crossing for (a) omnidirectional

and for a loweiorder modulation and high power tsamission.
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Even though the system reliability of the omnidirectional antenna configuration for crossing
#5 is low, a good amount of packets is actually being received before the minimum
notification distance of 67 m. As shown kigure 33, more than 60 packets are received
before the critical distance of 67 m before the crossing. Therefore, we conclude the DSRC
system is a good candidate for the proposed V2T saféigal communications system,

which warns cars well ahead of time of an approaching train.

3.7.6Conclusions of SVRR Measurements

In Figure 25-30, we evaluatehe DSRC perbrmance in rural/suburban environments with
directiindirect warningscenarios. Through all combinations of scenarioscereludethat
DSRC is adaptablefor usein a V2T communication for early warning applicatjoas its
performance can be considettedsatisfy most of the scenarios with all modulation schemes

and high/low transmit power lexglithin the minimum notification range with minimum
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notification timeof 10 s. Unlikethe TTCI track measurements, the interference sources were
the realenvironment and random numbef existence and moving vehicles and objects
existed during the measurement procedure. The measured results confirm thatiDSRC
adaptable foa V2T communicatiorsystemin a real environment.

In Figure 24 and Table VI, we evaluateghe propagation channel characteristics, path loss
exponents, Ricean-Kactors, and RMS delay spreadbr the SVRR crossings. The measured
path loss resultsave it similar tothe 3GPP path loss models for urban, suburban, and rural
environmentsith ourassumed environment categoPRpr fadingrelated parameters, Ricean
K-factors,and RMS delay spreads, all crossings with the omnidirectional antenna are similar
to suburban categoriess mentioned in i [25]. In addition the results witla bidirectional
antenna show all crossings can be consideredths the highwaycategory from [2] and

[25], which is the major differenc@ performance between omnidirectional and bidirectional

antenna

3.8 Detailed Propagation Channel Characteristics

The interested propagation channel parameters are Ricéartdf, path loss exponent and

its standard deviation, and RMS delay spread. The channel parameters were calculated by
PDP which generated by recorded waveform through channel sounder. An exdmple o
generate PDP plot is shownFigure34.

A generated PDP contains the strongest LoS signal and the signals that are delayed by
interferences, which is able to cauwp to 3.5¢sec Each signal is captured where the

locomotive started to move and where stopped move. The saved data contains GPS
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information which can directly allocate propagation channel signal and the distance away

from the crossing.
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Figure 34 Example of Generated PDP

The calculation of propagation parameters is done with each recorded GPS location. One
instantaneousignal is shown irFigure35. In Figure35, the continuous received signal is
shown as blue line and eapbakare represented asd lines. The power data at delay time 0

sec represents the strongest LoS signal and all others represents delayed signal. The

calculation was done with using these signals.
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Figure 35 Example of InstantaneousPDP

3.9 Robust Estimabn Methods

From PER and channel characteristics, the parameters are collected certain range window
with sharing same distance parameter. With this informati@ncan estimate the channel
characteristics values for V2T communication environment and find the linear form
equations between PER and channel characteristics or distance and channel characteristics.
For the estimation processge will use the similar methsb used in 20]-[25]; 1) mean and
variance, 2) linear regression anf] R coefficient of determination, to evaluate the goodness

of fit.

For evaluate the channel characteristics, the measurements were done in a mixture of
suburban and rural; thereforeye will use mean and variance with the assumption of
Gaussian distribution to estimate. The estimation will not consider other potential affecting

parameters. All of the calculated parameters are discrete results. The mean is defined by:
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WAEATABRAOAEBDHDE BS (13
The variance is defined by:
6 ADEATABBAOAACAOEGEGAEH Owo Qi Qi o Qi
With (13) and (@4), we can estimate the channel characteristics for mixed bahuand rural
environment for V2T communication.
Sincewede interested the relationship between PER and channel characteristics or distance
and channel characteristics, the linear regression is applied to estimate. The linear regression
representation idefined by:
U (z@ A (15
wherez is dependent variablebl is an estimatorx is an independentariable ande is an
error between the estimated value and measured value. Since the interesting parameters are
oneto-one variables, the linear regresseam be simplified into:
Uit 1 o Q (16)
whereby is intercepted az andb; is regression coefficient. This can be rewritten into vector

form as:

w
w I
W

Q- QR

The coefficient of determination,’Ris defined by:

. B
Y op g/ (18

Also, R can be rewritten with residuals:

Y p (19
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R? can be observed as the range of @ ndlargervalue considered as better to fit or better
estimator.

With the linear regression proces# can generate estimated linear form equation for PER

and channel characteristics or distance and channel characteristics. After observing the
equatbns, B can support whether the equation is good to use or more measurement is
required to reduce randomness. The evaluations with measured and estimated results are

shown in the next Section.

3.10 Analyses of Results

The mean and variance of Bam K, path loss exponent, and RMS delay are showialite

VII and their distributions are shownkigure36, Figure37, and Figure38. Due to units of
variables, large or small value of variance is not good to compare. Interestingly, the
distribution shape for R@n K, RMS delay, and path loss exponent seems different. Only
Ricean K distribution seems normal Gaussian distribution. RMS delay and pa#xjpmssent
seem exponentialistributionor other than normal Gaussian. Therefore, finding the best fit
distribution will make the mean and the variance to be useful to use for simulation or

modeling for wireless communications.

Table VII Mean and variance of Riean K, path loss exponent, RMS delay

Ricean K (dB) Path loss exponent RMS Delay €5)
(dB)
Mean 3.9945 2.7738 0.1960
Variance 13.2669 0.1905 0.0029
Standard deviation 3.6424 0.4365 0.0539
Confidence interval -1.5~13.5 2.34~4.00 0.13~0.33
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The linear regressions between PER and channel characteristics are shéiguarer89,
Figure 40, and Figure 41. Interestingly, all of them are flat lines wittf Bf around 0.002,

which represenfipooro to fit. However, as shown iRigure39, Figure40, andFigure4l, the

PER values are mbkkely Os than well distributed; not much variaraggeas in PER values.
Therefore, the evaluation of linear regression between PER and channel characteristics are
useless until more vary PER values are collected. As the point of view to evaluate the
perfformance of DSRC for V2T communications, tperformanceis really great due to
properly working in different parameters of channel characteristics. However, as the point of
view to evaluate the relationship, the data set is worse and the linear edgiagsetess due

to less distributed PER values.
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The linear regressions between the relative distance of train and crossing and channel
characteristics are shown kiigure42, Figure43, andFigure44. These are more interesting
than the linear regressions between PER and channel characteristics. The linear regression of
Ricean K is shown as:

+ mimyYAu (20)
with R? of 0.034. Withthis information this model does not explain the relationsfp
Ricean K and relative distancand more data are needed for solid relationship matiel
linear regression of path loss exponent is shown as:

] T Tt ¢ Ao8T T (21)
with R? of 0.144. Withthis informationwe also can assume the model does not explain the
relationshipfor path loss exponent and relative distamedl. However,we expect using the
exponent of distance or exponential relationship instead of lineaincegaseR? which
represents a better model to estimate the model from the measured results. The linear

regression of RMS delay is shown as:
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2- AAT Avlli@ Q T wu (22)
with R2 of 9.24€5. Based on thisnformation,the data used in this analysis do not show a
significant relationship between RMS delay and relative distaitem all three linear
regression evaluation processesne of the models provide a robust estimate of channel
parameters based on relative distanc®sher variables not considered in this model may
explain more of the variation in channel parametelswever, more data collections may

provide solid relationship model, also, the factor other than relative distance need to be

considered.
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Figure 42 Ricean K vs Distance
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Path loss exponent

n=-0.0018523dis+3.042; Rsq=0.14406
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From the estimation process by finding mean and variance and linear regressigare

able to estimate the values of channel characteristics at V2T communication environment.

For mean and variance, Ran K is good to use since the distribution is normal Gaussian
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distribution, which is usually used in simulation models. However, for RM&y dad path
loss exponent, the distributions do not fit with the normal Gaussian distribution. Therefore,
finding betterfitted distribution model is required and the new variance will be given after
finding the new fitted distribution model. For lineagressions between PER and channel
characteristicsye observe more vary PER values is required to identify the relationship
between PER and channel characteristics. For linear regressions between relative distance
and channel characteristics, the lineguagion for Riean K is not good due to low R
squared valueAlso, the linear regression for path loss exponent is required to process with
other than lineaequationalform. Also, we observe the no relationship between RSM delay
and relative distance due flat slope observed in the linear equation.
The authors of40] presented a linear model of Ricearfd€tor in relationto distance and
given by:

+ TBIp ¢ AR W (23)
Interestingly, our model from the measureme@),(andthe model preseat in 20], (23),
havea similar relationship betweethe distance antdhe Ricean kfactor, as 0.08 and 0.012
respectivelyThere are certain error observed; however, the similarity between V2T and V2V
can be found.
More specific comparison between terrain pararsed@d crossings, we plotted propagation
channel characteristics with related to distances in Appendix D. From each crossing figures,
we observed similar behaviors in Ricean K factor and path loss exponent for rural crossing
environments, Crossing #3 an@;thowever, there are some outliers especially in Ricean K
factor, which are due to in the transition between rural to suburban/urban like crossings.
Since Crossing #4 is only suburban crossing, we plotted rural like crossings for figurés 45

From Figure45, we observed similar results as showrrigure42 due to the outliers shown
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in the ranges of 200 m. Based Bigure97 andFigure99, those points are observed after the
crossings, and the region after Crossing #3 and #6 contains a large forests and buildings. The
RMS delay stays as same conclusion as before. For the path loss exponent values, all of them
are in the range of 2.3, except the values after the Crossing #6. Interestingly, the outliers of

path loss exponents were not shown from Crossing #3, but from Crossing #6.
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Figure 45 Ricean K for rural crossings
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D = 0.0059d + 195.2027
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Figure 46 RMS delay for rural crossings
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Figure 47 Path loss exponent for rural crossings

3.11 Conclusions for Estimation Methods Analysis

We faceda limitation in obtainng PER models due to PBRof zero for the range of

propagation channel measurements. More measurements at different sites that will give non
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zero PER areneeded fom more accurate relationship modétom the measured resulige
estimated the results by 1) mean and variance with twergtion of Gaussian distribution, 2)
linear regressions between PER or distance and channel characteristics. From mean and
variance we observed only Rigan K is following Gaussiadistributionwhile the other two

does not. Therefore, the properly fittddtribution to find mean and variance is required.
From linear regression of PERye observed more varied PER is required to collect to
estimate proper equation. From linear regression of distamceyort find good fitted line,

which give us the conclien for more data collection is requiretihe suggested equations

are not sufficient enough to use in the field yet dubto R? parameters for all fitted line,
collected data in few crossings, which may regiresentativeand the parameter, especially

path loss exponent, consider other equation than linear regression. Therefore, careful
approaches to evaluate the equations for propagation characteristics with more field trial are
required to suggest for design guidelindlso, PER values are almost zero for all scenarios;
therefore, another propagation channel measurement with worse performing DSRC

environment isequiredfor developed design guidelines.

76



Chapter 4

ITS Band Regulatory Survey

4.1 Introduction

A literature survey was performed to identify technical challenges and related prior research
associated with possible futuregulatory decisions related to the 5.9 GHz ITS band. These
decisions relate to bargharing and mandatory use oWaeless communicatiogandard or
standards for vehicular safety communication. This study valp investigatorsto plan
researclthat is highly relevanto the future regulatory environment of the 5.9 GHz band and
to future ITS bandghat may be subject wifferent combinabns of regulations

DSRC has been thdominant protocol recommended for vehicular communicatioech as
V2V and V21 communicationsin FCC Report and Order FEA@3-324 [32], the FCC
allocated 75 MHz of the spectrumtime 5.9 GHz band for vehiculamommunicatios. DSRC

has been usg the 75 MHz of spectrunwith seven differentchannels; each 180 MHz
bandwidth agper the recommendation BfS.

However, more recently the FCC issued a NPRlyardingthe potential use othe5.9 GHz
bandfor U-NII devices. Also, the FCC is considerisparing thespectrum of 5.8%.925
GHz by both DSRC and NIl devices, as mentioned iRCC Docket ET 1319 [33]. The
primary unlicensed devices thaicludedin the FCC NPRM use a signal based on IEEE
802.11ac and operas U-NII-4 band shown ifrigurel.

The channebllocations being considered for DSRC andNlW-4 areshown inFigurel. In

the FCC NPRM, two interference mitigation approaches are preséitetéct and Vacate
(DAV)0 and fiRe-channelization. DAV represents no changes to DSRC, but requires
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unlicensed device®tavoid DSRC interference by detectitig DSRC signal up t&€Channel

178. iRe-channelization is an allocation process whesafetyrelated DSRC applications
usethe upper 30 MHz(Channe$ 180, 182, and 184while nonsafetyrelated DSRC and U

NII devicesshae thelower 45 MHz(Channes 172, 174, 176, and 1Y.8

Furthermorenew developments ofehicleto-Everything (V2X),are expected over the next
few years with releases 3GPP releases 16 andQife potential apporacis to provide
services through LTE,which is refered to a€-V2X [34]. Recently, 3GPP presented the
sidelink interface and the LTE cellular interface in Release 14 with fulfilling the requirements
of V2X services 34]. Also, Sociey of Automotive Engineers (SAE) established five levels
of vehicle automations, complete driver control (level 0) to complete autonomy (level 5), and
the autonomous driving will highly rely on the communication functionaBg}.[Although

the technical details aill under development,-€2X will brings addibnal complexity

to thediscussioron how to allocate spectrum bandstie 5.9 GHz band due to involvement

of traditional vehiclular communication in the architecture.

As Wi-Fi, LTE, and DSRC are competeing filve 5.9 GHz spectrum, numerous technical
chdlenges to research will aris&ince allocating the spectrum is organized by FCC, and
possiblythe NHTSA may affect the regulatign there are some technical challenges that we
further analysis in this papdiowever, when a regulatory of 5.9 GHz spectihend is fixed

by both FCC and NHTSA, the technical challenges to research should somewhat align with
expected regulatian

DSRC is the dominant protocol for 5.9 GHz band; however, deployiv@X; Wi-Fi, and
other unlicensed devices at the band is constd@Vithinpossiblehypothesis about FCC and
NHTSAG decisions, wean generate possible combinations of regulaiand associated

technical challenges related fmossible regulation scenarg Moreover, wepresent a
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comperhensiveéechnicalassessmerthat is related to thepotential technical challenges for

those regulations

4.2 Possible FCC and NHT3#A Regulations

For adopting certairregulatiors for vehicular communication, FCC and NHTSA have the
major role. Their decision may or may not conflict to each other; however, it is obvious to
say that EV2X or DSRC or both will be usinghe 5.9 GHz Also, based on announced
NPRM, FCGC& position can bexpected as using UN#l and DSRC with Rehannelization
and under discussion about DAV while NHTSA is more focused on whether the technologies
can satisfy their minimum safety requirements.
Possible FCC actions af@lowing:
Number of vehicular safety oamunication technologies in band: 1) deehnology or 2)
two technologies
If one safety technology in band: 1) DSRC Only; or 2¥ZX Only
If two or more safety technolégs in band: 1) cechannel coexistence; or 2) adjacent
channel coexistence
Re-chanrelization: 1) Rechannelize, safetyelated DSRC using upper 30 MHz and
unlicensed devices using lower 45 MHz; or 2) Do nethrannelize
Wi-Fi sharing: 1) Allowed through DAV; 2) Not allowed
Other unlicensed technologies, most prominently {ATELAA, and MuLTEfire: 1)
Allowed; 2) Not allowed
Re-channelization and Wki sharing by DAV are consided as two different interference

mitigation approaches. However, thegn beuseal at the same time: using safestated
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DSRC to rechannelize at upper 30 MHz amatlocate norsafetyrelated DSRC at 45 MHz
with allowing WiFi sharing through DAV. Fathere-channelization scenario, Wi sharing
is always alloved Forthe do-notre-channelization scenario, Vi sharing could eithebe
allowedor not alloved
With the interests of NHTSA, which technology using for vehicular communication, we can
identify the possible NHTS& regulations as:

DSRC only

C-V2X only

Coexistence DSRC & @2X

U Interoperable

U Nonr-Interoperable

No regulations
NHTSA is more interested about which technology is preferred for vehicular communication
with fulfilling the safety requirements while FCC is interested about thattechnology and
how toefficiently using the 5.9 GHz band with the technologies. Theasmenf coexistence
can be considered as interoperable or-inberoperable. Interoperable represents as vehicles
are using a device thatlows DSRC and ©/2X to communicate each other. No regulation
scenariorepresentshe case whemNHTSA does notimpose a regulationfor vehicular
communication.
With the combinations of identified FCC and NHT&Aregulation scenarios, weave
generatd scenario regulation chart as showrkigure48.
For eachcombinationof scenarios, certain technical challenges inherentThe technical
challenges are shown as alphabet codegare48. Thedetailsof thesetechnical challenges

are listed inTableVIII .
80



Based on the expectedenarios, certain technical challenges can be faced:
Effect of adjaceninterferencéo DSRC or GV2X, or vice versa
Ability of Wi -Fi to detect DSRC or-/2X signals
Co-channel interference between¥IDSRC/GV2X
Interoperability between DSRC and\@2X

Scheduling schemes to use the spectrum for DSRC argixC
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(ITS Band Regulatory Plan>

NHTSA

DSRC & C-V2X
(oswcom ) (vaxom)
DSRC Only C-V2X Only
(Non-lnteroperable) ( Interoperable )
Adjacent

/ \ ( CH ) ( Co-CH ) ( Co-CcH )

;

CH Re-CH

( Re- ) Not - Re- Not ( Re- ) Not ( Re- ) ( Not

CH Re-CH - CH Re-CH CH Re-CH CH Re-CH
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Figure 48 FCC and NHTSAG regulation plan
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Table VIII List of technical challenges

Alphabet
Alphabet Code
Description Code from | Description
from Figure48
Figure48
Co-channel interference between Wi and G
a Ability of Wi -Fi to detect DSRCignalsto vacate f
V2X
Analyzing adjacent interference from DSRC to
V2X and from GV2X to DSRC. Depending ol
Adjacent interference to DSRC: eof-band rejection o
b g which system will use the lower frequency ba
DSRC
adjacent interference from W need to be
analyzed
How the co-channel coexistence between DSI
C Co-channel interference between-¥WliandDSRC h and GV2X will affect the performance to eac

other
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Ability of Wi -Fi to detect €/2X signals to vacate i Interoperability between DSRC and\@2X

Adjacent interference to -€2X: out-of-band rejection The fiNo Regulatioo will inherit all technical

of C-V2X issues in the column above it
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4.3 Technical Surveys Related to Regulation Scenarios

By categorizing technical challenges as shownTanle viil, we surveyed papers and
categorized them intahe related technical challenge topicsor the current FCC and
NHTSAG plan is the scenario of DSRC only using for 5.9 GHz spectrum band, we found the
greatestnumber of paperaddress this scenariblowever, the least number of studies are
related to the technical challenges for coexistence of DSRC artXGcenario. Thexfore,

in this section, weadentify the technology gaps that have not been addressed in the technical
literature Tablelx summarizesddressedechnical challengethatfound in the literature and

their key findings

4.3.1DSRC Only

Authors of B6] evaluated the effects of adjacent channel interference in -amaltinel
vehicular networks. In the model setup, a target node is observing in Service Channel (SCH)
4 and variousiumbersof nodes transmit on SCH3 to cause adjacent channel interference on
the target node. Their study shows that a node tuning into a channel with a low transmission
power, so to mitigate adjacent channel interference effects would preserve the
communication gality at some exteniThey dso found that despite the blocking, channel
access delay may be reduced and transmissions may be less prone to collisions.

The aithorsin [37] studied the effects of adjacent channel interference signal energy levels
and chanal access delay and packet loss in the rohiéinnel vehicular networks using an
adjacent channel interference model through simulation that is able to control time, space,
and frequency parameters for mobile nodes. They explored two scenarios: 1) veludaem

are arranged in a square adjacent channel interference effects at the centeaneasured;
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2) 60 carsareexponentially distributedver 3-lane highway. Through the simulations, they
found that the effect of adjacent channel interferéadmesignificantfor transmission power
settings of 20 dBnandwhen the involved nodes are at a distance lower thafie results

show that the increasepacketlosses is the more evident effect of adjacent channel
interference in mixed eohannel and adjacenohannel interference scenarios.

Impact of adjacent channel interference on DSRC Control Channel (CCH) communication
due to communication in adjacent SCH channel is evaluat&8jinThey setup two devices
communicating on CCH and two on SCH. Two node® on eaclthannel are kept close
together while the other two are farther away. 5, 10, 15, 20, and 33 dBm power levels used
and 5500 mseparationsused. Through the tests, the authors observed that 1) a transmit
power of 33dBm is not applicable becauke adjacent channel will be found busy by the
nearby node; 2) it is not applicable to run both channels with a similar transmit power due to
the reduction of the communication range to 100 m on both channels; 3) the best power
difference seems to be 18 advhere the best communication range on the CCH and SCH can
be achieved.

The mpact of orboard 802.11a Wi device communication with an electronic toll
collector on the vehicie DSRC communication is evaluated B9][ The tests were done

with 3 lanesand 100 cars in each lane. Two traffic cases were considered: 1) normal traffic
case, in which cars move at 54 km/h and the averagecatetistance is 10 m; 2) traffic jam
case, which assumes that cars are moving at 3.6 km/h and the averagaridiance is 3

m. Also, sensitivity to power wasonsideredy: 1) vary percentage of cars using 802.11a; 2)
vary transmit power of 802.11a with percentage cars held constant; 3) vary transmit power of

802.11p RSU. Through the tests, authors38f found tha the effect of 802.11a interference
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cari be eliminated just by increasing the 802.11p transmit power and need further
mechanisms to make DSRC more reliable and rugged.

Authors of fQ] tested the interference to DSRC communication when the interferer is
another DSRC radio on the same vehicle as well as on another vehicle. They tested with two
scenarios: 1) V2V communications with equipped 6 dBi antenna; 2) V2I communications
with RSU equipped 16 dBi and OBU equipped 6 dBi antenna and 33 dBm transmit power.
For V2V scenario, they observed the receiver can only receive other adjacent signals within
14.19 m and noadjacent signals within 71.13 m with full transmission rate, 27 Mbps. For
V2l scenario, they observed the receiver can only receive other adjageals within 174.6

m and noradjacent signals within 875.1 m with full transmission rate, 27 Mbps.

Reference41] analyzed the coexistence betweenfand DSRC by analyzing the physical
layer challenges and the MAC layer challenges for the two sysiemeexist.At short
distances between DSRC transmitter and receiver from there is no significant coexistence
issues. For long range DSRC communications, there is high DSRC packet loss due to
interference from WFi, but long distances are not critical feafety related DSRC
applications. At medium distances, outdoor-NMVican coexist better than indoor Wi, the

latter creating nommegligible packet loss, which can be problematic for DSRC safety
applicationsTheir results show that even with DAV, indoor Wi can cause interference to
DSRC, and it was recommended to reduce the~Mfransmit power in this case to avoid
creating an interference to the DSRAIso, the results showshé DAV provides better
coexistencanechanism for the DSRC, and it was recommended in the paper to adopt this
technique if WiFi and DSRC share the same band.

From the surveys, we expect following additional technical amalg needed for DSRC

Only regulatory scenario:
87



Evaluation of adjage channel or cahannel WiFi interference effects

- Technical improvement of ki to detect DSRC signal for advanced DAV algorithm

4.3.2C-V2X Only

Reference 42] analyzed the effect of the aggregate adjacent channel interference generated
from LTE smalicells to a user in macicells. The authors propose an interference
approximation model for the interference generated from stellto a device connected to

the macrecell as a weighedum of lognormabased distributionsThey found thatf smalt

cell intensity increases, the outage probability of victim user increamksnder same small

cell intensity, as the distance between victim user and nwathdBS increases, outage
probability increases.

The authorsof [43] proposed a modified OFDMased sobme for V2X communication to
improve performance and robustness of the vehicular communications against fast fading,
which will happen when vehicles travelling at high speed. The authors analyzed the effect of
subcarriers numbers on the date rate undderdifit relative speeds. They concluded that
when the data rate increases from 1 Mbps to 10 Mbps under a relative speed of 200 km/h, the
larger number of subcarriers is preferred to satisfy lthle performancerequirements,
especially to prevent frequensglective fading.

The authorsf [44] evaluate the performance of V2I communications based on a freeway
scenario in which the coverage is provided by tAEThe authors used an LTE system
simulation platform for which the system throughput performancesgmélto-interference
plusnoise ratio(SINR) have been rigorously assessed. For the case in which the network is

dense and the reliability requirement is high, the results indicate there is a need for novel
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resource allocation and interference mitigatitechniques to meet the performance
requirements. For the case in which the minimum and maximum distances between vehicles
are 200 m and 300m, respectively (which corresponds to around 40 vehicles connected to
each RSU), the result shows that about 50%edicles can achieve an SINR of 15 dB and
cell edge vehicles (5% from CDFs) can achieve SINR of 2 dB.
The authors of 45, 46] studied about performances of L-ME mode 4 for GvV2X and
presented LTE/ mode 4 with usingsidelink. From 4], the authors comped the
performances of DSRC and LTEunder highway fast and slow environments and evaluated
LTE-V performances with different modulation schemes. From the studies, the authors
observed LTEV outperforms DSRC when DSRC is using low data rate and alteznativ
DSRC due to its improved link budget, the support for redundant transmissions per packet,
and different suiwhannelization schemes. However, the careful configuration parameters are
required for more efficient usag@he authors of 45 analyzed the peofmance with
different SemiPersistent Scheduling (SPS) partene of GV2X. The authors of 45|
observed Packet Delivery Ratio (PDR) improved as the number of availabtbautels and
increasing of resource reservation interval can obtain increasiPiDRfin dense networks.
From the sweys related to €/2X Only regulatory scenarios, we expect following technical
challenges are needed:

Observation of the configuration of\Z2X that can outperforms DSRC

Evaluations of adjacent or @hannel WiFi interference effect to @2X

Signal scheduling schemes foM2X networks

89



4.3.3Coexistence between DSRC and/€X

In [47], the 5GAA proposes splitting the lower 30 MHz of the band between DSRC-and C
V2X, where each technology is allocated 1814458755885 MHz, 5895905 MHz), and
there is 10 MHz in between (588895 MHz), which can be used by either technology
through a Detect and Vacate mechanism. According to 5GAA, the upper 45 MHz allocation
can be addressed in the future.
Since we woft ableto search many surveys related to Coexise between DSRC and C
V2X regulatory scenario, the additional technical challenges covers all challenges that
mentioned previous regulatory scenarios:

Evaluations of adjacent or -@hannel interference effect beten DSRC and -&2X; both

can be main signal and interference source

Signal scheduling schemes of DSRC ardZX in the spectrum bands

Interoperability between DSRC and\@2X

DSRC/GV2X detection and identification methodology
- Wi-Fi to detect DSRC/&/2X for advanced DAV algorithm

- Advanced channelization, avoidance, and interference mitigation techniques

Table IX Summary of technical surveys

Regulatory Scenarios Contributions

A node tunes into a channel with a lawansmission power t
mitigate adjacent channel interference effects would preservi
DSRC Only
communication quality at some exte86]

Interference to nearby nodes gets weaB6é} [
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Effect of adjacent channel interference should not be neglecte
transmissiorpower of 20 dBm at a distance lower than 737 [
Increase of channel access delay due to adjacent channel interf
is largely negligible when ecohannel interference is als
experiencedd7]

The best power difference is around 10 dB where the
communication range on the CCH and SCH can be achi®g&d |
Effect of 802.11a interference darbe eliminated by increasin
802.11p transmit poweB9]

Receiver can receive other adjacent signals within 174.6 m and
adjacent signals within 875.1 m witi@ B1bps transmission ratd(
Even with DAV, indoor WiFi can cause interference to DSRC ¢
recommended to reduce Wi transmit power to avoid caéng an

interference to DSRCA]

C-v2X Only

If small-cell intensity increases, the outage probabilityiofim user
increae [42]

As the distance between victim user and maaib BS increases
outage probability increasd3]

When the data rate is increasing from 1 Mbps to 10 Mbps un
relative speed of 200 km/h, the larger number of subcarrie
preferred to satisfy maintain the link, especially to in the presehu
frequency selective fading 8]

When the network is dense and reliability requirements are
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there is a need for novel resource allocation and interfer
mitigation techniques to neéthe performancequirements44]
LTE-V outperforms DSRC when DSRC is at 6 Mb/s, but DSRC
improvethe performance with 18 Mb/4%

LTE-V can be an alternative of DSRC due to the improved
budget, the support for redundant transmissionsppeket, anc
subchannelization schemes; however, a careful configuration o
transmission parameters is required for transmittingerpacketger
seconds (pps¥h

PDR improves as the number of availaBubchannels for sidelink:
[46]

PDR increase &m 1625% to 6085% when the resource reservati

interval increased 100 to 1000 n¥&9]

Coexistence between DSR

and GV2X

5GAA proposed splitting lower 30 MHz of band between DSRC

C-V2X and upper 45 MHz allocation eébe addressed in the futu

[47]

4.4 Conclusionof ITS band regulatory contingency and technical

survey

We haveanalyzed thgotential regulatory rules that can be made by FCC and NHTSA about

5.9 GHz spectrum band for vehicular communications reak created possible regulation

scenarig. We have listedhe technical challenges that cése brought ugrom theseveral
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combinations of scenasoas showin TableVIIl . We have presented a complete survey for
the vehicular communication relategsearch work in the literatuend have mapped this
work into the differenttechnical challengese analyzed

Through configuring possible regulation scenarios and technical surveymweddentified

that certaintechnical challenge topic had been researched more than the others. Even the
frequent researches were done in related to DSRC orW2>XConly, or coexitence of
DSRC and €v2X, we believe coexistence of DSRC anev@X will be the regulation in

near future and &/2X only will be the regulation for further future when the configurations

of C-V2X that can outperform DSRC is confirmed. With the expected aéigul we believe
interoperability technial issueshouldbe investigated morgue to the announcement of FCC,
U-NI1l4 devices share with DSRC band, and rising éfZX. Beyond neaterm regulatory
decisions for the 5.9 GHz band, the survey will help rebess set appropriate agendas for
investigations related to V2X communication in future bands that may be subjected to

different combinations of regulations.
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Chapter 5

Adjacent Channel Interference Evaluation

5.1 Introduction

From the technical survey 1oITS band regulatory planning, we observed several technical
challenges and distributions of studies related to possiBI&Hz band regulatorgcenarios.
Based on our observation, coexistence between DSRC avidXCscenario is notas
thoroughly researdd as otherpossible scenarios mentioned the previous chapter.
Therefore, we planned to condueteasurement$o evaluate the feasibility of adjacent
channel coexistence.

We conducted the measuremetatevaluate the effect of adjacent chann&trferenceusing
interference sourcesichas IEEE 802.11ac and approximateVZX, to DSRC performance.
With the results from the experiments, we can evaluate the possibility for DSRC Only & Re
channelization and DSRC and\@2X adjacent channel coex&ice & Rechannelization
scenarios. We measured the performance of DSRC as metric of PER with adjecerdl
interferences as IEEE 802.11ac, 20 and 40 MHz bandwidth, and approximat2d C

signals and different path loss values.

5.2 Measurements Overwie

The objective obur experiments is tempirically evaluatehe performance of DSR@sing
PERas the performanametric in the presence ohterferencdrom LTE andIEEE 802.11ac
signal in adjacent channgl BecauseC-V2X equipment was not available #dte time of

writing, we used standard LTiodified GV2X signals to provide a rough approximation of
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C-V2X. C-V2X includes provisions to reduce interference that are not included in the LTE
waveform used in the experiments,the interference from &/2X to DSRC is likely to be
less than observed in the experimem&th these evaluations, we can identify the effect of
Wi-Fi, LTE, and GV2X on DSRC to assess implicateof the FCC& proposed plan fdl'S
band
For GV2X adjacent experiments, DSRfperates orChannel 172and C-V2X on Channel
(ch) 174.Since current WFi devices do not operaie the DSRC bands, we operaRSRC
in ch 172 andrecord IEEE 802.11ac signals and upconteeimto ch 169for a 20 MHz
bandwidthWi-Fi signalandto ch 167 for a40 MHz wide signal This allows us taonduct
adjacenthanneinterferenceneasurements and analyses
We consider varying path loss between DSRC radios aAgiWITE, and GV2X radics. As
shown inFigure49 and Figure 50, our scenario contairDSRC transmitter (Tx), receiver
(Rx), and WiFi, LTE, and GV2X radio asthe adjacenthannelinterfere. We assumé¢hat
both channelsDSRC Tx to Rx andhterference sourc®® DSRC Rx,areLOS. We consider
DSRC Tx to DSRC RXx distances (D1)f 50, 75, 100, 150, 225, 30@nd 415 m. The
interference source to DSRRX distances (D2pre 25, 50, 75,and 100 m. Figure 49 and
Figure50 showsthedesired setup for D1 and D2.
We usedheUrbanMicro LOS (UMi LOS)path loss model from 3GPP TR 36.9B4]. The
UMi LOS equations are

0, CBEM @ ¢meéQQ (23)
Wheref; is a center frequency GHz d the distances between two nodesm. (23) applies

to distancesd, below 1180 m, which are considered in these experiments.
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Figure 49 Scenario for DSRC Tx, Rx, and LTEcoexistence
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DSRC Tx — Rx [
Distance (D1)
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Figure 50 Scenario for DSRC Tx, Rx, and WiFi coexistence
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5.3Hardware Setup

The hardware platfornmhas three major component§l) DSRC radig; (2) arecorded
interference sour¢eand (3) aremulatedRF channel All componentsare connected through

short shielded cables to remaaey externatandom effects.

5.3.1DSRC

Savari MobiWAVE radiosare usedor the measurements. The DSRC signal hasnsmit

power level of 23 dBm, a bandwidth of 10 MHz, a padkeigh of 143 bytes,a packet

interval of 100 ms, and transm000 packets. WassumeBSM types ofapplicatiors. The

BSM application contains these messages per each packet: transmit power, bit rate, channel,
message length, message coumtsd cn), id, sedbn mark €ecMarR, latitude (lat),
longitude (ong), elevation, speed, heading, angle, acceleration in latitude, acceleration in
longitude, acceleration in vertical, acceleration in yaw, brake status, width, and length. We
postprocesshe transmitted andeceived packet by comparirimsg_cng GecMarlg datd
anddongb parameters taetermine the number abrrectly receivednd dropped packete

calculatethe PERas

0 %2 p (24)

5.3.2Interference Sources

The recorded LTE signal consists of Time Division Duplex (TDD) LTE Uplink (UL) and
Downlink (DL) signals which were generated by a Rhode & Schwarz CMW 500 Wideband
Radio Communication Tester with center frequency at 2.4 GHz and bandwidthMifiA0

We used USRP B210 to playback the recorded LTE signal by adjusting transmit power level
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to 23 dBm and center frequency @bannel 174 to provide a rough approximate®/ZX
signals with nearly 100% channel capacity.

Therecorded WAFi signal s generated using a TEHNKAC1900 IEEE 802.11ac Wi AP.
The20 MHz signal usech 161 andhe40 MHz signals usech 159 witha transmit power of
36 dBm. WiFi AP is connected ta Microsoft Surface Pro &otebookto record both uplink
and downlink signal The channel capacity inearlyl00 %, as controlled byiperf. The
recordingis doneusing GNU Radio with a USRP B210. The recorded sigegilayed back
at a desired center frequey using the same softwadefined radio setupSince a large
amount of memorys required for recordinthe wideband signal and tleit-of-band signal
leakage we only recordhe 15 MHz of the Wi-Fi signalleakageportion thatoverlapswith

theDSRC sigml. This is illustratedn Figure51.

\ /Only Recorded
15MHz
i<
802.11ac | \L ]
20MHz DSRC

I ! [ 1
CH 169 CH172
(a)
Only Recorded
B 15MHz
802.11ac ™ |
40MHz : DSRC :
l L  ————
CH 167 CH172
(b)

Figure 51 (a) Region of recorded 20 MHz WiFi signal, (b) region of recorded 40 MHz WiFi signal
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Figure 52 RF channel emulator implemented as variable attenuators
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Figure 53 Photo of attenuators

5.3.3Emulated RF Channel

To emulate largescale path losg¢PL), we physically connect attenuators to feaction
between DSRC Tx to Rx and Wi interference to DSRC Rx separately as showriguire

52. The attenuated signasecombined athe input of thddSRC Rx.The actual connections
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of attenuators are shown Figure53. The attenuabn valuesare obtained based ¢83).
Sincethe center frequencies fddSRC and20 and40 MHz Wi-Fi signalsare differentthe
calculated PL values differ; however, the difference is less than 1 dB, which is the minimum
step size of the controllable attenuators that we have. Therefore, attenuator values for 50, 75,
and 100 nLOS distance$or the Wi-Fi and DSRC paths are set to Hamevalues 081, 84,

and 87 dB respectively The selected distances for \ito DSRC Rx path are 25, 50, 75,

and 100 m with path loss of 74, 81, 84, and 87 dB. The selected distances for DSRC Tx to Rx
path are 5075, 100, 150, 225, 300, and 415 m with path loss of 81, 84, 87, 91, 95, 98, and
101 dB.TableX captures the experimental paraemters, including path loss values between
DSRC Tx and Rx and adjacent interference source to DSRC Rx, as well as the emulated

distance valued he signal validations are shownAppendix C

Table X MeasurementsConfigurations

Configurations Parameters
DSRC transmit power 23 dBm
LTE/C-V2X transmit power 4023 dBm
Wi-Fi 36 dBm
transmit power
DSRC channel 172
C-V2X channel 174
Distance between DSRC Tx and RX1j 50, 75, 100, 150, 225, 300, 400 m
Path loson DSRC link 81, 84.6, 87.4, 91, 95, 97.9, 100.7 d
Adjacent Channel Tx and DSRC Rx distabz 25, 50, 75, 100 m
Path lossalongD2 74, 81, 84.6, 87.dB
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. 2- 4- 6- . 8- 10- Rx

Coupled Arm

‘ 11.

Tx 16. 13.

Figure 54 Parts labels for USRP and DSRC Tx/Rx connections for LTE measurements

Table XI Part names fromFigure 54

Part Label
Part Name
Number
1 USRP B210 Software Defined Radio Transmitter
Custom .141 SenfRigid Coaxial Cable (SMAV to N-M approx. length
’ 0.1m)
3 HP 8495B 10 dB Step Attenuator-fN
4 N-M to N-M Coaxial Adapter
5 HP 8494B 1 dB Step Attenuator RN
6 United Microwave Microflex 150 Coaxial Cable, 18 inches.
7 Narda 424410 Directional Coupler-84GHz)
. Right Angle Adapter (SMAVI-F)
9 MC VAT -3+ Coaxial Fixed Attenuator
10 United Microwave Products Microflex 150 Coaxial Cable to DSRC , 24

101



inches.

11 United Microwave Products Microflex 150 Coaxial Cable, 12 inches

12 HP 8495B 10 dB Step Attenuator (sifja

13 United Microwave Microflex 150 Coaxial Cable , 24 inches.

14 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required)

15 MC VAT-6+ Coaxial Fixed Attenuator (substitute as required)

16 United Microwave Microflex 150 Coaxi@lable from DSRC, 72 inches

Note: Components tested as an assembly using R&S-IB/Nector Network Analyzer

calibrated with Z\¥Z132 calibration kit.

Microsoft
Surface Pro 3
with iperf

iperf —s —i 1 -p 9001
Generated 802.11ac

signal at 20/40 MHz
on bands 161/159

Catb i
PCwith | Ethemer | T HNK < 6" FRA cable 6" FRA cable USRP
inerf Cable Archer -30dB 8210 PC
pe c1o00 AP [\

iperf —c <Server IP>—u—i 1 -t 300 —-b 600M —p 9001

OTA
Leakage

Center port used with a reverse polarity SMA connector to complete the wired connection
The other two side ports were terminated using Mini-Circuits ANNE-50+ matched loads

Figure 55 Wi-Fi interference signal recording diagram for 20 & 40 MHz

Through

IIP3II
¥ "a .8
2. 4, 6.

Through

nPlu

g DSRC

Coupled Arm

Figure 56 Parts labels for USRP and DSRC Tx/Rx connections for Wi measuements
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Table Xl Part names fromFigure 56

Part Label
Part Name
Number
1 USRP B210 Software Defined Radio Transmitter
2 United Microwave Microflex 165 Coaxial Cable, 24 inches
3 HP 8495B 10 dB Step Attenuator-f
4 N-M to N-M Coaxial Adapter
5 HP 8494B 1 dB Step Attenuator RN
6 United Microwave Microflex 150 Coaxial Cable, 18 inches
7 Narda 424410 Directional Coupler-84GHz)
8 Right Angle Adapter (SMAVI-F)
9 MC VAT -3+ Coaxial Fixed Attenuator
United Microwave Products Microflex 150 Coaxial Cable to DSRC, 1
w0 inches
11 United Microwave Products Microflex 150 Coaxial Cable, 12 inches
12 HP 8495B 10 dB Step Attenuator (SMA
13 United Microwave Microflex 150 Coaxial Cable, 24 inches.
14 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required)
15 MC VAT -6+ Coaxial Fixed Attenuator (substitute as required)
16 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required)
Times Microwave LMR200 Coaxial Cable from DSRC T fixed
17

attenuators, 24 incke
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Note: Components tested as an assembly using R&S-IBVNector Network Analyzer

calibrated with Z\¥Z132 calibration kit.

2.00e+01
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1.00e+01 —f -100
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Figure 57 Waterfall plot of recorded LTE signal
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Figure 58 Instantaneous recorded LTE signal
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5.4 Results

Since thenumber oftransmitted packet is 6000, we plbie PER value as <Idwhen no
packetsare dropped at the receiver. We conduct each scenario one time, 6000 packet
transmissions; therefore, there is a possibility of capturing higher PER than our results if

more packets transmitted.

5.4.1LTE/C-V2X Interference Scenario Results

We analyzd TE and C-V2X coexisting in adjacent channel with DSRIhe PER is around
0.5 for D2 of 25 m; however, the PER is around 0.1 for all ofb2rdistancesThePERis
almost zero for all scenarios excépt theD1 of 50 m andD2 of 25 m. Ths scenaio hasthe
strongesteffect of the interferencewhich is reflected by theesuls. The PER valueof
1.5*10"3 is low and has littleeffect on the service Therefore, we conclude thaflTE
adjacent channel signal has significant impactDSRC for short dtances and less for
further distances, an@-V2X adjacent channel signal has almost no eftacthe DSRC

performanceand bothcan coexisin adjacent channgl
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Figure 63 PER of DSRC for different LTE BS-DSRC Distances
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Figure 64 PER of DSRC with GV2X

5.4.220 MHz WtFi Interference Scenario Results

When WiFi is operating in channels of DSRC transmissions, the PERiguofre 65 is
obtained. We observew PERsfor all scenarios excepor Wi-Fi distance of 25 m For Wi

Fi distance betweerb0 and100 m, we obses/PERIn the rangeébetweenl.65¢&* and6.57¢”,
which represents packet les®f 1-4 packets out of 6000 transmissidvhencomparingthis
with the GV2X results, weconclude that WFi is a worse channel neighbor tharveX.
However, @en though the WiFi distance of 25 mleads to nomegligible PER, the
performance of DSRC will at be critically affected Therefore, we conclude that 20 MHz
Wi-Fi adjacent channel sigrsalill affect DSRC performance only when the Al AP is
within 25 m of the DSRC receiver. Also, interestingly, we obsetivat the PER is less

affected by the patlhoss change®n the D1 link thanon D2. From tlis observation we
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concludethatthe effect of changes the out-of-band emission of Wi is more harmful than

the effect of path loss changesDSRC

102 '
—¥—WiFi-DSRC=25m
~—4—WiFi-DSRC=50m
~A— WiFi-DSRC=75m
—7—WiFi-DSRC=100m

o

w -3 |

W 10
<107

100 200 300 400
DSRC Tx-Rx Distance (m)

Figure 65 PER of DSRC with 20 MHz WtFi adjacent channel transmissions

5.4.340 MHz WkFi Interference Scenario Results

Figure 66 illustrates the PER of DSRC with a 40 MHz adjacent channeFMgystem.
Interestingly we find a lower PER for all scenarioshen compared to th20 MHz WiFi
case The highest PERccurs aD1 of 50 m and D2 of 25 m; howevehe two lostpackets
out of 6000transmitted can beonsideed a negligible performance degradation DERC.
Therefore, we conclude that 40 MHz Wi adjacent channel signal will not affect DSRC
performance. Alsoye find as before thdhe effect of DSRC path loss change$ess severe

thanchangesn theWi-Fi outof-band emission.
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Figure 66 PER of DSRC with 40 MHz WiFi adjacent channel transmissions

5.5Conclusions foAdjacent channahterference measurements

We conducted the measurements to evaluate the effect of adjacent channel interference, the
sources as Wi, roughly adjusted &/2X, and LTE to the performance of DSRC. The setup

was DSRC a€Channel 172, WFi atChannel 169 fo20 MHz bandwidth and &hannel 167

for 40 MHz, and_TE/C-V2X at Channel 174 with almost 100% spectrum capacity. From the
measurements, we observed higher PER values for D1 of 50 m and {b2s@énario, of 25

m; however, we concluded as not much criticalffect the DSRC performance. Also, we
concluded €v2X adjacent interference does not critically affect the DSRC performance as
well as 20 and 40 MHz Wi adjacent interferenceslowever, LTE adjacent interference

has significant effect to DSRC perfornee with shorter distances and decreases as the

distance increases.
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From the measurements, we conclude adjacent channel coexistence between B2R(C, C
and WiFi can be deployable for 5.9 GHz spectrum band. However, the real environment

testing isrequired to make a solid conclusion for adjacent channel coexistence
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Chapter 6:

Summary

6.1 Summary o¥/2T Communications

We presentech V2T early warning application architecture with requirements. For the
feasibility study, we conducted propagatiorachel measurements and DSRC performance
measurements at railroad crossings in open spaces, artificial shadowed environments, rural,
and suburban environments. From the analysis of the results, we concluded that DSRC
protocol can be adapted tive early wamning application architecture and feasibilggalyses
provideguidance for implementation of V2T warning system€ontribution 1 also benefits
researcherby presenting methodologies for measuremehtg2T radio channels and V2T
warning system radio lkn performance The higher level of architecture of V2T is
combinations of V2V and V2I, but in more detail, we presented numeric regions, distances,
and the notification time based on the speed of vehicles or tfaiom the conducted
propagation channehd DSRC performance measurements, we used estimation methods to
generate linear regression models. From the models and compzatseenexisting works,

we observed more physical experiments are required, but collected Ricean K factor under
V2T communicabns are similar to V2V model. Estimation methods evalualienefits
researchersby presenting mathematicahpproaches and methodology for vehicular
communication modelling andill benefit system designers and operattms presenting

measured and calctdal models fouse insimulationandfield trials.
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6.2 Summary ofTS Band Regulatory Study

The 5.9 GHz band has been sought after by several stakeholders, including traditional mobile
operators, DSRC proponents, and/€X proponents. FCC and NHTSA are responsible for
regulations related to vehicular communications, and have not finalized #seregiarding

this band. We provided possibtegulatoryscenariosthat could result from rutenaking by

these agenciesnd identified relevant technical challengdsr these scenarios. Wdentified
interoperability between DSRC and-M@2X as the most chienging of the potential new
technical requirementdhe studyprovides information that can support regulatory decision
making and spectrusharing system deploymenks presenting the issues and possible

solutions

6.3 Summary oAdjacent Channel Inteefence Measurements

Based on the technical survey and technical challengesbsezved that morstudy related

to coexistence between DSRC aneVEX is needed. Therefore, we conducted adjacent
channel interference measurements with-RAlyi LTE, and modifid CV2X as the
interference sourcesFrom the results, we concluded DSRC can coexist with adjacent
channels of Wi, LTE, and GV2X, although additional measurements that include fading will
help to confirm this The study suppastregulatory decisioomakng by a summary and
analysis of relevant research, and by providing an assessment of interference between

wireless technologies that are candidates feexasting deployments in ITS bands
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6.4 List of All Publications

Table XIII List of papers related to contributions

Contributions

Title of Papers

Status

V2T

Communications

Measurement and Configuration of DSRC
Radios for Vehiclgo-Train (V2T) Safety

Critical Communications

IEEE Wireless
Communications Letter

(Published)

7 conference papers

Published

6.4.1Published Journal Papers

1. J. Choiet al., "Measurement and Configuration of DSRC Radios for VeloeRailroad

(V2R) SafetyCritical Communications,/EEE Wireless Communications Lettevsl. 7,

no. 3, pp. 428131

2. S. Kim,J. Choi, and C. Dietrich, "PSUN: An OFDMulsed radar coexistence technique

with application to 3.5 GHz LTE Mobile Information System2016.

6.4.2Published Conference Papers

3. J. Choi et al.,

Measurements and Analysis of DSRC for V2TS&fatical

Communications, 2018 IEEE Connected and Automated Vehicles Symposium (IEEE

CAVS 2018)

4. J. Choi et al.,

Measurement and Configuration of DSRC Radios for Velkaele

Railroad (V2R)SafetyCritical Communications, 2018 IEEE International Conference

on Communications (ICC), Kansas City, MO, 2018.
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X. Ma, S. GuhaJ. Choi, C. R. Anderson, R. Nealy, J. Withers, J. H. Reed, C. Dietrich,
"Analysis of directional antenna for railroad crossing safety applicatio617 14th
IEEE Annual Consumer Communicatiods Networking Conference (CCNC), Las
Vegas, NV, 2017, pp.-&.

X. Ma, S. GuhaJ. Choi, C. R. Anderson, R. Nealy, J. Withers, J. H. Reed, C. Dietrich,
"Prototypes of using directional antenna for railroad crossing safety applicati@g4,7

14th IEEE Annual Consumer Communications & Networking Conference (CCNC), Las
Vegas, NV, 2017, pp. 59396.

S. Kim, J. Choi and C. B. Dietrich;Coexistence between OFDM and pulsed radars in
the 3.5 GHz Band with imperfect sensing016 IEEE WirelesCommunications and

Networking Conference Workshops (WCNCW), Doha, 2016, pp-4427

J. Choi, S. Guha, X. Ma, C.B. Dietrich, PHY and MAC Layer Simulator for
Dedicated Short Range Communication (DSRC) Vehicular CommunicatiogSth

Anniversary Wireless yBnposium (Wireless@VT), May 2015.

X. Ma, J. Choi, S. Guha, C. Anderson, C.B. Dietrich, DSRC Feasibility Study for
Railroad Grade Crossing Safety ImprovementA Measurement Plan, 25th

Anniversary Wireless Symposium (Wireless@VT), May 2015.

.J. Choi, S. Guna, C.B. Dietrich, A SimulinkBased Model and Analysis of the PHY
Layer in Vehicular CommunicationsSDR / WInnComm 2015, San Diego, CA, March
24-26, 2015.

.J. Choi, S. Guha, F. M. Romano, R. Galeshi, T. SAitickson and C. B. Dietrich,

"Exploration of dficient testing methodology for effective spectrum sharir2§l4

116



USNG-URSI Radio Science Meeting (Joint with AA°Symposium), Memphis, TN, 2014,

pp. 297297.
12. J. Choi, S. Guha, F.M. Romano, T.L. Smiflackson, C.B. Dietrich,A' flexible and

extensible cogitive radio test system (CRTSEDR / WinnComm 2014, Schaumburg,

IL, March 1313, 2014.
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Appendix A: TTCI Channel Sounder Results

A.1 RTT Channel Measurement Results

Table XIV Summary of Horn RTT Delay and Doppler Spread Measurements

1

Delay Spread (ns) Doppler Spread (Hz)
Antenna Height | 20 mph 50 mph 79 mph 20 mph 50 mph 79 mph
6 ft 64.76 257.873 199.095 790.861 1075.024 1032.217
25 ft 18.739 14.601 21.206 630.845 602.447 610.237
32 ft 91.738 145.678 22.934 706.524 900.282 839.518
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Figure 67 Horn RTT Delay Spread Visualization in Google Earth
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Table XV Summary of Discone RTT Delay and Doppler Spread Measurements

Delay Sprea('j (ns)

Dop_)pler Spread (Hz)

Antenna Height 20 mph 50 mph 79 mph 20 mph 50 mph 79 mph
6 ft 0.525 3.684 7.747 597.143 1084.990 788.858
25 ft 13.550 7.798 10.011 1011.176 1005.478 830.55
32 ft 0.119 4.598 13.710 866.912 625.537 1129.443

Figure 69 Discone RTT Delay Spread Visualization in Google Earth
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Figure 70 DisconeRTT Doppler Spread Visualization in Google Earth
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A.2 PTT Channel Measurement Results

Table XVI Summary of Horn PTT Delay and Doppler Spread Measurements

2

a

Delay Spread (ns)

Doppler Spread (Hz)

Antenna Height | 20mph 50 mph 79 mph 20 mph 50 mph 79 mph
6 ft 131.973 56.082 73.317 762.950 826.375 752.265
20 ft 20.575 55.007 7.533 684.558 711.836 527.887
40 ft 6.265 18.291 194.714 746.243 808.012 652.728

Figure 71 Horn PTT Delay Spread Visualization inGoogle Earth
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Figure 72 Horn PTT Doppler Spread Visualization in Google Earth
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Table XVII Summary of Discone PTT Delay and Doppler Spread Measurements

Delay Spread (ns) Doppler Spread (Hz)
Antenna Height | 20 mph 50 mph 79 mph 20 mph 50 mph 79 mph
6 ft 1.359 5.640 14.336 666.965 672.816 643.17
20 ft 0.346 22.068 36.197 312.402 448.064 438.119
40 ft 2.941 9.164 3.825 405.394 437.655 469.813

L \‘\“!\‘ 3

Figure 73 DisconePTT Delay Spread Visualization in Google Earth
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A.3 RTT Channel Modelling Results

The calculated path logxponents fall in the expected range between 2 afti€se results

are expected because the systeams operating in an environment with few obstructions. The
higher path loss exponergsen by the Discone antenna suggest that the system was operating
in a more obstructed environmefth e Di s ¢ 0 n ath less éxonentadd slecrpase as
the antenna height is raised because the strongeoflisght component. These path loss
models are also a based on estimated receiver location since the GPS location of the
receiver was not recorded. Consequentlg pllots could show up t@64 ftof error due to the

train speed and the estimated locatiovhile the error could some effect on path loss

exponent, it does not affect R&n channel model parameter, K.

Table XVIII RTT Path Loss Model Summary

Antenna Type | Antenna Height (ft) | Path Loss Exponent (n) | Standard Deviation (&)
Horn 6 2.1453 10.2696

25 2.2914 14.0143

32 2.1587 12.2731
Discone 6 3.0839 11.5290

25 2.7923 8.5745

32 2.7788 10.8051
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A.4 PTT Channel Modelling Results

The calculated path logxponents fall in the expected range of between 2 and 3, this time
falling closer to 3. These ressilaireexpected because the system was operating under a more
cluttered, urba#like environment. These patbss models are also based on an estimated
receiver location, since the GPS location of the receier not recorded. Consequently, the
plots couldshow up tol64 ft of error, due to the speed of the traimd the estimated GPS
location. The path loss models show that the path loss increases as the transmitter and
receiverdistance gets shorter. The increase occurs because the obstructions werenbyaced

around the receiver, otherwise the transmitter was operating in an environment that was

closer tofree space but still had more obstructions than the RTT test site.

Table XIX PTT Path loss model summary

Antenna Type

Antenna Height (ft)

Path Loss Exponent (n) '

Standard Deviation (o)

Horn 6 2.1321 14.0539
20 2.3273 12.6482
40 2.4806 15.1446

Discone 6 2.7613 12.2964
20 2.5898 10.6355
40 2.8026 9.1178
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A.5 SmallScale Fading Model Results

Ricean models werehosen because the propagation environment did not show the severe
fading effects where different Malues were needed for different distances away from the
receiver as suggested in literature. InstdedK vdues were generally consistent and were
taken as an average for each speed of the conducted TieetK values are generally
consistent across the entire track thamiade evident by the lack of change in color across
the plots. The Kactors suggest thghere is a line asight component that is present which is

expected because the RTT test site had minimal obstructions.

Table XX Average Riean K-Factors (dB)

Antenna 20 mph 50 mph 79 mph
Discone 10.89 9.76 11.31
Horn 14.00 11.01 10.70

Figure 87 Google Earth plot of K values in dB
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Appendix B: TTCI RSU PER Results

Figure 88 RTT RSU Omnidirectional Low Power 200m from crossing

Figure 89 RTT RSU Omnidirectional High Power 200m from crossing
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