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ABSTRACT

Vehicular communication is one of the promisinggmects of wireless communication capable
of addressing the issues related to road safetyyiging the framework for “smart” or
“intelligent” cars. To provide a reliable wirelefigk for vehicular communication extensive
channel modeling and measurements are requiredthig thesis a novel cost-effective
implementation of vehicular channel capacity meagusystem using off-the-shelf devices is
proposed. Then using the proposed system, varioasnel measurements are performed. The

measurement results are utilized to examine maotgfana systems for vehicular communication.

The challenge in developing an efficient networkws®en cars is to understand the nature of
random channels that changes with the locatiomtdraa, surroundings and obstacles between
the transmitting and receiving vehicles. In additto measurements, in this thesis, the channel
behavior has been studied through simulation. \W&®lInSite from Remcom was used as a
simulation tool to study different vehicular chalsn® environments with different structures to
see the impact of obstacles and surroundings impénmrmance of the vehicular network. In
particular, the behavior of different antenna lewmat on channel capacity of 2x2 Multiple Input
Multiple Output (MIMO) systems is investigated. @hal capacities that are obtained from
simulation and measurements provide the informadioout the changing nature of the channel
and outline the essential considerations while shmgpthe antenna positions on the transmitting

or receiving vehicles.

XVi



CHAPTER 1

INTRODUCTION

In recent years, vehicular communication has becwerg important subject of study among
researchers, due to its potential to increase saéety and reduce traffic congestion. There have
been tremendous amount of effort and investmemnt tiee government and private organizations
to develop a means for highly efficient communigatbetween Vehicle to Vehicle (V2V) and
Vehicle to Infrastructure (V2l). Foreseeing the uiegment of identical bandwidth for V2V
communication, Federal Commission CommunicationdJ-@as allocated 5.9 GHz band also
termed as Dedicated Short Range Communication (DSRC be used by Intelligent
Transportation Systems (ITS) for such communicationhis thesis concentrates upon this
subject and aims to develop an efficient tool tecwate the capacity of highly random vehicular
channel for effective transmission and receptiondafa using Multiple Input and Multiple

Output (MIMO) technology.

1.1 Motivation

Vehicular wireless communication has been of irstete researchers in the recent years mainly
to ensure safety and mobility. As reported in {thgre are over 5.8 million vehicular crashes per
year on U.S roadways, resulting in 37,000 deathsiaiy. These crashes have a direct economic
burden of $230.6 billion and are one of the leadiagses of death. Traffic congestion is an
$87.2 billion annual drain on the U.S economy, wtR billion hours and 28 billion gallons of

fuel spent sitting in traffic, the equivalent ofeemwork week and three week worth of gas every



year. In addition to this, vehicles that are stadry, idling and traveling in a stop-and-go patter
due to congestion emit more carbon dioxide £C@itrous oxide (NOx) and methane than those
travelling in free flow conditions [1]. The necdgsand demand to address this blazing issue is
the most motivating factor to contribute in someeleo this field of research. There are already
numerous efforts and proposal put forwarded to sl problem. ITS program of the U.S.
Department Of Transportation (USDOT) is focusing tbe integration of vehicles and road
infrastructure into intelligent systems [2]. An owview of Vehicle Infrastructure Integration
(V1) is presented in [3], which deals with the gress of this research on different part of

United States.

Various companies are investigating different sohg for ITS. Use of Light Detection And
Ranging (LIDAR) and RADAR sensors, Global PositraniSystem (GPS) and digital pattern
recognition technique has already enabled Googheheeve the unprecedented benchmark [4-6]
in the form of Google C&Y. This not only represents the latest technologichlancement in
this field of research but also opens the way fotanvehicle industries to invest in research to
guarantee an efficient system. One of the impoxthatilenges for such technology to work is the
Non Line Of Sight (NLOS) communication, this happdar example in the case of overtaking
by a car randomly from the traffic, or in the cadeintersection where the visibility of the
passing car is obstructed by building. The Googée™€ depends on Line Of Sight (LOS)
communication between sensors and may not workeplppm such cases. The MIMO systems
take advantage of NLOS situations to improve thenalel quality. Therefore, these systems are

the main focus of this thesis.

This thesis discusses the behavior of the wiraelasdom channel and its relation to different

factors like MIMO channel capacity, antenna logasioantenna height, K-Factor, phase of the



received signal, and multipath. To explain thesgois, this thesis firstly explains the use of
simulations based on ray-tracing techniques toteraavirtual environment. Later, visualizing

the appropriate height, location of antenna, Safwvi2efined Radio (SDR) is used for building a
test bed to measure the signal strength. The autadata is further investigated to analyze the

relation between antenna location and MIMO chaoaphcity.

1.2 Thesis Outline

The important previous work and ideas that motiatd drive this thesis are summarized in
Chapter 2. The literature review will introduce tmeader to the subject of vehicular
communication and its standards, MIMO techniqueM@F communications, capacity of such

systems and simulation and measurements in ttaks fie

In Chapter 3 the multiple antenna systems for Vavhmunication is introduced. This thesis
describes a simulation technique for creating a Bnddsional (3D) virtual vehicular

environment. Wireless InSite™ from Remcom Inc. baen utilized to import the maps of
University of North Dakota (UND) college area andaMdart area, in Grand Forks, North
Dakota. The maps were first extracted from Googlpdl For V2V communication, two cars
are included in the simulation for transmitting aedeiving ends. Multiple antennas were placed
on each antenna. The channel behavior due to chahgmtenna location is studied by

implementing 2x2 MIMO systems.

Chapter 4 is devoted to NLOS channels and the MBy€ems for these situations. To create a
complete NLOS scenario, an obstacle is placed l#tweansmitting and receiving cars at
varying distances. The effect of blockage on théVi&l channel capacity is discussed in this

chapter.



Chapter 5 describes the test-bed and measurememdrges and results. After the appropriate
antenna locations were figured out from the simohet, a test-bed that utilizes SDRs was used
to measure the propagation channels in real scenarhe selected locations were the same as
those in the simulation. Multiple antenna locatievese considered and by combining different
channels between antennas different MIMO systemse vegamined. National Instruments’

LabVIEW Software was used to control and operageteist-bed.

Chapter 6 is a discussion of future work and theckheions we made. This chapter gives

guidelines of how this project can be extendedrtalpce a functional benchmarking tool set.



CHAPTER 2

LITERATURE REVIEW

This chapter is a discussion of the research, egdls and opportunities in the field of vehicular
communication. This includes theoretical backgrowidv2V communication, and progress
involved in developing the protocols related to lit. also focuses on the modeling and
measurement of vehicular propagation channels rnoduces MIMO technique with its ability
to boost the channel capacity of the system. Ith&r discusses relevant simulations and
measurement technique adopted to address the afseehancing and estimating channel

capacity for vehicular communications.

2.1 Introduction to Vehicular Communications

Vehicular communication is an ad hoc communicatemtnnology. Termed as Vehicular Ad Hoc
Network (VANET), the most popular one is workingthwn the DSRC band. Although being in
its infancy stage, it is gaining importance fordaafety and other applications. DSRC band is
75 MHz of spectrum centered at 5.9 GHz [7], whilaliocated by FCC in October 1999 [8] for
ITS applications to increase traveler safety, reduel consumption and pollution, and continue
to advance nation’s economy [9]. VANETs comprisédvVand V21 communications and is
based on Wireless Local Area Network (WLAN) teclugiés [10]. The purpose of inter-
vehicular communication (Figure 1) is to increagege and coverage of location and behavior
awareness of vehicles, which is envisaged to dpvelfective and highly developed pro-active

systems. The idea behind V2V communications is taken all vehicles capable to



communicate information like position, speed, arshding periodically to each other in
cooperative awareness messages, in order to damivenvironmental picture which could be
used for prediction of movement [11]. In recentrgedhe field of inter-vehicle communication
has witnessed a large increase in research andogevent. The key factor that has made it
possible is the wide adoption of IEEE 802.11 tedbgies. The availability of cellular networks
has certainly allowed voice and data communicasenvices to drivers and passengers, but this

technology is not well suited for certain directWar V21 communications.

With the availability WLAN transceivers and devetognt in GPS since the late 1990s,
VANETSs can now offer direct communication betweeashicles, to and from Road-Side Units
(RSUs), which helps to exchange hazard warningsnfmrmation about the current traffic

situation with minimal latency. This has also helpe contribute to the research in the field of

inter-vehicular communication [12].

Figure 1: Inter vehicular communicat[10].

The vital objectives of the research on inter-vishmmmunication are to increase road safety
(which includes: reduction in the number of acctdgnrhis is pivotal in yielding transportation
efficiency (including reduction in the number o&ffic jams) which will eventually reduce the

impact of transportation on the environment (reuncin consumption of oil/gas) [1].



2.2 Development of V2V Communication Standards

Due to the importance of these objectives for tavidual (in terms of safety) and the nation (in
terms of economy), various projects are either nmag or were recently completed. Several
consortia were set up to explore the potential 8iN#Ts. These consortia include several
constituencies, including the automotive industimg road operators, tolling agencies, and other
service providers. These projects are funded suotislist by national governments [11]. Bodies
like IEEE (Institute of Electrical and Electroni&ngineers), CALM (Communications, Air-
Interface, Long and Medium Range), C2C-CC (Car & Communication Consortium) are
some notable ones. The architecture of Wirelessegsen Vehicular Environment (WAVE),
CALM and C2C-CC is depicted in Figures 2-4 andrtlsemparison is summarized in Table 1.
These ITS projects are really pushing the envetopmddress the problem of traffic congestion

and road safety [13].

Applications

CALM CALM Non

FAST g CALM
E\' | CME | | CALM Service Layer
= 2
= =2 Metwork Laver
E E upp
E E GEO || CcP
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g E NG [Py
& e
=
= Interface Laver

IME Wireless Wired

Figure 2: Wave architecture [13].
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Figure 3: CALM architecture [13].
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Figure 4: C2C-CC architecture [13].

Table 1. Comparison of C2C-CC, CALM and WAVYIB].

Parameters/Protocols

c2c-cCc

CALM

WAVE

Promotion identity

Industrial consortium of
car manufactures

Standard body

Standard body

Focused on

Car to Car multi-hop
and geo-networking

Multiple media
(802.11p, DSRC, W-
LAN etc.)

Only 802.11p at MAC
layer for purely
emergency messaging

Physical layer

DSRC and other WLAN
standards

Combination of
different technologies

DSRC only

Wireless technology

Support for media
dependent and media
independent part

Interface abstraction

Only physical layers
specific to 802.11p

Target applications

Safety

Non safety and critig

al

Safety

Support for application
types

Active safety, traffic
efficiency, infotainment

Non-IP CALM aware,
IPV6 CALM aware,
IPV6 legacy

Safety non-IP,
non-safety IPV6

Addressing Schemes

Geo-routing

Mainly IP Addressi

ng

IP addressing

Routing Schemes

Based on MAC protoco
(receiver based) plus

IPV6

Mobile IPV6

Different channel
allocation IPV6




IEEE introduced WAVE; CALM is the International Gugization for Standardization’s (ISO’s)
proposal for VANETs. C2C-CC, which is backed up Byropean Car Industry, proposed
C2CNet architecture for safety applications. Besiagher projects namely NOW, COMeSafety,
CVIS, SAFESPOT, COOPERS, GST, GEONet, FleetNetp@8im, CARLINK, CarTalk2000
have hit the surface which is all carried by Euapeountries [13]. In a nutshell, the U.S.,
European Union and Japan hold the frontiers ofrédsearch and development in the field of
inter-vehicle communication. Figure 5 describesrthiestones achieved by these frontiers in the
course of time whereas Tables 2-3 describe the DSBQards and VANET developments in

the U.S., Japan and European Union, respectively.

Table 2: DSRC Standards in Japan, Europe and Be[14].

Features JAPAN EUROPE USA
(ARIB) (CEN) (ASTM)

C Half-duplex (OBU)/ 3 3
Communication Full duplex (RSU) Half-duplex Half-duplex
Radio Frequency 5.8 GHz band 5.8 GHz band 5.9 G b

Band 80 MHz bandwidth 20 MHz bandwidth 75 MHz baiuttv
Downlink: 7
Channels Uplink:7 4 7
Channel Separation 5 MHz 5 MHz 10 MHz
Data Transmission rate Down/Up-link Down-link/500 Kbits/s Down/Up-link
1 or 4 MBits/s Up-link/250 Kbits/s 3-27 Mbits/s
Coverage 30 meters 15-20 meters 1000 meters (max)
: RSU: 2-ASK
Modulation 2-ASK,4-PSK OBU" 2-PSK OFDM

ARIB: Association of Radio Industries and Business
CEN: European Committee for Standardization
ASTM: American Society for Testing and Materials
OBU: On-Board Unit

ASK: Amplitude Shift Keying

PSK: Phase Shift Keying

OFDM: Orthogonal Frequency Division Multiplexing



Table 3: VANET development and trials in the UJapan and European Union [14].

Country

VANET development and trials

United States

Wireless Access in Vehicular Environments (200

Intelligent Vehicle Initiative (IVI)
(1998-2004)

Vehicle Safety Communications (VSC) (2002-20(

VSC-2
(2006-2009)

Vehicle Infrastructure Integration (VII) (2004-200

European Union (EU)

Car-to-Car Communications Consortium (C2C-C

FleetNet
(2000-2003)

Network On Wheels (NOW)
(2004-2005)

PReVENT (2004-2008)

Cooperative Vehicles and Infrastructure System
(CVIS)
(2006-2010)

Car Talk 2000
( 2000-2003)

Japan

Advanced Safety Vehicle Program (ASV-2)
(1996-2000)

ASV-3
(2001-2005)

ASV-4
(2005-2007)

Demo 2000 and JARI ( Japan Automobile Resea
Institute)

American Society for Testing and Materials (ASTKhe standards writing group, approved the
ASTM-DSRC Standard for DSRC operations on JulyZl@)3. This standard is based on IEEE
802.11a physical layer and IEEE 802.11 Media Ac€amstrol (MAC) layer and was published
as ASTM E2213-03 [7] in September 2003. FCC’s repad order, issued in February 2004,
has established service and licensing rules torgotlee use of the DSRC band. In addition, it
adopted ASTM E2213-03 [7] to ensure the inter-apgity and robust safety/public safety

communications among these DSRC devices nationw@lerently, the ASTM E2213-03

standard is being migrated to the IEEE 802.11 stah[8].
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Figure 5: Milestone is vehicular communication [10]

Unlike the fixed wireless networks, the vehiculaffic scenarios have potential barriers in form

of varying driving speeds, traffic patterns, antvidg environments due to which IEEE 802.11

MAC operations suffer from significant overheadsewhused in vehicular scenarios. For

example, to avoid latency in vehicular safety comioations, high-speed data exchanges are

required to establish a network of connections betwdesired nodes that may include multiple

handshakes which makes the process too completus$trate this, let us take an example of a

vehicle encountering another vehicle coming indpposite direction, the duration for possible

communication between them is extremely short [I&§king it difficult to establish

communications. To meet these challenging requingsnef IEEE MAC operations, the DSRC

effort of the ASTM 2313 working group migrated t&HE 802.11 standard group which
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renamed DSRC IEEE 802.11p as Wireless Access inc\Man Environment (WAVE) [16].
WAVE will become a standard that can be universatlgpted across the world by incorporating
DSRC into IEEE 802.11 compared to traditional DSR@ worth noting that IEEE 802.11p is
limited by the scope of IEEE 802.11 which stricttgrks at the MAC and physical (PHY) layers
(Figure 6) [17]. The operational functions and ctewjly related to DSRC are handled by the
upper layers of IEEE 1609 Standards. These stasddetfine how different applications will
function in WAVE environment, based on the managenaetivities defined in IEEE P1609.1,

the security protocols defined in IEEE P1609.2, strednetwork-layer protocol defined in IEEE

P1609.3.

WAVE i -
[EEE 1600.1 £y
—
m
Safery Applications MNon-Safery Applications E
=
=
=
i
IEEE {6083y »/~——— N
4 N (7 WAVE Share | (TCPr
Transport Layer Message | UDF
Protocol
WAVE Management CWEMEP) I
Metwork Layer Entity (WME) \IEEE 1609.3 'C j "
o Logical Link Control Layer g
L (LLC) S
——————, IEEE 1609.4 )
.\-‘L!nsl_gunmnl _I_- ntity Upper Media Access
Duto Link Loyer | (MXMEp Control Layer (UMAC)
aower Media Access] .
ASTM Control Layer Lower Media Access
2213 Management Entity Control Layer (LMAL) =
St IEEE 802,11 =
=
Physical Layer WAVE Physical Layer =
Physical Layer Management Entity IEEE202.11a =
\—oum )\ ANy

Figure 6: WAVE, IEEE 1609, 802.11p and the OSInmefiee model [17].

The IEEE 1609.4 resides above 802.11p and thislatdrsupports the operation of higher layers
without the need to deal with the physical chanaetess parameters. Various IEEE

1609/802.16e standards are summarized in Tablé]4 [1
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Table 4: IEEE 1609/802.16e standards [14].
IEEE Standard Description
Defines the overall architecture, communication elpdnanagement
structure, security mechanisms and physical acckss wireless
communications in the vehicular environment, thesibaarchitectura
components such as OBU, RSU and the WAVE interfa8p
Enables the interoperability of WAVE applicationdescribes major
IEEE Standard 1609.1-2006| components of the WAVE architecture, and definesrmand and storag
message formats [19].
Describes security services for WAVE management apglication
IEEE Standard 1609.2-2006| messages to prevent attacks such as eavesdrogpiogfing, alteration
and replay [20].
Specifies addressing and routing services withiWwAVE system to
enable secure data exchange, enables multiple stadgper/lower layers
above/below WAVE networking services, defines WAVE&®rt messag
protocol (WSMP) as an alternative to IP for WAVEphAgations [21].
Describes enhancements made to the 802.11 MediesAdControl layers
to support WAVE [22].
Enables interoperable multi-vendor broadband wéelaccess products
[23].

IEEE Standard 1609

[

IEEE Standard 1609.3-2007

U

IEEE Standard 1609.4-2006

IEEE Standard 802.16e

2.3 V2V Communications’ Prospective Applications

The 5.9 GHz band consists of seven channels, éadfiHz, which includes one control channel

and six service channels, as depicted in Figugty. [

IEEE 802.11a/RA WB - 52 carrier OFDM /w 48 data carriers, 10 MHz channels

Control y
US Spread Spectrum Optional 20 MHz Channel _OPtional 20 Mz

=TT T

Ch172 Ch174  Ch176 Ch178  Ch180 Ch182 ch184

Canadian Special License
Zones*

o o o I A I

Frequency (GHz)
Figure 7: DSRC channel frequency assignments [24].
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DSRC, which involves V2V and V2| communicationsgigected to support both safety/public
safety and non-public safety applications. Howepeigrity is given to safety applications since
the non-public safety use of the 5.9 GHz band wdeldnhappropriate if it leads to degrading the
performance of safety/public safety applicationg [Bhis is attributed to the fact that safety
applications are meant to save lives via warningeds of an impending dangerous condition or
event in a timely manner in order to take corrextactions. Therefore, response time and
reliability are basic requirements of safety apdiens. DSRC PHY uses Orthogonal Frequency-
Division Multiplexing (OFDM) modulation scheme touftiplex data. Along with the successful
deployment of IEEE 802.11a WLAN services and deviterecent years, OFDM has gained
increased popularity in the wireless communicatmymmunity due to its high spectral
efficiency, inherent capability to combat multi-padading and simple transceiver design. In a
nutshell, the input data stream is divided intetdf parallel bit streams and each bit stream is
then mapped onto a set of overlapping orthogondlcauiers for data modulation and
demodulation. All of the orthogonal subcarriers aesmitted simultaneously. By dividing a
wider spectrum into many narrow band subcarrierfrequency selective fading channel is
converted into many flat-fading channels over eabcarrier, if the subcarrier spacing is small
compared to the channel coherence bandwidth. Tehesnple equalization technique could be
used in the receiver to combat the inter-symbadristence [8]. As explained further in [14],
there are three different possibilities of commatian configurations in ITS as depicted in
Figure 8. These include inter-vehicle, vehicleadside, and routing-based communication. In
inter-vehicle communication, a message-relayingcephis utilized where a vehicle in front
broadcasts the message, primarily the emergenaytet@ the vehicle behind it and the vehicle

behind it does the same.
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Figure 8: V2V communication prospective applicasiga) Intervehicle communication (b) vehicle-to-
roadside communication (c) routing based commuicicd4].
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In V21 communication, there is periodic exchangarmbrmation between RSU and On Board
Unit (OBU) inside vehicle. RSU periodically broadtathe message to the vehicle in its vicinity
and the vehicle updates the RSU about the infoomati received from the nearby RSU or
vehicle. In routing based communication, a vehades as router between a vehicle in its front
and back to relay the emergency event messagescorhmunication inside a vehicle however
is supported by different technologies, like IEEE235.1 (Bluetooth), IEEE 802.15.3 (Ultra-
wide band) and IEEE 802.15.4 (Zigbee), and it liawn importance for a reliable system.
Additional emphasis has also been given to theldpueent of safety application (e.g. collision
avoidance, and road hazard notification) versussaety applications (e.g. trip planning and
infotainment), for obvious reasons. Among othemgierative Collision Warning (CCW) is an
important class of safety applications that tatgetprevention of vehicular collisions using V2V
communication [25]. The ultimate goal of CCW isréalize the concept of360 degrees driver
situation awareness’ [26-28], whereby vehicle alert driver situatiorf ompending threats
without expensive equipment. CCW applications aeeegally characterized by the periodic
broadcast of short messages bearing status inflerm@.g. location, velocity, control settings)
that neighboring vehicles can use, for instanceyam the driver of an impending collision [25].
Other relevant work on CCW can be found in [8, 9-32]. Since enormous potential
opportunities exist for inter-vehicle communicaBp®VANETs and ITS have to deal with the
challenge of security problems. The informationnieirelayed in V2V communication is
definitely sometimes confidential and vulnerableo.toNith several tens or hundreds of
microprocessor installed in the vehicle in ITS srers [33], the computational process is really

complex exposing it to the possibilities of breaclhe security. The attackers are classified with
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a three dimensional approach: “insider versus detsi “malicious versus rational”, and “active
versus passive” as explained in [34]. Zeadallyl 4fld] have classified the possibilities of
security breach as threats to availability, auticggtand confidentiality. A lot of work has also

been focused on characterizing the wireless charsgel by DSRC applications.

2.4 Vehicular Propagation Path

In [35] a GPS-enabled channel sounding is preseahggdvas used to obtain field measurement
for various speeds and LOS conditions. Channeldiagris defined as the capability to measure
the Channel Impulse Response (CIR) with any stahddreless networks and node. The
objective of processing the CIR to attain key partmrs such as Power Delay Profile (PDP),
Delay Spread, Doppler Spread, Ricean K-Factor, @igphal to Noise Ratio (SNR). These
parameters are important to realize because afithpacts on security and authenticity of safety
messages being sent, especially when delay sprebD@ppler spread are present, to cause Inter
Channel Interference (ICl) resulting in signal attation and smearing of packets within the
same channels during transmission. Averaged potwireareceiver at different instants of time
is described by the Average Power Delay Profile RIP, from which the Root Mean Square
(RMS) delay spread is evaluated [36]. The varidusnoel metrics like pathloss, signal fading,
delay spread, Doppler spread, and angular spreadsigaificant importance in modeling of
vehicular propagation channels which leads to thgpton of appropriate antenna system. In
[37] it is shown how path loss, Doppler spectrurd anherence time depend on both vehicle’s
speed and separation. Channel sounding is usedndersiand the vehicular propagation
channels. The development of efficient V2V commatian systems requires understanding of
the underlying propagation channels [38]. The tedailescription about vehicular propagation

channels is explained in [39]. In a wireless chanihe signal propagating from the transmitter
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(TX) to the receiver (RX) takes several paths tasglin fading, delays, echoes and variation in
the received signal strength over time. The coutigims of the various propagation paths, i.e.,
amplitudes and phases, and their respective delefyse the CIR [39]. As explained in [39],
pathloss and fading determine the instantaneousaBig-Interference plus Noise Ratio (SINR)
which impacts the performance of the channel. Fgivan frequency, the received power level
in decibels (dB) is modeled as:

d
0

where d is the distancepy is the power level at the reference distamben is the pathloss
exponent, and, and Y are the large-scale and small-scale fading carttabs, respectively.
The RMS delay spread is calculated from APDP amn@ggithe coherence bandwidth of the

channel. The channel is supposed to have the samsfdr function or the CIR within the

coherence bandwidth. The coherence bandwiBl, is estimated as,

1

2 MTrms

Bcoh ~

@)

where,7,.,,s 1S the RMS delay spread of the channel. The dgpeigad is more related to time
varying nature of the signal due to multipath, ibudoes not really deal with the time varying
nature of the channel itself. The Doppler spreaditae coherence time quantifies this nature of
channel and gives the idea of how fast the chaadnahges and how much a pure sinusoidal

carrier is smeared over a frequency band. The eabertime of the channel can be estimated as:

1
oh ~ 2T[fD

Te 3)
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wherefpis the Doppler spread which is a function of rekatelocity of mobile, and the angle
between the direction of motion of the mobile ameation of arrival of the scattered waves

[40].

Finally, another key quantity for the design andleation of vehicular antennas is the angular
spread. As discussed previously, a propagatingabigenerates multiple copies also termed as
MultiPath Components (MPCs) while travelling frorartsmitter to receiver. The large angular

spread at the receiver end supports the diversity whereas the small angular spread indicates

power gain by beamforming.

When we are dealing with vehicular propagation defnthe contribution of above discussed
five channel metrics hugely depends on the randaom warying vehicular propagation
environment. Traditionally, propagation environmengrouped as urban, sub-urban, rural and
dense environments. Each one of these environnedsits own characteristic feature like
number of lanes, width of streets, vicinity of lliigs to the road, traffic density, etc. However,
when we take the movement of transmitter and recento considerations, cases like overtake
scenario and intersection come into play in velacgbmmunication. The latter two scenarios
play a pivotal role in designing and defining ptgpe for specific scenarios for VANETS
applications [39]. There are, however, various o#pplication-specific scenarider which this
classification is insufficient and where there iseed for dedicated channel characterizations
[41]. Pre-crash and post-crash warnings are a eowoplexamples of application specific
scenarios. Example of pre-crash warnings includegrsection collision avoidance and
cooperative merging assistance, whereas post-evashings are intended to facilitate traffic
flow after the occurrence of a traffic accident lmpadcasting a message with the accident’s

location so that the approaching vehicles can pik@nt the accident. In [42], it was investigated
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that the success of the transmitted warning mesalBgedepends on the availability of LOS,
which has the high possibility of getting obstrutte intersection case or by a large vehicle, but
on the other hand is also capable of yielding nmnm@ber of propagation paths. This helps us to
figure out two important things: first, “antennaapéments” and second, “NLOS friendly
technology”. Even though the antenna design metbggiofor V2V antennas is already well
explored, predominantly the conventional automotiaeunting concepts affect the overall
system performance metrics and significantly coote to its limits [43, 44]. It is explained in
[45], that the “antenna placement” has a majougtilce on above mentioned effects, e.g., a roof-
mounted position is less likely to suffer from L@Bstruction and ultimately defines the quality
of the radio link and limits its performance medri®ue to multipath propagation caused by
NLOS scenarios which effects all the channel metag discussed in [39], we need a technology

which exploits the various propagation paths catngeobstruction in LOS.

2.5 MIMO in Vehicular Communication

MIMO technology [46] promises to increase the ramjecommunication via beamforming,
improving the reliability of communication via sgtdiversity, increasing the throughput of the
network via spatial multiplexing and managing rmudar interference due to the presence of
multiple transmitting terminals [47]. MIMO, inheréy has some important characteristic
features which are listed in [48, 49]. Array Gdhversity Gain, Multiplexing Gain, Co-Channel

Interference reduction are a few characteristias ity be improved by MIMO.

Array Gain: Due to availability of multiple antennas at bothAnsmitter and receiver sides,
MIMO system can exploit array gain simply by cohlmhe combining signals from different

antennas which results in increase of SNR.
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Diversity Gain: Exploiting multiple independent fading paths eitiretime, frequency or space
to transmit the signal yields diversity gain of sestem. At the receiver end, multiple copies of
the message signal can be attained which wouldteaiy improve the performance and the
reliability of the system. On the transmitter sidewever, correlated data can be sent through

independent fading paths exiting between transmattd receiver.

Spatial Multiplexing Gain: Unlike diversity gain, spatial multiplexing explsitthe spatial
dimension of the channel to increase the capaatyno additional power or bandwidth
expenditure. This is achieved by transmitting irefegent data signals simultaneously parallel on
the same frequency. The tradeoff between diveraip and multiplexing gain is discussed in

[50].

Interference Reduction: With the knowledge of user's Channel State Inforomat(CSl),
multiple antennas can be used to attain the sgagiahture of signal and interferes to reduce the
interference. This can be done by beamforming tdsvétne origin of signal and nulling towards
that of interferers. Interference reduction playeeg role in complimenting spatial multiplexing
and diversity, to optimize the performance of MIM® interference-limited dense multi-user
settings. In addition, the importance of adopthig1O for VANETS is discussed in El-keyi et.

al [47]. The key benefits are mentioned:

MIMO versatility best matches diverse applications and scenarios. With the versatility of
MIMO system from beamforming, reducing interferemncespatial multiplexing, MIMO seem to

be the best suited for the diverse scenario pratuc®2V communications.

MIMO best exploits the highly dynamic V2V channel: Due to random nature of the V2V

propagation channel, traditional antenna systens tai deliver a better performance. In this
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context, MIMO system has the potential to explb& tmultipath fading creating the opportunity

for diversity and multiplexing gain.

Broadband: When it comes to communication, never-ending hurafecustomers for fast
connectivity has always been a challenge. It is govte clear that Single Input Single Output
(SISO) radios, e.g., radios based on IEEE 802.1%R® Standard [7], will not be enough to
support High Definition Video (HDV) with 20 Mbps gairement per stream of HD IPTV with
12-15 Mbps per stream, due to the theoretical rfgrtence-free data rate limit of 27 Mbps
specified by the IEEE 802.11p standard. MIMO VANEDsistitute a natural extension and key
part of the Mobile Broadbandvision. The broadband support of MIMO brings an Bmp

opportunity in both safety usage and infotainment.

Reliable Communications. More than anything else, the prime objective of aggtem is to
provide reliable and secure communication espgdialtase of V2V communication, which has
its direct applications to save lives and avoidshes on the road. MIMO technology seamlessly
lends itself to reliable communications due itserdnt “diversity” benefits manifested through
well-known signal processing and pre-coding techegjat the transmitter side, beamforming

and Space-Time Coding (STC) [47] .

2.6 MIMO Capacity

It is a fact that MIMO systems offer a significaatpacity gain over a traditional SISO system. In
[51] the author defines the channel capacity aseasore of how much information can be
transmitted and received with a negligible probgbf error. Since the aim of this work is to
estimate the channel by calculating the channed@gpfor MIMO systems, it is very important

to understand the MIMO system model and its esslgpdirameters.
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MIMO system is represented by a general notatianmit /output relation:

y=Hx+n 4)
wherex is the (n; X 1) transmit vectory is the(ng X 1) receive vectorH is the(ng X ny)
channel matrix and is the(niz x 1) Additive White Gaussian Noise (AWGN) vector atizeq
instant of time. A general entry of the channelnrais denoted by #;}. This represents the
complex gain of the channel between fietransmitter andth receiver. With a MIMO system

consisting ol transmit antennas amg, receive antennas, the channel matrix is written as

[ hi1  hyp e hin, ]
H = 'lhfl e hJ' ©)
[ S Ry
where,
hij=a+jB (6)
— /az _I_ﬂz.e—jarctang (7)
= |hy|. /% (8)
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In a rich scattering environment with NLOS, the ruhal gains|hi]-| are usually Rayleigh

distributed. Ifa andp are independent and normal distributed randomaltes, therjh;;| is a
random variable [51]. As explained in [52], a Ragttrechannel model have its own equation for
H parameter. The Rayleigh channel model Hio(ng X ny channel matrix) has independent

and identically distributed (i.i.d.), complex, zer@an, unit variance entries:
H;; = Normal (0 i) + v—1.Normal (0 i) 9
Y V2 ' V2

Once we have the above descripted parameters,rgjoelie (mean) capacity of a Rayleigh

complex AWGN MIMO channel can be expressed as%32,

Pr
C = Ey{logy[det(lyr + — — HHM)]} (10)
This can also be written as:
C = Ey,{log,[det(I, 5 + nﬁT HHT)]} (11)

where,p = % is the average SNR at each receiver brahghis the(ni X ny) Identity matrix.

HT is the Hermitian transpose (complex conjugate pass) of channel matrid. The above
equation of MIMO channel capacity can be furthealgred by diagonalizing the product matrix
HHT either by Eigen Value Decomposition (EVD) or SirmgjuValue Decomposition (SVD).
Our primarily interest is SVD which converts aletelements on the diagonal &fH™ to zero,
except for firstk elements. The number of non-zero singular matrixquals the rank of the

channel matrix. This operation reduces the chaceyghcity equation to:
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C = EH{zk:logz (1 + r% ?\i>} (12)
i=1

whereA; are the eigenvalues of the the singular value dposedHHT matrix. The maximum
capacity of a MIMO channel is reached in the unséal situation when each of the;
transmitted signals is received by the same sef, @intennas without interference. It can also be

described as if each transmitted signal were reddby a separate set of receiving antennas.

Also, when the channel is known at the transmittez, maximum capacity of a MIMO channel
can be achieved by using thater-filling principle [54] on the transmit covariance matrix. The

capacity is then given by

C= EH{zk:logz (1 +e L Al-)} (13)

n
=1 T

where €; is a scalar, representing the portion of the ab#l transmit power going into thn

sub channel.

2.7 Simulation and Measurement

It is now clear that study of MIMO systems for vallar communications is an important part of
establishing such systems. This section is dedidat¢he study of the literature about the work
that has been done in the related field. Therevarn@us publications on this topic including the
estimation of the channel capacity or channel patara using both simulations [55-57] and
measurements [35, 37, 38, 41-43, 58-73]. The woesgnted in [57] is based on ray-tracing

simulation of the channel.
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We also chose to use a commercially available nagirtg software, Wireless-InSite® from
Remcom [74]. This tool is capable of simulatingealistic 3D traffic models that can be used to
find optimal configurations. Parameters like ReedivSignal Level (RSL), PDP, and delay
spread, Doppler spread, and Ricean K-Factor caevhkiated and represented in graphically.
Multipath travelled by electromagnetic waves caodle studies as explained in [75] which can
be useful to calculate the channel capacity antyamat with different antenna configurations

and placement.

For the measurement of channel parameters ininealdcenarios we designed and implemented
a test-bed using SDRs. SDRs were selected duesiiolthv cost and ease of implementation.
Different scopes of using SDRs are discussed on788In [68], Universal Software Radio
Peripheral (USRP) modules, the widely used and miected off-the-shelf SDR kits, were used
to find the range of reception between RSU and ORWJ,ARIB STD-T75 standard (and
equivalent WAVE standard used in Japan, Table apké& Error Ratio (PER) and channel
power was measured in this study using USRP modine§70, 71], a SDR simulator was
designed for testing various baseband transcefeetsoth DSRC and Ultra Wide Band (UWB)
communications. The system accounts for slow astlfeding as well as frequency selective
fading. It includes two types of waveform codesppler spread and delay spread. The software
processing includes modules that simulate a fadivannel generator, interpolator, register bank
and multipath signal generator. The Doppler spexfeulated by the simulator and obtained by
measurements were compared for a slower speed®ard frequency (2.4 GHz and were up
scaled to faster speeds and 5.9 GHz) data angéutra are found to be similar. In [69] another
use of USRP modules is shown, where the IEEE 168&mxdard is implemented on the USRP

radio modules. Using GNU Radio (that is includedha USRP modules) gives an easy way to
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manage complex WAVE layer stacks. A low bit ratesi@n of the PHY layer was implemented,
as higher bit rate version as stipulated by thadsted was not possible due to communication
limitations between processing Personal Comput€) ghd USRP. The USRP modules used to
implement PHY layer work at 2.4 GHz. In [72], treuthors demonstrate an in-house prototype
model of the OMicar, a model car with a sensorteluor autonomous driving and equipped
with SDR and various sensors and reader. In theares sponsored by Toyota, [73]
Reconfigurable Packet Routing-Oriented Signal Pssiog Platforms (RPPP) is proposed to
dynamically adapt a Field Programmable Gate Aria§GA) based SDR which has multi-

channel capabilities.

2.8 Summary

In this chapter a brief literature review of V2VdaW2l communication and standards was given.
The importance of channel modeling and MIMO chanaetxploit maximum channel capacity
was discussed and a few examples of pervious worghannel simulation and measurements

were reviewed.
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CHAPTER 3
MULTIPLE ANTENNA SYSTEMS FOR VEHICLE TO

VEHICLE COMMUNICATIONS

In this chapter we study the channel behavior axtiqularly the use of MIMO systems in V2V
communication. The study performed in this chapgeentirely based on simulation. First the
method of creating a 3D virtual vehicular envirominés explained. Wireless InSite™ from
Remcom Inc. has been utilized for all the simulaioTwo major scenarios were considered.
The first scenario was a location selected on cangpuhe University of North Dakota (UND),
in Grand Forks, North Dakota (referred to as ca@lagea). The second scenario was a location
close to commercial and residential buildings ia thcinity of Walmart, Grand Forks, North
Dakota (referred to as Walmart area). The exactdimg locations and dimensions were
imported from Google Maps. In this chapter our #¢s on V2V communication without any
blocking obstacles. Although, due to antenna locati some channels did not have LOS (NLOS
channel), these scenarios did not happen becaubmaKing vehicle or building obstruction.
The car located in the back was considered to &esmtnitting end and the front car was
considered to be receiving end. Multiple antennasewplaced on both cars. The behavior of
different locations of antennas on the channel capé#or different possible 2x2 MIMO setups

was studied.
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3.1 Methodology

Wireless InSite is a ray-tracing electromagnetimuation tool for predicting the effects of
buildings and terrain on the propagation of elaotignetic waves. It predicts how the locations
of the transmitters and receivers within an aréacathe signal strength. It models the physical
characteristics of the rough terrain and urbandmg features, performs the electromagnetic
calculations, and then evaluates the signal pramagaharacteristics [3]. The frequency range
opted for our simulation was from 5.855 to 5.925zG#hich is allocated to DSRC and WAVE

channels.

3.1.1 System Set Up

We used half-wave dipole antennas at both TX anceRd&. The systems work around 5.9 GHz
(wavelength of 0.053m) center frequency with 10 Mbandwidth. There were 15 dipole

antennas mounted on the top, front and rear silédseccars. The antennas were overlaid in 5
columns and 3 rows. The distance (front to backwéen two cars was 15 meters. The

transmitting power in both the scenarios was seteat 0 dBm.

Figure 10 gives the overview of the antennas’ laymu the cars. Each column is named as a
“route” in Wireless InSite, e.g. antennas 1, 2 8ncbrrespond to route 1. Table 5 summarizes
the spacing between each two antennas and cententer distances between each pair of

routes. The spacing between elements in each wageiniform.
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Figure 10: Layout of antenna positions and thesrgaged numbers in transmitting and receiving velsicl

Table 5: Spacing between antennas.

Antenna No./Route No. Spacing (m) Spacing (wavdlgng
1-2, 2-3 (Route 1) 0.50 9.43
4-5, 5-6 (Route 2) 0.35 6.60
7-8, 8-9 (Route 3) 0.35 6.60
10-11, 11-12 (Route 4) 0.35 6.60
13-14, 14-15 (Route 5) 0.50 9.43
Route 1 and Route 2 1.07 20.19
Route 2 and Route 3 0.40 7.55
Route 3 and Route 4 0.35 6.60
Route 4 and Route 5 1.60 30.19

3.1.2 Environment Modeling

In the simulation, we used materials like bricks tlee building and asphalt for the road. Also,
wood is used for trees. The details of materiadadn for each scenario and assumed heights

are summarized in Tables 6 and 7. The height cérenat element depends on the surface on
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which it is mounted. Antennas at the rear or fgides of the car have heights of 0.95 m (0.91 in
case of college area), which is smaller in compart® those mounted on the roof at 1.35 m. In
Section 3.2 the impact of height on system perfoiceds discussed. Google Maps was used to
delineate the exact location of buildings. The imafeach scenario was imported into Wireless
InSite and the environmental set up was built. Fegll show the maps extracted from Google
Maps and their implementation in simulation setamg the distances between each car and the
closest interferers are given. The effect of thikerence in the performance of the system will

be discussed in Section 3.2.

Table 6: Material selection for simulation in thellege area.

Feature Description Type Height (m)
Terrain Wet earth DHS 0.00
Babcock Hall Brick OoLD 6.00
Harrington Hall Brick OLD 6.00
Gillette Brick OLD 6.00
Road Asphalt DHS 0.10
Cars PVC(;,IaI\gztal, OLgL I;EC, 135

PVC: PolyVinyl Chloride, DHS: Dielectric Half-Spac@LD: One-Layer Dielectric,

PEC: Prefect Electric Conductor

Table 7: Material selection in the Walmart area.

Feature Description Type Height (m)
Terrain Wet Soil DHS 0.00
Walmart Brick OLD 9.00
Sam’s-Club Brick OLD 9.00
Buildings
Brick OoLD 6.00
1,2,3
Road Asphalt DHS 0.10
PVC, Metal, OLD, PEC,
Cars Glass oLD 1.35
Tree Wood oLD 3.00
Garden

PVC: PolyVinyl Chloride, DHS: Dielectric Half-Spac@LD: One-Layer Dielectric,
PEC: Prefect Electric Conductor
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Figure 11: Environment modelling in wireless ing@¢ College area, Google Maps, (b) college
area, simulation setup,(c) Walmart area, Googlesylapd (d) Walmart area, simulation setup.
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3.1.3 Implementing MIMO System

The application of MIMO systems has primarily beéerhe case of NLOS scenarios which are
mainly due to blockages in the transmission ofaiggnn NLOS scenarios, signal travels through
multipath and arrives at the receiver at differ@ngles. This gives rise to channel diversity that
can be used in MIMO systems to improve the chaoagacity [39]. In Figure 12, the signal has
to reach from antennas on the TX car to the angeanahe RX car, which might or might not be
in the LOS. In such cases, paths followed by tlymadi takes either the direct path or the
multipath due to reflection from the ground, asvehon Figure 12 (a), or from the surrounding

obstacles (building and trees in our case), as showigure 12 (b). The availability of multiple

antenna elements at both ends allows us to choesieed antenna location to form a MIMO

system. We have chosen various possible 2x2 MIMS&esys (2 transmitting antennas and 2
receiving antennas) and compared them in termBenf tapacities. The channel capacity of the

MIMO system is calculated by:

p

C = log,[det(I,, + —
nr

HHT)] (14)
where,p is the receiver SNRH is the channel matriX,.z is the identity matrix, andl” is the
Hermitian or conjugate transpose I#f All matrices have the size ohxng wherenr is the

number of transmitter antennas andis the number of receiver antennas [76].

The occurrence of the multipath depends on theniycof the interfering object. The closer the
obstacle is, the greater the multipath is, as shiowkigure 12 (b) and (c). While the paths with

maximum power in both scenarios were similar, thenber of multipath elements in the
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Walmart area is less than that in the college aréa is mainly due to the differences in the

distances between the cars and the closest objects.

Babcock
Hall multipath

direct path Pl Harrington
Hall

_ Gillette
refiection from the ground

causing multipath

(@) (b)

multipath
direct path

RX Car

Figure 12: Path travelled by the wave in college Wfalmart area (a) Direct path and multipath, (b)
multipath in college area, and (c) multipath in Ysalt area.

3.2 Results and Discussions

Tables 8 and 9 show the relation between receieseeplevel of antennas and their locations
with respect to antenna positions in the collegmawhereas Tables 10 and 11 show the same
for the Walmart area. For antennas located ondbé&ap, the received powers by antennas are

very similar (Tables 8 and 10). However, the reedipower for antennas located at the rear or
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front positions vary. From Tables 9 and 11, forragke, RX 1 accumulates highest power being

the closest to TX 15, whereas RX 15 receives thst lpower.

Table 12 shows the capacities of six different mméepositions in the TX and RX car for both
scenarios yielding different capacity values. Thpssitions were chosen from 225 different
possibilities. We identified these 6 cases as thstmevealing ones. The capacities of the MIMO
systems were calculated using (14). The calculatgzhcity is compared with the maximum
capacity calculated using a 2x2 identity matrix @imel average Rayleigh channel capacity. For
mean Rayleigh capacity for a 2x2 MIMO over 1000rat®ns of AWGN channels were
generated and the average value of the channetibapeas taken [52]. The capacity for 2x2
identity matrix channel and the 2x2 Rayleigh charfioe 20dB SNR are 10.30 and 7.90
bits/s/Hz, respectively. Table 12 should be viewedonjunction with Table 13 that shows the
Ricean K-Factor for the 6 chosen cases. Ricean dfeFas defined as the power ratio of the
LOS component to the diffused component [77]. Tighdér values of K-Factor imply that direct
path is stronger compared to the multipaths’ pomence, the K-Factor has direct effects on the
performance of MIMO systems. Small K-Factor valaee associated with richer multi-path
environments and should provide higher capacifi@®. ['Mean (K)” in Table 13 represents the
average of K-Factors produced in any selected dasésking an average of K-Factors over the

four possible channels.

The results for the first 4 cases are easy to cehgod and important to understand. Channel
capacities in the Walmart area are generally gredhtan those in the college area, also the K-
Factor in the Walmart area in all 4 cases is lass tthose of the college area. The antenna
spacing for both scenarios in the first 4 casespaesented in Table 5. Cases 2 and 4 yield

maximal capacity values as the spacing betweemaaseis 0.70m (13.2) as compared to the
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spacing between antennas in Cases 1 and 3, imn&60.), which is similar to many MIMO
systems [79]. Results of the K-Factor and capaciheCases 5 and 6 are riveting and may draw
any researcher’s attention. First, despite haviregsame K-Factor value for NLOS condition of
Case 5, the capacity of the college area is higinen that of the Walmart area. In Case 5,
transmitters are in the rear of the car with andeheight 0.95m, which is clearly obstructed by
glass that extends to the roof at the height ddrh.3Hence, the entire signal are either reflected
back or scattered before reaching the receiveromt fof the RX car. This shows the importance
of proximity of the obstacle to yield more multipat As shown in Figures. 11 (b) and (d), the
obstacles in the college area are closer to theaficK RX cars compared to the Walmart area,
which eventually boosts up the channel capacitgotiege area for that antenna position. Also,
the K-Factor of both areas of Case 5 are«0 ([ dB) suggesting a rich scattering environment
with NLOS, and théd matrix similar to Rayleigh fading channel [6]. Tiheespective capacities
are also around the mean Rayleigh capacity. Howévercapacities are lower than Cases 1 and
3, which have similar antenna spacing. It shouladted that the value of K-factor in Case 6 for
both scenarios is very low compared to the fir€lates, despite being the most prominent LOS
position. In an attempt to investigate the reasehird this, we found that the height of the
antenna element plays a crucial role. Initiallye ttMean (K)” for the Walmart area for Case 6

was 0, which increased to 0.33 when we increasedrtenna height merely by 0.05m.

Figures 13 through 18 show the capacity of 2x2 MIgy3tems with respect to SNR ranging
from O to 20 dB. These figures correspond to therara position and the scenarios described in

Table 12.
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Table 8: Power received by different receiversawftop with respect to the corresponding transmétgenna for

college area.
Received Power by Receiver Number (dBm)

TX 7 8 9 10 11 12

7 -65.56 -69.89 -67.24 -68.19 -66.83 -65.75
8 -66.41 -66.27 -66.35 -66.23 -65.42 -66.45
9 -68.29 -67.99 -67.71 -68.12 -68.42 -69.65
10 -65.73 -68.48 -65.80 -68.68 -67.26 -64.71
11 -68.73 -66.74 -64.61 -65.20 -66.53 -66.08
12 -67.64 -67.16 -67.48 -68.53 -69.36 -68.00

Table 9: Power received by different receiversear and back with respect to the correspondingnétter

antenna for college area.

Received Power by Receiver Number (dBm)

TX 1 2 3 13 14 15

1 -78.56 -84.42 -85.08 -89.69 -104.74 -81.94
2 -82.55 -80.77 -76.05 -89.81 -86.73 -95.46
3 -70.91 -78.17 -74.48 -100.75 -94.19 -92.11
13 -66.97 -65.38 -63.59 -84.14 -80.79 -76.04
14 -64.34 -67.35 -59.09 -81.55 -82.50 -86.5(
15 -58.45 -65.87 -60.32 -84.55 -77.28 -88.91
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Table 10: Power received by different receiversamf top with respect to the corresponding transeméntenna for
Walmart area.

Received Power by Receiver Number (dBm)

X 7 8 9 10 11 12

7 -80.5 -85.16 -83.10 -72.78 -76.16 -79.02
8 -81.18 -76.84 -99.76 -83.51 -84.72 -82.49
9 -83.74 -84.43 -84.97 -81.15 -86.38 -97.73
10 -61.85 -69.38 -67.49 -99.83 -99.96 -100.09
11 -61.41 -63.53 -65.64 -84.28 -84.26 -85.76
12 -62.49 -72.05 -75.61 -89.98 -82.95 -85.117

Table 11: Power received by different receiversear and back with respect to the correspondintstrétter

antenna for Walmart area.

Received Power by Receiver Number (dBm)

TX 1 2 3 13 14 15

1 -71.41 -67.77 -69.50 -71.18 -70.20 -67.19
2 -67.79 -71.82 -69.27 -70.53 -68.96 -70.19
3 -69.59 -69.25 -69.66 -67.27 -70.15 -71.39
13 -70.06 -68.09 -68.02 -67.03 -72.78 -68.87
14 -68.06 -69.93 -68.09 -72.87 -67.52 -70.64
15 -68.08 -67.95 -72.53 -69.10 -70.50 -66.9(
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Table 12: Table showing the effect of differenteamma set up on channel capacity (b/s/Hz) with SNRE2

Cases Ante.r.ma Capacity Scenario
Position

TX(7-8), RX(7-8) 8.52 College

' TX(7-8), RX (7-8) 9.29 Walmart

TX(7-9), RX (7-9) 9.06 College

’ TX(7-9), TX(7-9) 9.93 Walmart

TX(10-11), RX (10-11) 7.92 College

° TX(10-11), RX (10-11) 9.76 Walmart

TX(10-12), RX (10-12) 8.74 College

) TX(10-12), RX(10-12) 10.15 Walmart

TX(1-2), RX (14-15) 8.35 College

° TX(1-2), RX (14-15) 7.04 Walmart

TX(14-15), RX(1-2) 6.63 College

° TX(14-15), RX(1-2) 8.03 Walmart
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Case 1: TX (7,8) and RX (7,8)

12 T
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—+— Identity
10 —-&- Wal-Mart
~&- Rayleigh

Channel Capacity (bits/s/Hz)

0 5 10 15 20
SNR (dB)

Figure 13: Case 1 (Channel Capacity vs. SNR) fo(78) and RX (7, 8).

Case 2: TX {7,9) and RX (7,9)
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Figure 14: Case 2 (Channel Capacity vs. SNR) for(#9) and RX (7, 9).

Case 3: TX (10,11) and RX (10,11)
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Figure 15: Case 3 (Channel Capacity vs. SNR) for(I%X 11) and RX (10, 11).
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Case 4: TX (10,12) and RX (10,12)

12 T : .
—»—College
—+— Identity

10 ~©-Wal-Mart A
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Figure 16: Case 4 (Channel Capacity vs. SNR) for(I% 12) and RX (10, 12).

Case 5: TX (1,2) and RX (14,15)
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Figure 17: Case 5 (Channel Capacity vs. SNR) for(T ) and RX (14, 15).

Case 8: TX (14,15) and RX (1,2)
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10 —©-Wal-Mart
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Figure 18: Case 6 (Channel Capacity vs. SNR) fo(I& 15) and RX (1, 2).
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Table 13: K-Factor (dB) for different antenna lécas.

o College Area Walmart Area
8 snt_ethna TX | RX | K-Factor | Mean | K-Factor |  Mean
ositions (dB) K (dB) (dB) K (dB)
7 7 13.64 14.80
. 7| 8 13.74 14.88
1 &(;g) 13.75 11.79
(7-8) 8 7 13.82 15.34
8 8 13.82 15.47
7 7 13.64 11.70
. 79 13.70 11.68
2 B(((;g) 13.77 11.77
(7-9) 9 7 13.86 11.79
9 9 13.91 11.92
10 | 10 13.90 11.67
3 &(ig—ﬁ) B 13.92 13.92 1o 11.76
(10-11) | 11 | 10 13.93 11.84
11| 11 13.97 11.87
10 | 10 13.90 11.67
s | Toag |10 2] 1992 | L weel ,
(10-12) | 12 | 10 13.96 11.77
12| 12 14.04 11.90
1| 14 20 -
s | Tx@) |11 ~ o ~ o0
RX(14-15) [ o | 14 0 -0
2 | 15 -0 -
14| 1 -0.46 -4.81
TX(14-15) | 14| 2 051 ) 481 ;
6 | Rxa-2 075 83
(12) | 15| 1 1.25 -4.81
15| 2 -0.76 -4.94
3.3 Summary

In this chapter, we discussed the relevance of \¢é@vhmunication and the importance of

simulation to analyze and model the V2V channele Mter discussed antenna selection for
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multiple antenna systems and adopting the MIMOesystWe conclude, although in general, the
MIMO capacity increases with SNR and antenna sga@emV2V communication the location of
antenna also plays an important role. We obserliedotcurrences of maximum capacity and
increase in capacity by increasing the antennarsp&appens mostly when antennas are located
on the rooftop. Also, the antenna height provetieddhe essential factor. The relation of the K-
Factor to the calculated channel capacity showatlthie capability of MIMO system increased
for lower K-Factor as long the antenna height wesstame. However, lower K-Factor for lower
heights did not show better capacity in comparetiigher K-Factor for antenna elements at
higher positions. This raises the question if tledisular channels follow Rayleigh or Ricean

fading channels.
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CHAPTER 4
EFFECTS OF BLOCKAGE ON THE MIMO CAPACITY FOR DSRC

CHANNELS

The application of vehicular communication dependsits efficiency to address the different
possible scenario. As discussed previously, DSRE€ VY@V communication is widely

investigated to ensure traffic safety and redua#it¢rcongestion. In Chapter 3, we investigated
the channel capacity for MIMO systems through satiah, considering different antenna
locations and heights through simulation of suchirenments. In this chapter, we will discuss
the effect of blockage in similar setups. Additityiawe will compare these cases with the non-

blockage cases that were presented in Chapter 3.

4.1 Introduction

DSRC [7] is an automotive communication protocattts popular for its potential application
like Lane Changing Warning (LCW), Forward Collisid®arning (FCW) in ensuring traffic
safety and reducing traffic accidents. The majoallenge in developing such application to
provide a 360 degrees view of traffic status ivercome the hurdle provided by the obstacles
in form of buildings (in intersection), heavy veles (in case of overtaking), generally
categorized as NLOS scenarios [80]. In this chapter have used a vehicle as an obstacle
between two other vehicles (between the transmgitimd receiving ends). Antennas were placed

at various locations on the vehicles’ bodies. Aaltatf 15 antennas were spread on the rear,
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center and front of each vehicle, similar to thgement in Chapter 3. The two vehicles were
separated by two different distances, 10 metersl&ndeters, and the obstacle vehicle were
positioned at the center, between these vehiclgs. multiple antenna system was studied at the
same locations as described in Chapter 3, collageMalmart areas. All the results presented in
this chapter are also based on ray-tracing sinmuatcarried out using Wireless InSite® from
Remcom Inc. [74]. Initially, the response of eaeheiver with respect to each transmitter was
analyzed depending on the received power. By adigptie concept of MIMO [46, 51], different
combination of transmitters and receivers were useévaluate the channel capacity of V2V
communication system in respect to antenna podiith These NLOS cases were compared to
the non-blockage cases that were studied in Ch&ptelease note that we do not call the non-
blockage cases LOS cases, as in some scenariogatismitter or receiver car itself was
blocking the LOS path. The obtained capacity valuese then compared with the capacity for a
MIMO Rayleigh fading channel [52]. Furthermore, timpact of inclusion of phase of the

received signal on channel capacity equation wasied.

4.2 Methodology

In simulations that were carried out in WirelesSita, a vehicle (that will be referred as an
“obstacle vehicle” from here on) with the height df76 meter was placed between the
transmitting and receiving vehicles (with heightloB5 meter). The obstacle vehicle, therefore,
completely blocks the straight path from the tramt®mcar (back side) to the receiver car (in
front), creating a NLOS scenario. This process wasied out in both college and Walmart

areas. A detailed procedure and selection of nadtierdiscussed below.

45



4.2.1 System Set Up

We used half-wave dipole antenna at both TX andivec RX ends. The systems work around
5.9 GHz (wavelength of 0.053m) center frequencyhwli® MHz bandwidth. There were 15
dipole antennas mounted on the top, front and siela; exactly the same locations as described
in Chapter 3. The distance (front to back) betwsencars was 15 meters. The experiment was
repeated again by changing the distance to 10 m€ef&e obstacle vehicle was placed at the
center between the transmitting and receiving d&rs.transmitting power in both scenarios was
selected at 0 dBm. Figure 10 and Table 5 giveoteeview of the antennas’ layout on the cars

as explained in Chapter 3.

4.2.2 Environment Modeling

Tables 6 and 7 (Chapter 3) give the details otypes of material used for buildings, road, trees
and cars. Material used for the obstacle car is#ime as that for the transmitting and receiving
cars. The height of antenna element depends osutffiéce on which it is mounted. Antennas at
the rear or front sides of the car have height3.@5 m, which is smaller in comparison to those
mounted on the roof at 1.35 m. The height of olbstaehicle was 1.76 m. Google Maps was
used in this chapter too to delineate the exadctioc of buildings. The image of each scenario
was imported into Wireless InSite and the environtaleset up was built. Figures 19 and 20
show the maps extracted from Google Maps and thmgtementation in simulation set up. In
Figure 19, distances between each car and thestliogerferers are given along with the picture
of the obstacle between the TX and RX car for ddilm and 15 m for college area. Figure 20

depicts similar information for the Walmart area.
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Figure 19: Distance between cars and the surrogralistacles (college area).
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Figure 20: Distance between cars and the surrogralistacles (Walmart area).

4.2.3 Implementing MIMO Systems

The application of MIMO systems has primarily béeMNLOS scenarios, which are mainly due

to blockages in the transmission of signals. In [SL§xenarios, signal travels in multipath and
arrives at the receiver at different angles. Tlvggrise to channel diversity that can be used in
MIMO systems to improve the channel capacity [38].non-blockage scenarios that were

discussed in Chapter 3, it was possible to have,M@8le in the cases we consider in this

chapter LOS is not possible. MIMO setups are exgaetd show better performance. Taking

advantage of multiple antennas in blockage scemdgomore important than non-blockage

scenarios. If choosing proper antennas in non-llgekscenarios could provide enough power
for SISO communication, this choice is not preserthe blockage scenarios. Therefore, in this
chapter we again consider the 2x2 MIMO systemscamdpare them in terms of their capacity.

The channel capacity of the MIMO system is caladaty (14) [76].
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We observed that while the paths with maximum poimeboth scenarios were similar, the
number of multipath elements in the Walmart arekless than that in the college area. This is

mainly due to the differences in the distances betwthe cars and the closest objects.

Figure 21: College area, 10 m distance, TX (14,atsl RX (1, 2) [left], TX (10, 11) and RX (10, 1[tight].

Figure 22: College area, 15 m, distance TX (14,atf) RX (1, 2) [left], TX (10, 12) and RX (10, 12ight].

Figure 23: Walmart area, 10 m distance, TX (14,d) RX (1, 2) [left], TX (7, 8) and RX (7, 8) [h].
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Figure 24: Walmart area, 15 m distance, TX (1,/) BX (1, 2) [left], TX (10, 11) and RX (10, 11)dht].

In this chapter, we consider the same six casestudied in Chapter 3, while now for all of
them the communication is in NLOS. Figure 21- 24wglthe effect of the obstacle vehicle
blocking LOS from TX car to RX car. Three pathshwitaximum power were selected to see the

number of multipath holding significant value agwh in Figures 21-24.

4.3 Results

4.3.1 Effectsof the Antenna Location, Power, and Phase on the Capacity

Tables 14-17 show the relationship between magaiatl phase of the received power with
their respective location on the capacity (inclgdihe phase) for all six cases discussed earlier.
Furthermore, it also compares the capacity whenotistacle car exists or is removed, for
distances 10 m and 15 m between the TX car and &XT@bles 14-17 show these results for
college area-10 m distance, college area-15 m ridistaWalmart area-10 m distance and
Walmart area-15 m distance, respectively. The tated capacities are compared with the
maximum capacity calculated using a 2x2 identityrinaand the average Rayleigh channel
capacity. Similar to Chapter 3, the mean Raylegbacity for 2x2 matrix is calculated by taking

average capacity over 1000 iterations of AWGN cletif52]. The capacity for 2x2 identity
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matrix channel and the 2x2 Rayleigh channel forB@NR are 10.36 and 7.90 bits/s/Hz,

respectively.

Also, it is worth noting the antenna spacing fotHbgcenarios in the first four cases. As
presented in Table 14-17, Cases 2 and 4 yield maxrirmapacity values in the absence of the
obstacle car, except for Walmart area with 10 nassdpn where there is nominal difference of
0.64 bits/s/Hz. The spacing between antenna insCasad 4 are 0.70m (1320wvhile in Cases

1 and 3 this separation is 0.35m (6)60The increase in capacity due to increase ofrauate
separation is expected in conventional MIMO syst¢n®]. If we compare the roof top cases for
all scenarios, Cases 2 and 4 provide better cagador 10 m distance and 15 m distance,
respectively, in the absence of obstacle car, vesei@ases 1 and 3 provide better capacity when

the obstacle is present.

In terms of Case 5, it can be seen in Tables I3ugir 17 that college area with 10 m separation
and without obstacle car, and college area withmlSeparation with obstacle car have better
capacities in compare to similar situations in\Walmart area. For other scenarios, capacities in

Walmart area in general are higher than similanaies in the college area.
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Table 14: Channel capacity for six different ca@adlege area) when the distance between TX andsRX m.

Without car (10 m) Capacity With car (10 m) Capacity
x| X , )
Case| = | o | Power Phase (bits/s/Hz) Power Phase (bits/s/Hz)
(dBm) ©) [With Phase] | (dBm) ©) [With Phase]
707 -65.56 -70.89 -84.64 -35.69
1 7| 8| -69.89 -85.23 -69.61 68.55
8.52 9.73
8 7 -66.41 -140.23 -72.16 162.85
8 | 8| -66.27 -84.04 -86.84 139.88
77 -65.56 -70.89 -84.64 -35.69
7 9 -67.24 152.00 -82.12 145.42
2 9.06 8.25
9 | 7 -68.29 115.00 -77.31  -104.61
9| 9| -67.71| -127.29 -80.01 -65.99
10| 10| -68.68 -48.68 -84.25 74.25
10| 11| -67.26 -79.61 -72.62 164.26
3 7.92 9.34
11| 10| -65.20| -121.44 -73.9( 141.08
11| 11| -66.53 -91.27 -75.86 -108.37
10| 10| -68.68 -48.68 -84.25 74.25
10 | 12| -64.77 -133.9( -77.11 -155.88
4 8.74 8.97
12| 10| -68.53 162.71 -77.32 30.71
12 | 12| -68.00 -37.22 -78.84 115.43
1| 14| -104.76| 113.94 -101.55 64.10
1|15| -81.94 -115.47 -87.38 -108.54
5 8.35 6.01
2 | 14| -86.73 -23.82 -76.27 -31.97
2 | 15| -95.46 17.18 -82.1¢ 36.41
14| 1 -64.34 -68.27 -100.88 | -155.15
14| 2| -67.35 60.23 -78.21 -61.11
6 6.63 5.74
15| 1| -58.45| 132.00 -86.22 -176.65
15| 2 -65.87 10.10 -75.43 -45.33
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Table 15: Channel capacity for six different ca@edlege area) when the distance between TX andsR% m

using phase in the equation.
« Without car (15 m) Capacity With car (15 m) Capacity
< _ .
Case @ | Power | Phase (bits/s/Hz) Power | Phase (bits/s/Hz)
(dBm) (°) [With Phase] (dBm) (°) [With Phase]
7| 7| -68.07| 130.71 -83.76 -0.53
1 7 8 -70.44 125.55 -80.67 -32.55
8 | 7| -69.46| 9258 7.69 8494  26.04 7.24
8 8 -69.98 142.81 -82.37 -65.29
7| 7| -68.07| 130.71 -83.76 -0.53
71 9| -7055 26.42 -78.68 111.82
2 9.84 8.87
9 7 -73.34 25.24 -81.98 -68.38
9 | 9| -69.84 99.45 -89.95 123.84
10 | 10| -68.44| 179.09 -85.37 | -105.60
10| 11| -69.08 140.77, -80.65 -64.08
3 8.29 9.35
11 | 10| -67.90 98.35 -78.34 50.60
11 | 11| -68.46| 133.31 -87.03 68.36
10| 10| -68.44 179.09 -85.37 -105.60
10 | 12| -68.83| 118.15 -82.14 -84.08
4 10.27 9.43
12 | 10| -69.02 43.91 -79.93 66.80
12| 12| -69.59 164.99 -86.06 -171.57
1| 14| -84.46 141.06 -98.71 2.48
1 | 15| -95.52 32.20 -87.58 -28.3(
5 5.77 9.42
2 | 14| -80.51 -11.01 -86.48 5.87
2 | 15| -88.45 -79.78 -88.86 91.87
14| 1 -65.57 1.01 -75.26 175.69
14| 2 -65.57 100.82 -75.46 -0.38
6 7.73 7.69
15| 1 -67.70 -146.97 -80.4(0 169.1p
15| 2 -67.33 15.91 -76.3( -51.64
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Table 16: Channel capacity for six different ca@#almart area) when the distance between TX andsRX m

using phase in the equation.
Without car (10 m) Capacity With car (10 m) Capacity
X | X . .
Case| | x| Power Phase (bits/s/Hz) Power Phase (bits/s/Hz)
(dBm) ) [With Phase] | (dBm) ) [With Phase]
77 -65.94 | -147.92 -83.20 | -138.03
1 71 8 -66.48 | -170.08 -82.51 -94.23
7.42 8.49
8 | 7 -69.27 | -178.88 -80.54 -8.96
8 | 8 -66.29 | -173.19 -81.87 116.51
77 -65.94 | -147.92 -83.20 | -138.03
7109 -65.47 93.43 -79.61 93.34
2 9.34 5.70
9 | 7 -64.76 104.18 -75.3§ 135.68
91| 9 -70.65 | -128.93 -72.9Q 2.23
10| 10| -68.09 -81.76 -81.99 156.25
10| 11| -66.19| -108.64 -82.11 -139.31
3 8.97 6.61
11| 10| -65.28 -93.98 -77.24 -71.63
11| 11| -69.19 -52.14 -75.39 57.21
10 | 10| -68.09 -81.76 -81.99 156.25
10 | 12| -68.20 165.48 -85.16 51.9(
4 8.33 6.05
12| 10| -67.30 150.37| -76.13 69.77
12 | 12| -63.67 -67.97 -72.81 -51.41
1| 14| -81.48 120.37 -78.93 105.81
1| 15| -80.32 -39.24 -83.12 -14.64
5 7.14 6.57
2 | 14| -79.54 -95.82 -78.23 -90.83
2 | 15| -80.97 132.14 -79.94 127.48
14| 1 -63.80 69.71 -83.24 | -178.37
14| 2 -62.20 139.87 -86.24 45.61
6 10.13 7.03
15| 1 -61.06 169.74 -77.53 25.79
15| 2 -62.69 42.41 -77.29 122.78
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Table 17: Channel capacity for six different ca@#almart area) when the distance between TX andsR)% m

using phase in the equation.
Without car (15 m) Capacity With car (15 m) Capacity
X | X . .
Case| | x| Power Phase (bits/s/Hz) Power Phase (bits/s/Hz)
(dBm) ) [With Phase] | (dBm) ) [With Phase]
77 -71.41 76.68 -84.41 133.46
1 71 8 -67.77 43.54 -80.06 -6.10
9.29 6.88
8 | 7 -67.79 42.11 -81.81 27.71
8 | 8 -71.82 69.04 -80.10  -143.2p
77 -71.41 76.68 -84.41 133.46
7109 -69.50 -25.95 -91.82 127.5Y
2 9.93 5.93
9 | 7 -69.59 -28.51 -77.014  -153.98
91| 9 -69.66 86.82 -73.67  -176.98
10| 10| -67.03 139.12 -81.84 61.27
10| 11| -72.78 112.07, -80.74 -69.81
3 9.76 8.69
11| 10| -72.87 114.97, -77.89 -47.83
11| 11| -67.52 145.08 -84.35 -110.11
10| 10| -67.03 139.12 -81.84 61.27
10 | 12| -68.87 63.89 -93.53 -38.21
4 10.15 6.82
12 | 10| -69.10 64.60 -77.69 117.2f
12 | 12| -66.90 133.82 -74.84 105.39
1| 14| -76.16 156.62 -75.62 154.39
1| 15| -79.02 110.31 -78.94 106.73
5 7.04 8.82
2 | 14| -84.72 -8.81 -83.87| -12.39
2 | 15| -82.49| -135.14 -77.74 -96.19
14| 1 -61.41 14.58 -81.34 -2.53
14| 2 -63.53 119.61 -78.78 -133.96
6 8.03 9.32
15| 1 -62.49 176.39 -76.84 -169.76
15| 2 -72.05 44.5 -87.37| 25.46
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4.3.2 Graphical representations of Capacity vs. SNR

The power and phase received by different anteandgferent locations were used to calculate
the channel capacity of the 2x2 MIMO systems. Thegtiwo sections present the results of

capacities versus SNR.

4.3.2.1 Capacity Without an Obstacle Car

In this section, the capacities of 2x2 MIMO systeans represented graphically for different
setups (college 10 m, college 15 m, Walmart 10 md, Walmart 15 m). These capacity values
are further compared with 2x2 identity channel MMO capacity (ideal case) and 2x2

Rayleigh MIMO capacities (typical case). In thictsen the obstacle car between transmitting
and the receiving cars does not exist for distad@s and 15m for both college and Walmart

scenarios.
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Case1: TX(7,8) and RX(7.8)
(without the obstacle car)
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Figure 25: Channel Capacity vs. SNR for Case 1awitlkan obstacle car.

Case2: TX(7,8) and RX(7.9)
(without the obstacle car)
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Figure 26: Channel Capacity vs. SNR for Case 2aitlan obstacle car.

Case3: TX(10,11) and RX(10,11)
(without the obstacle car)
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Figure 27: Channel Capacity vs. SNR for Case 3auitlan obstacle car.
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Cased: TX(10,12) and RX(10,12)
(without the obstacle car)
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Figure 28: Channel Capacity vs. SNR for Case 4auitlan obstacle car.

Case5: TX(1,2) and RX(14,15)
(without the obstacle car)
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Figure 29: Channel Capacity vs. SNR for Case Sawitlan obstacle car.

CaseB: TX(14,15) and RX(1,2)
(without the obstacle car)
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Figure 30: Channel Capacity vs. SNR for Case 6aumtlan obstacle car.
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4.3.2.2 Capacity with an Obstacle Car

In this section, the capacities of 2x2 MIMO setwgre represented graphically for different
setups (college 10 m, college 15 m, Walmart 10 md, &almart 15 m). These capacity values
are further compared with 2x2 Identity MIMO capgdjideal case) and 2x2 Rayleigh MIMO
capacities (typical case). In this section, an adistcar is placed between transmitting and the

receiving cars.
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Casel: TX(7,8) and RX(7,8)
(with the obstacle car)
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Figure 31: Channel Capacity vs. SNR for Case 1 aitlobstacle car.

Case2: TX(7,9) and RX(7,9)
(with the obstacle car)
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Figure 32: Channel Capacity vs. SNR for Case 2 aitlobstacle car.

Case3: TX(10,11) and RX(10,11)
(with the obstacle car)
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Figure 33: Channel Capacity vs. SNR for Case 3 aiitlobstacle car.
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Cased: TX(10,12) and RX(10,12)
(with the obstacle car)
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Figure 34: Channel Capacity vs. SNR for Case 4 aitlobstacle car.

Case5: TX(1,2) and RX(14,15)
(with the obstacle car)
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Figure 35: Channel Capacity vs. SNR for Case 5 aitlobstacle car.

CaseB: TX(14,15) and RX(1,2)
(with the obstacle car)
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Figure 36: Channel Capacity vs. SNR for Case 6 aitlobstacle car.
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4.3.3 Effect of Phase Factor

The phase of the received signal plays a vital imlenhancing or increasing the capacity of the
system. Tables 14-17 provided the capacity valuennihe phase values were included in the
calculations. Table 18 provides the capacity valihout including the phase values.

Comparison between Tables 14-17 and Table 18 sttfmvenportance of phase values. For all
the cases in which the experiment was carried thét, capacity values are less (sometime

drastically) if the phase values are ignored indh@nnel capacity equation given by (14).
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Table 18: Channel capacity (bits/s/Hz) for diffdarecenarios and distances when the phase valuesexeluded.

W College | College | College | College | Walmart | Walmart | Walmart | Walmart

7} 10 m 10m 15m 15m 10m 10 m 15m 15m

f’j (without | (with car) | (without | (with car)| (without | (without | (without | (without
car) car) car) car) car) car)

1 7.72 9.57 6.24 5.71 7.12 8.49 8.89 6.45

2 7.39 6.91 8.05 8.72 8.12 5.70 6.35 5.93

3 5.73 9.33 5.67 9.34 8.22 6.61 9.59 8.2

4 7.05 8.79 5.67 8.87 6.73 6.05 7.51 6.76

5 9.97 6.00 5.72 9.17 6.71 6.57 6.47 8.73

6 5.80 5.74 5.69 7.21 7.03 7.03 7.30 9.24

4.3.4 K Factor

K-Factor is an important tool to understand thetipath scenario. Higher K-Factor suggests low
scattering path or indirect path. Tables 19 ando@fvide the Mean K (dB) for college and
Walmart areas when the distance between the TXcamsl are 10 m and 15 m, respectively.
“Mean (K)” in these tables is the average of K-Bestproduced in any selected cases by taking

an average of K-Factors over the four possible cblsn

Tables 19 and 20 should be viewed in conjunctiotth Wiables 14-17. Comparing the Cases 1
through 4 from Tables 14-17 and Table 19 and 20care see that for scenarios without the
obstacle car in between, cases with low K-Factaertha highest capacity. However from Tables
16 and 19, for Walmart 10 m scenario, where theadtdr is almost the same, ranging from

11.48 to 11.69, Case 2 shows the maximum capacihich K-Factor equals to 11.65.

Results of the K-Factor and capacities in CasasdS6aare worth paying attention. First, despite
having the same K-Factor value for NLOS conditibi€ase 5, the capacity of the college area is
higher than that of the Walmart area. In Case dnsimitters are in the rear of the car with

antenna height of 0.95m, which is clearly obstrddbg glass that extends to the roof at the

63



height of 1.35m. Hence, the entire signal are eitbflected back or scattered before reaching

the receiver on front of the RX car.

Since the K-Factor of both areas for Case 5 withmhgtacle car and for all cases with the
obstacle car for both college and Walmart areagr€0 in dB), it suggests a rich scattering
environment with NLOS scenario, and the H matrixik&r to Rayleigh fading channel [52] is
expected. Their respective capacities are alsondrthe mean Rayleigh capacity. This is true for
most of the cases in Walmart area and some ofabescfor the college area. In terms of case 6,
Tables 19 and 20 show that K-Factor for Walmarnade are less than those for the college

area (higher capacity values).

For the scenarios with the obstacle car, the rieguK-Factor were 0 or ¢ dB) suggesting that

there were not any direct path travelling from T)éto RX as shown in Figures 21-24.
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Table 19: K-Factor for 10 m (without car).

o College Area Walmart Area
Q Ant.erma X RX K-Factor Mean K-Factor Mean
o Positions
(dB) K (dB) (dB) K (dB)
7 7 13.64 11.31
i 7 8 13.74 11.34
1 &(; 3) 13.75 11.48
(7-8) 8 7 13.82 11.33
8 8 13.82 11.92
7 7 13.64 11.31
i 7 9 13.70 11.33
2 ;);(; g) 13.77 11.65
(7-9) 9 7 13.86 11.91
9 9 13.91 12.04
10 10 13.90 11.36
; on((i%'ﬂ) 10 11 13.92 15,00 11.40 1166
(10-11) | 17 | 10 13.93 11.99
11 11 13.97 12.03
10 10 13.90 11.36
. &(18'1? 10 12 13.92 1505 11.38 166
(10-12) | 12 | 10 13.96 11.88
12 12 14.04 12.02
1 14 0 -0
5 -0 -00
RX(14-15) [ 5 14 - -
2 15 -0 -0
14 1 -0.46 0.31
s | TX(415) 14 2 -0.51 075 0.31 011
RX(1-2) | 15 | 1 -1.25 -0.06
15 2 -0.76 -0.11
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Table 20: K-Factor when distance 15 m (without .car)

v College Area Walmart Area
§ Snt.etfma TX | RX | K-Factor | Mean | K-Factor Mean
ositions (dB) K (dB) (dB) K (dB)
7 7 13.80 14.80
) 7 8 13.91 14.88
1 &(; g) 14.07 11.79
(7-8) 8 7 14.66 15.34
8 8 13.91 15.47
7 7 13.80 11.70
] 7 9 14.66 11.68
9 B(((; g) 14.02 11.77
(7-9) 9 7 13.76 11.79
9 9 13.85 11.92
10 10 14.26 11.67
3 &%%—ﬁ) il M 1988 | 597 b PR
(10-11) | 91 | 10 14.11 11.84
11 | 11 13.67 11.87
10 | 10 14.26 11.67
4 B(((ig-ﬁ) 0] 12 17 | 358 0
(10-12) | 15 | 10 13.09 11.77
12 12 13.17 11.90
1 14 0 -®
s | Txa2) |1 ] 15 * - -~ -0
RX(14-15) [ 14 0 -0
2 15 0 -
14 1 9.98 -4.81
TX(14-15) | 14 | 2 10.30 81 ;
5 X1 9.13 4.83
1-2) | 15 | 1 8.64 -4.81
15 2 7.60 -4.94
4.4 Summary

In this chapter, we discussed the relevance of ¥@vimunication and the importance of MIMO

to address NLOS scenarios. The effect of blockagie form of the obstacle car was studied
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considering different parameters like antenna looaichannel capacity, K-Factor, and phase of
the received signal. We also discussed the beshaatiocations for multiple antenna systems by
adopting the MIMO systems. In conclusion, althouglgeneral, the MIMO capacity increases
with SNR and antenna spacing, in V2V communicatiom location of antenna also plays an
important role. MIMO channel capacity does not odBpend on the multipath, it may also
depend on the magnitude and phase of the powereelcand the multipath which depends on

angle of arrival distribution caused by the obstacl
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CHAPTER 5

MEASUREMENT SETUP AND RESULTS

In Chapters 3 and 4 we studied the V2V channetautjit simulation and found some guidelines
in terms of antenna location and height effectshenMIMO capacity. In this chapter, a real-time
measurement test-bed for DSRC vehicular commupitas introduced and the measurement

results are presented.

5.1 Introduction

A major challenge to implement the measurementpetere the choice of cost-effective and
low-profile equipment. We chose SDRs to impleméet transceivers. Compared to heavy and
expensive equipment such as Signal GeneratorsalSigralyzers, Vector Network Analyzers,
and Spectrum Analyzers, SDRs can provide a costt#fe and compact setup which enables us
to use and control the radio signal through a so#W82]. The main advantage of SDR is the re-
configurability where the communications functioage realized as program running on a
suitable processor [83]. As shown in Figure. 37RSfomprises of Radio Frequency (RF) front-
end and the data processing unit, which has its amigue functionalities. The user can
configure the program to get the desired input wipot, and feed it to the RF front-end for
transmission or reception. With possibility of digation, the system has limitation due to
sampling rate, therefore, there are limitations tamsmitting or receiving large bandwidth
signals. The inclusion of different types of modigia in data processing unit has paved the way

to overcome this deficiency.
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Figure 37: SDR Transceivers [83].

In addition, there are features or technologies hlaae facilitated the implementations of SDR.
As explained in [82], development of analog/digtapabilities, reduction of silicon geometries,
increase in memory sizes, advances of Digital SigAeocessors (DSPs) (low-power-
consumption), and availability of software and thedfordable pricing are some of them which
have pushed the wheel forward to choose SDR ovar aelevant technologies. This is further
supported intelligent antenna technology and thesiges of implementation of Micro Electro
Mechanical Systems (MEMS), Application Specific egtated Circuits (ASICs), and Filed

Programmable Gate Array (FPGAS) to build a robystesn [84]. With every new invention,

there always lies the challenges and opportunj88% The opportunities were well explained
earlier but a fundamental challenge for SDR desgrihe balance between computational
performance and relevant size, weight and powetireapents. The re-configurability of SDR

systems has security challenges and the issuesriification of radio equipment are its other

challenges.
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5.2 System Configuration

5.2.1 Hardware

5.2.1.1 Software Defined Radio
Ettus Research™ USRP™ N200 was used as transamitiereceiver units in our experiment, as

shown in Figure. 38. The detailed architecturenefSRP™ N200 is shown in Figure. 39.

Figure 38: Ettus Research™ USRP™ N200 used as SDR.

USRP™ N200 is one of the highest performing classasdware of the USRP family of

products, which enables user to rapidly designiamdement powerful, flexible software radio
systems. It offers MIMO capability with high bandith and dynamic range. The Gigabit
Ethernet interface serves as the connection betwls®rN200 and the host computer. This
enables the user to realize 50MS/s of real-timeladth in the receiver and transmit directions,

simultaneously (full duplex).
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Figure 39: System architecture of USRP N200 [86].

5.2.1.2 RF Switch

Two 1x4 Single Input Multiple Output (SIMO) RF suli, one for the transmitter end and

another for the receiver end, were used by casgatinree Double Pole Double Throw (DPDT)

ZFSWA2-63DR+ switches from Mini Circuits® (Figur@y The output of USRP N200 is fed to

the input of the RF switch, which allows the useseélect among any four possible outputs. In

measurements, we used two outputs at each TX anendXto provide a 2x2 MIMO system.

Figure 40: 1x4 SIMO RF switch with choices to seksetween them.
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5.2.1.3 High Gain Amplifier

In an experiment with spectrum analyzer and USRBON# 2.4 GHz the output of USRP is -4
dBm (4mW) was noticed at 0dBm reference of spectamalyzer, when USRP was directly
connected to the spectrum analyzer through an SktAec This level was 6 dBm for -10dBm
reference shown by spectrum analyzer. The outptiteo§pectrum analyzer was decreased to -15
dBm from 6 dBm when an antenna was used at a dstan0.5 m between spectrum analyzer
and USRP. This clearly shows the power loss angalidoss phenomena. As our motive was to
use USRP in outdoor settings, at a maximum distahd@® m, the signal would practically be at
the noise level. To overcome two high gain amp#fiZVE-8G+), from Mini Circuits® with 30

dB gain at 5.9 GHz (our intended working frequeneg)shown in Figure 41, were used.

ﬂﬂﬂﬂﬂﬂﬂ

Figu;e 1: High gain amplifiers used at the trarittamiend.
5.2.1.4 Antenna
We used VERT2450 antenna, an Ettus Research™ pr@Eigure 42) which is a dual band

antennas working within the bands of 2.4 GHz t@23Hz, and 4.9 GHz to 5.9 GHz. This is an

Omni-directional vertical antenna. The antenna used at 5.9 GHz (wavelength of 0.053m).
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Figure 42: VERT2450 Antenna (Ettus Research™).

5.2.1.5 Cables, Adapters and Terminators

When a high gain amplifier is added to the settips ivery important to select appropriate
components for safe operation. The cables mustdmterfor the range of working frequency to
avoid mismatching. The matched terminators mugidesl to avoid creation of open circuits at
the end of the system that cause high reflectiorikéd digital unit (USRP, in our case) resulting
in damage. Care must be taken when adaptors adefaseonnecting cables. Co-axial cable
with male SMA connection was used in this measurgnteemale to female SMA adapter were
used to connect male antenna to male SMA cableh&0terminators were used to terminate the

switch port (not being used) at both transmitting eeceiving end.

Figure 43: Terminators and antennas.

5.2.2 Software

There are various available software options twedthe hardware. GNU Radio, for Linux

platform, National Instruments (NI) LabVIEW and Nédt Simulink for windows platform are

73



some popular tools. In this work, we have used U&W basically for two reasons. First, the
Graphical User Interface (GUI) and configurabildf LabVIEW makes it simple and easy to
program the SDR. Second, since there is collalwratietween NI and Ettus research, the
technical support and help in debugging and traftdeting the problems speed up the process
of implementation of the design. Matlab from Mathi& is used for processing the data

received from LabVIEW to get the desired output.

5.2.2.1 National Instrument’s LabVIEW

LabVIEW is a graphical programming platform thatoals the user to design and test the
systems. In this thesis, we present LabVIEW asterface between USRP N200 (radio) and the
program that controls the radio. This allows usidgsired modulation techniques for
transmission and demodulation techniques for reogivWe used IQ modulation and
demodulation as shown in the Figures 44 and 45.K4% message signal is modulated at 5.9
GHz (DSRC band) at the transmitter and the powdrpdrase are monitored at the receiver end.

The detail operation is described in Section 5.3.2.

5.2.2.2 Matlab
The received values for power and phase are funphecessed in Matlab to calculate the

capacity (bits/s/Hz) for different antenna location TX and RX ends.
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Figure 45: Receiver end LabVIEW window.

5.3 Methodology

The location and setup of measurement were dedidseld on the experiment requirements and
following the simulation setups. Our primary objeetwas to replicate the exact location and

distances of antenna and cars used in the simuldtoe in Wireless InSite®.

75



5.3.1 System Set Up

Following the same setup for simulation, in eaclasaeement we considered 15 TX and 15 RX
locations. In each measurement we considered otleeddix cases of interest of 2x2 MIMO. So

at each measurement we placed two TX antennasvamdRX antennas. The active antennas
were controlled by switch. The distance betweenahiennas was measured to be similar to

simulation setup. The location of antenna was sintd that of simulation as shown in Figure

46.
Spacing Sy

Antenna No_ Route No. = (waveleng
2, 2-3 (Route 1) 0.50 943
15, 5.6 (Route 2) 033 6.60
7-8, 8-9 (Route 3) 035 6.60
10-11, 11-12 (Route 4) 0.335 6.60
13-14, 14-15 (Rouie 5) 030 943
Route 1 and Route 2 1.07 20.19
Route 2 and Route 3 0.40 755
Route 3 and Route 4 0.33 6.60
Route 4 and Route 5 1.60 310.19

Figure 46: Location of antenna for measurement.

5.3.1.1 Device Platform

There were multiple electronic devices used inni@asurement. These devices were running on
the car battery. To minimize the time of measurasanwooden platform was designed to keep
each component in a static location, this minimibeserrors due to phase changes of cables and
prevents the problem of loose connections. Figirshbws the platform built for both TX and
RX ends. TX ends consists of two high gain ampbfielx4 RF switch, USRP N200, and

extension cord. The RX end consist only of USRP, R¥ switch and extension cord.
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Figure 47: TX end (left) and RX end (right).

5.3.1.2 Location of Car and Antennas

As shown in Figure 48, the device platform was @thon the passenger seat of both the TX and
RX cars. The radio was controlled through a laptopnected to it. A car adapter (15 V DC to
110 V AC) was used as a source of power for powsplifiers, switches and the USRPs. The

cars that were used for measurements were Fordri-26il0.

Figure 48: Location of the platform inside the €BX, left and RX, right). '

5.3.1.2.1 College Area

The measurements were done for the six caseseresgttthat were discussed in Chapter 3. The
distance between the TX and the RX was kept conatabh0 m and 15 m. Figure 49 shows the

location of car in the college area. Figure 50 sh@ase 6, i.e. TX at (14, 15) and RX at (1, 2).
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Figure 50: Antennas placement on TX (left) and oh(Rght).

5.3.1.2.2 Walmart Area
Similar to college area, the measurement in Walragg was done for six cases keeping the
distance between the TX and the RX, first at 10nd &5 m. Figure 51 shows the cars in the

Walmart area. Figure 52 shows Case 2, i.e. TX@&t12) and RX at (10, 12).

Figure 51: Transmitter car and receiver car wiltatice 10 m in Walmart area.
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Figure 52: TX (left) and RX (right).

5.3.2 Operation Procedure

The experiment or operation procedure consists abh manual and automatic handling of
devices and software. Once, the TX and RX locataonsthe antennas on cars are measured and
fixed, the process of data acquisition starts.lllicases, the amplitude and phase of the power at
the receiver was measured 5 times. For exampleh&2x2 MIMO setup where the transmitter
was located at 7 and 8 and the receiver antenn@sawéocations 7 and 8, first transmitter 7 was
activated by selecting the appropriate switch. s tpoint, antenna at location 7 was also
activated in the receiver side to measure ampliardephase received by receiver antenna for 7
vs. 7. The amplitude of power received in dB andgehof power received in degree were
recorded. This process was repeated for 5 iterati®acondly, the switch at the receiver end was
changed to activate antenna 8, then amplitude hadepreceived by receiver antenna for 7 vs. 8
was recorded. Next the transmitter antenna wasclsedt to position 8 and its corresponding
reading for location 7 and 8 at the receiver end meaorded and stored. This way, a 2x2 matrix

of TX (7, 8) vs. RX (7, 8) channel response wasireed.
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Figure 53: Block diagram of the transmitter program

The block diagram of the transmitter and receivergpam is shown in Figures 53 and 54,
respectively. After installing the USRP N200 (deyidriver on the laptop (or PC) provided by
the NI, the LabVIEW allows the user to initiate theocess. Ethernet connection is used to
interface USRP to LabVIEW program installed on tlaptop. There are multiple virtual

instruments (VIS). They are:

1. niUSRP Open TX Session VI: This opens a TX ses&idhe device specified. The default
Internet Protocol (IP) address for niUSRP is 198.16.1 which is connected to the laptop
assigned with static IP address 192.168.10.2. Vhisasically tells the USRP that it has
been interfaced with specific device (laptop irsttase).

2.  niUSRP Open Rx Session VI: This opens an Rx sedsidine device specified similar to
the transmitter end.

3. niUSRP Configure Signal VI: This helps to configuhe properties of TX or RX signal

like sampling rate, carrier frequency, gain, acveenna etc. The standard sampling rate
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of 200k (s/sec) was selected. The carrier frequenicy.9 GHz was selected as per

experiment requirement.
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Figure 54: LabView program at receiver end.

nNIUSRP Write TX Data (poly) VI: This VI is respob$ to write the data to the specified
channel or send it through the selected antenngnigrunit, we select the | (in-phase) and
Q (quadrature phase) components continuous messggga of 1 KHz to transmit. The |
and Q components received at the receiver USRmelpdul in finding magnitude and
phase of the signal.

niUSRP Fetch Rx Data (poly) VI: This fetches datarf the specified channel.

FFT Spectrum (Mag-Phase) VI: This VI computes theraged FFT spectrum of time
signal and returns FFT results as magnitude angepha

niUSRP Close Session VI: This closes the session.
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5.3.3 Data Processing

The data received from two different separatiooass for the 6 cases of MIMO for both college
and Walmart areas were processed using Matlabdioige the channel capacity of system. The

average capacity of 5 iterations was considered.

5.4 Results and Discussions

Tables 21-24 show the averaged capacity valueGatB SNR calculated for respective MIMO
setups for both scenarios, for two separationsOomland 15 m. The averaged capacity value
was calculated by taking the mean of 5 values g@lcidy obtained from 5 iterations. The
magnitude and the phase of the power received slowables 21-24 are the value (one of five
iterations) which yielded the maximum capacity. [€ab21-24 also depict the change in the
capacity values when phase of the signal is nogidened. The capacities of 2x2 MIMO systems
were calculated using (14) and then they were comtbavith 2x2 MIMO identity channel
capacity (10.36 bits/s/Hz) and 2x2 MIMO Rayleigltachel capacity (7.90 bits/s/Hz) which are

depicted in Figures 58-61.

It is evident that it is difficult to predict thamdom wireless channels. However, by studying the
collected data we can recognize some general patterom Tables 23 and 24, Cases 2 and 4
(cases with greater antenna separations) has higipercity value which agrees with the results

of Chapters 3 and 4 [79].

Cases 1, 3, 4, 6 from Tables 21 and Cases 1, b &oan Table 22 suggest another pattern, i.e.
the channel capacity is not directly dependenthennhagnitude of the power received. In all of
the above-mentioned cases, the capacity tendspimu® or holds same value even when there is

significant drop in the power level (magnitude}tod signal (NLOS).
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Cases 5 and 6 reveal another pattern related twithth of the road [39]. The measurement was
done during the low traffic times, however, theunatof the roads were obviously different.
College area has a narrow road, while the Walnrad has wider roads. The capacity for Cases
5 and 6 for college area is better than that ferwWalmart area provided the location of antenna
was either at the rear or front end of the car,ctwhs lower in height with respect to roof

antennas.

Another important phenomenon that was observeddaudissed in Chapter 4 is the phase of the
received signal. From Figure 61 we see that allcases are behaving like a Rayleigh channel,
which is typical in the NLOS scenarios. The intérgsfact to note here is that the contribution

of phase of the signal to increase the capacisygisificant. For example in Case 1, the capacity

jumps from 5.83 (without phase contribution) to77k2ts/s/Hz (with phase contrition).

Figure 57 shows a comparison between the channetsrins of their information carrying
capability for both areas and the separation ofml@nd 15 m, respectively. Figure 57 clearly
shows that the capacity value changes with chamgiéstance. This phenomenon is explained in

detail by an analogy explained below which is samib [6].

Figure 55: Two cars in traffic with different speed
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Figure 56: Spectrum decision management loop basethannel capacity[6].

Suppose two cars (Figure 55) are travelling atrestamt velocity 20 miles/hr in the traffic at the
residential area (with same speed limit), maintegnihe distance between the cars to be 5 m.
Now, the driver of the vehicle travelling behindm&to overtake the vehicle in front of him. He
does this by increasing the velocity of his caBomiles/hr (40 Km/hr). In that case, time taken
by that vehicle to travel 5 m distance will be 4Bliseconds (ms). The car will travel the same
distance with 75 miles/hr. in 140ms. This means féster the car quicker the system to respond.
This leads us to an interesting way to view thaayed capacity graphs depicted in Figure 57 to
develop a smart unit, which shows the highest aapaalue for each Case for both scenarios.
The best connection between two cars can be estallibased on the capacity they share with
each other. From Table 22, out of six cases, Casewides the best capacity results for college
area i.e. 9.27 bits/s/Hz. In travelling the 5m alite, still Case 6 provides the best capacity i.e.
9.28 bits/s/Hz (from Table 21) in compare to ofaher antenna locations. Hence the smart unit
can make a decision to connect the travelling eaertaking car) whose antenna location yields

the best capacity when incorporated with the okeriacar.
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Similarly, from Table 24, for Walmart area, Casis éhe best combination of antennas setup that
yields the largest capacity (7.85 bits/s/Hz) bué thystem needs to switch the antenna
combination to Case 2 with capacity 8.79 bits/s{lHable 23) when it travels and has the 5m as

the differential distance.
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Table 21: Average capacity (20 dB SNR) for 10 nieg# area.

\Se

c Location Receiver Data Average Capacity (bits/s/Hz)
ase
TX RX Power (dBm) Phase(°) With Phase Without Pha
7 7 -77.35 11.32
7 8 -77.98 -24.69
! 8 7 -81.85 154.93 .87 6.08
8 8 -80.00 27.86
7 7 -78.38 9.31
7 9 -71.71 -80.45
2 6.45 5.88
9 7 -77.43 -105.54
9 9 -69.68 31.38
10 10 -71.20 16.95
10 11 -78.62 -80.17
3 8.06 7.97
11 10 -81.98 -61.81
11 11 -75.23 56.33
10 10 -72.56 113.98
10 12 -77.10 36.23
4 7.94 6.85
12 10 -75.88 141.39
12 12 -76.22 -134.01
1 14 -109.54 -19.04
1 15 -97.98 -159.87
5 8.70 8.27
2 14 -95.68 -111.75
2 15 -104.43 -175.73
14 1 -80.12 78.98
14 2 -76.42 89.83
6 9.28 8.66
15 1 -76.44 -65.76
15 2 -81.35 36.46
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Table 22: Average capacity (20 dB SNR) for 15 nieg# area.

\Se

c Location Receiver Data Capacity (bits/s/Hz)
ase
TX RX Power (dBm) Phase(°) With Phase Without Pha
7 7 -93.59 65.18
7 8 -87.17 -129.39
! 8 7 -91.31 105.14 8.1 6.67
8 8 -91.82 91.03
7 7 -93.58 20.75
7 9 -85.88 70.69
2 6.18 5.84
9 7 -95.93 -124.37
9 9 -88.86 81.03
10 10 -90.59 40.05
10 11 -89.43 63.20
3 9.23 6.77
11 10 -89.26 -62.07
11 11 -89.80 100.99
10 10 -98.90 -121.40
10 12 -87.30 150.44
4 8.90 8.28
12 10 -89.56 129.09
12 12 -91.78 148.81
1 14 -105.43 -25.99
1 15 -96.04 92.62
5 8.67 8.34
2 14 -95.52 -77.71
2 15 -109.14 100.11
14 1 -96.52 32.74
14 2 -91.67 -6.98
6 9.27 8.79
15 1 -92.35 14.44
15 2 -103.96 125.24
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Table 23: Averaged capacity (20 dB SNR) for 10 miiéat area.

\Se

Location Receiver Data Capacity (bits/s/Hz)
Case TX RX Power (dBm) Phase(°) With Phase Without Pha
7 7 -73.58 87.46
7 8 -77.24 139.78
1 6.03 5.68
8 7 -81.98 -59.19
8 8 -83.98 144.37
7 7 -75.29 119.39
7 9 -80.70 117.17
2 8.79 8.13
9 7 -75.80 -90.13
9 9 -73.95 105.30
10 10 -78.19 171.21
10 11 -77.33 -3.58
3 8.03 6.99
11 10 -80.08 -73.76
11 11 -82.57 -88.53
10 10 -78.84 -108.86
10 12 -79.54 156.39
4 8.06 7.12
12 10 -78.91 -10.10
12 12 -76.27 164.83
1 14 -92.93 151.12
1 15 -99.71 78.18
5 5.81 5.72
2 14 -88.30 -97.02
2 15 -96.69 100.44
14 1 -92.02 108.46
14 2 -81.81 -139.48
6 8.65 8.60
15 1 -81.16 -131.84
15 2 -85.34 80.48
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Table 24 : Averaged capacity (20 dB SNR) for 15 mlwart area.

\Se

c Location Receiver Data Capacity (bits/s/Hz)
ase
TX RX Power (dBm) Phase(°) With Phase Without Pha
7 7 -76.12 67.21
7 8 -77.56 55.03
1 7.27 5.83
8 7 -80.48 101.59
8 8 -80.36 -61.00
7 7 -77.29 22.87
7 9 -82.02 2.49
2 7.28 6.49
9 7 -83.42 172.57
9 9 -80.81 -137.20
10 10 -79.05 9.33
10 11 -84.26 129.92
3 6.95 6.15
11 10 -80.41 43.94
11 11 -85.90 -65.54
10 10 -80.07 -127.24
10 12 -76.64 -67.28
4 7.06 6.14
12 10 -84.89 -1.76
12 12 -78.44 -108.91
1 14 -88.51 -118.90
1 15 -93.24 -170.65
5 7.18 7.08
2 14 -106.05 -152.45
2 15 -92.02 -56.33
14 1 -86.94 178.95
14 2 -86.62 148.77
6 7.85 7.76
15 1 -84.75 68.16
15 2 -100.10 -20.55
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Figure 61: Capacity comparisons with phase for Véainarea, distance 15 m.
5.5 Summary
In this chapter, the implementation of DSRC test-bsing SDR and the measurement results
were discussed. The details of hardware and sddtvamsigned and utilized for channel
measurements were given. The system presentednipamd and cost-effective. Different
measurement scenarios in conjunction with simutasicenarios that were discussed in Chapters
3 and 4 were considered. For each case the realgeakity of the system was evaluated and

compared with simulations.
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CHAPTER 6

FUTURE WORK AND CONCLUSION

This thesis provides a fundamental framework fonynandeavors that can follow the work to
continue the research in the field of vehicular pmmication or developing intelligent
transportation system. This chapter will discugbesincorporation of dynamic measurement,
channel sounding techniques and cognitive radiachvlaim at making V2V communication

reliable and efficient.

6.1 Dynamic Measurement

This thesis has discussed the capacity estimatonstudy of MIMO channels for static car
scenarios in both simulation and measurement. &nsancement that can be done to this project
is to incorporate ideas and methodologies for slyistem to work for dynamic scenarios. ITS
should be robust and adaptable to all given scenabue to the dynamic nature of vehicular
wireless channels this will not be an easy taskielmcular communications we are dealing with
high mobility vehicles, therefore, the task of chanmodeling and measurement becomes more
challenging. The first step should be to collectnagch as field data possible for diverse
scenarios like low traffic, medium traffic, overtalscenarios, intersection scenarios, etc. This
will help us to develop some general guidelinese dther challenge while testing for dynamic
car scenarios incorporating MIMO systems will b&ated to synchronization. Several space-
time coding schemes are available for MIMO systdoug,they have not been yet put in a real

test scenario. Additionally, one must understandt tivith dynamic car scenarios, the
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vehicular propagation channel may be very differérdn cellular channels, yielding new

parameters that affect delay and Doppler spreads.

6.2 Channel Sounding Techniques

The importance of channel capacity as a cruciarmater to study the channel and its ability to
carry information was discussed in this thesis.eDtharameters such as pathloss, angle of
arrival, delay spread, Doppler might be carefultydeed as a function of vehicle’s speed,
environment and vehicle’s size. Channel soundicrtgues are ways to collect and measure
CIR and study the effects of different parametens tbe signal strength travelling from
transmitter to the receiver. The measurement sétaps presented in this thesis may be used in
future for studying these parameters, the only fication that needs to be done is in the

software.

6.3 Cognitive Radio

Adding an artificial intelligence to the existingtap that was presented in this thesis can yield an
adaptive wireless sensor network, often definedaagitive radio. Cognitive radio is hailed as
the ultimate evolution of SDRs which will be able &access the vehicular propagation
parameters, spectrum usage and adapt to the RFoemént accordingly. To achieve this, such
smart unit should be trained with tons of informatiabout the channel in different scenarios.
Future works described earlier are the initial stép be accomplished before dwelling on

implementation of the cognitive radio concepts.

6.4 Conclusion

This thesis has presented a system level ideaesidrdof a robust tool to investigate the MIMO

channels utilization in DSRC. We proposed the dseR for channel sounding and ray-tracing
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for channel simulation. The channel capacity wasdugs a measure to examine the MIMO
channels in terms of antenna selection for bebtation of multipath. In the channel simulation
some channel parameters like K-Factor, and capas#e analyzed with respect to antenna
location. The similar setup was used to measurecktanel capacity in real scenario using
SDRs. The results of these measurement campaigsiandiations gave us insight of how the
vehicular propagation channel behaves. The relatfiantenna location to channel capacity, K-
Factor relation to multipath, importance of phaé¢he received angle in defining the diversity
of the system was studied. The purposed setup @msaorement can further be enhanced to

achieve the goals discussed as future work.
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APPENDIX A

CHANNEL CAPACITY CALCULATION (MATLAB)

clear all ;

clc;

%%%%% %% %% %% % %% % %% % %% %% % %% % %% % %% %% % %% % %% %% % %
%% % IMPORTING FILES %% %%

%%9%%% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %%

file=  'WALWCarl5.xlsx' ;
sheet=1;

data= 'C5:AF19" ;
A=xlIsread(file,sheet,data);

snrdb=[0: 1: 20];

%snrdb=[0: 1: 20];
snr=10.~(snrdb/10);

%color = ['b";'r';'g";'k";'cT;
%notation = [-0';'->"'<-"}"-N"'-s';

nT=2;
nR=2;
K=2; %Ricean K-factor2
for i=1:nT*nR;

T(i)= input( ‘Select Tx ' ) %User INPUT for desired
transmitter

R(i)=input( 'Select Rx:' ); %User INPUT for desired
receiver

M(@)=A(T(i), (R()-1)*2+1) %accessing Magnitude in dbm
for given TX and RX

Mag(i)=10.~(M(i)/10)*10"-3 ; %changing dbm into watts

P(i)=A(T(i),R())*2) %accessing Phase in deg for
given TX and RX

Phase(i)=P(i)*(pi/180); %changing deg. into
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radians

H())=Mag(i)*exp(*(Phase(i))); %Expressing in form of :
[Hij|.exp(JANGIj)Ref: Page 2: On the capacity of th e MIMO channel -Bengt
Hotler
end

Magl= Mag(1)+Mag(3);
%Maglmw=Mag1/0.001;
%MagldBm=20*log(Maglmwy);
Mag2=Mag(2)+Mag(4);
%Mag2mw=Mag2/0.001;
%Mag2dBm=20*log(Mag2mw);
H_d=ones(nT,nR);

H_par = [ H(1) H(2) ; H(3) H(4) ];

H_idn=[10;01]; %Ildentity Matrix
H_ray=(randn(nT,nR)+j*randn(nT,nR))/sqrt(2); %Rayleigh Matrix
H_ric= sqrt(K/(K+1))*H_d +sqrt(1/(K+1))*H_ray; %Rician Matrix

%%%% %% %% % %% % % %% %% %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%
%%%%%%%%%% Capacity for Simulation Matrix %%%%%%%% %% %%

%%%%% %% % % %% % % %% %% %% %% %% % % %% % % %% %0 % % 2888886 %0 %0 % %% %0 % %% %0 % %%
CT_H_par = H_par'

%CT_H_parl = ctranspose(H_par)

H_product= H_par*CT_H_par ;

H_normalised= H_product/norm(H_product, fro' );

lamda= svd(H_normalised);

for i=1:length(snr)

%T=snrdb(i);

%Y=log2(snrdb(i).*(lamda."2));

%C(i)= sum(1 + log2(snr(i).*(lamda.”2)));
%C(i)=log2(real(det(l + (snr(i)./nT).* HProd)))

C(i)=0;

for j=1:length(lamda)
C(i)=C(i)+log2(1+snr(i)/nT*lamda(j));
end

end
CapacityMAX_Simulation_10dB=C(11)
CapacityMAX_Simulation_20dB=C(21)

hold all

grid on

plot(snrdb,C, )

xlabel( 'SNR dB' )

ylabel(  'Channel Capacity(bits/s/hz) ' )

%%%% %% %% % %% % % %% %% %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%
%9%%%%%%%%%% Capacity for Identity Matrix %%%%%%%%%%%6%%

%%%% %% %% % %% % % %% % % %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% % % %%
CT_H_idn = H_idn";

%CT_H_parl = ctranspose(H_par)
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H_product_idn=H_idn*CT_H_idn ;
H_normalised_idn= H_product_idn/norm(H_product_idn
lamda_idn= svd(H_normalised_idn);

for i=1:length(snr)
C(i)=0;
for j=1:length(lamda_idn)
C(i)=C(i)+log2(1+snr(i)/nT*lamda_idn(j));
end
end
%CapacityMAX _Identity 10dB=C(11)
CapacityMAX_Identity 20dB=C(21)

hold all
grid on
plot(snrdb,C, )

%xlabel('SNR (dB)")
%ylabel('Channel Capacity (bits/s/hz) ")

, 'fro");

%%%% % %% % % %% % % %% % % %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%
%%%%%%%%% %% Capacity for Rayleigh Matrix %%%%%% % %%%4%0%
%%%% %% %% % %% % % %% %% %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%

for m=1:1:1000
H_ray=(randn(2,2)+j*randn(2,2))/sqrt(2);
CT_H_ray = H_ray"

H_product_ray=H_ray*CT_H_ray ;
H_normalised_ray=H_product_ray/norm(H_product_ray
lamda_ray= svd(H_normalised_ray);

for i=1:length(snr)
C(i)=0;
for j=1:length(lamda_ray)
C(i)=C(i)+log2(1+snr(i)/2*lamda_ray(j));

end

end
c1(m)=C(1);
c2(m)=C(2);
c3(m)=C(3);
c4(m)=C(4);
c5(m)=C(5);
c6(m)=C(6);
c7(m)=C(7);
c8(m)=C(8);
c9(m)=C(9);
¢10(m)=C(10);
c11(m)=C(11);
c12(m)=C(12);
¢13(m)=C(13);
c14(m)=C(14);
¢15(m)=C(15);
c16(m)=C(16);
c17(m)=C(17);
¢18(m)=C(18);
¢19(m)=C(19);
€c20(m)=C(20);
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c21(m)=C(21);
end
for i=1:length(m)

sl=sum(cl);
s2=sum(c2);
s3=sum(c3);
s4=sum(c4);
s5=sum(c5);
s6=sum(c6);
s7=sum(c7);
s8=sum(c8);
s9=sum(c9);
s10=sum(c10);
sll=sum(cll);
s12=sum(cl2);
s13=sum(c13);
sl4=sum(cl4);
s15=sum(c15);
s16=sum(c16);
s17=sum(cl7);
s18=sum(c18);
s19=sum(c19);
s20=sum(c20);
s21=sum(c21);

end

CC=[s1,s2,s3,54,s5,56,57,58,59,510,511,512,513,514, s15,s16,s17,518,519,520,s2
1J;

CChit=CC/1000

plot(snrdb,CChit, )

xlabel( 'SNR (dB)" )

ylabel( 'Channel Capacity (bits/s/hz)' )

%%%%% %% % % %% % % %% %% %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%
%%%%%%%%% %% Capacity for Rician Matrix %%%%%%%%%%%%%

%%%% %% %% % %% % % %% % % %% % % %% % % %% % % %% %0 % % %8888 %0 %0 % %% %0 % %% %0 % %%
CT_H_ric = H_ric"

%CT_H_parl = ctranspose(H_par)

H_product_ric= H_ric*CT_H _ric;

H_normalised_ric= H_ric/norm(H_product_ric, fro' );

lamda_ric= svd(H_normalised_ric);

for i=1:length(snr)

C(i)=0;

for j=1:length(lamda_ric)
C(i)=C(i)+log2(1+snr(i)/nT*lamda_ric(j));
end

end

% Capacity_min=C(1)
%CapacityMAX_Ricean=C(21)
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hold all

grid on

%plot(snrdb,C,"--")
%xlabel('SNR_d_B")
%ylabel('Channel C a p acity
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