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Abstract

The Intelligent TransportationSystem (I TS) relies heavily on data communicationssystemsto link field equipment
such astraffic sensors, changeablemessagesigns and incident response vehicleswith traffic operationscenters. The Federd
Highway Administration (FHWA) has received an dlocation of five channels in the 220 MHz band to provide a
communications resourcefor ITS applications. This report investigatesa high efficiency mobile wireless modem with a
spectrd efficiency of 3 bps/Hz. The modem incorporatesthefollowing techniquesto compensatefor thefading channe!:
trangmitter antenna diversity, modulation usingintentiona frequency offset, interleaved block cedes, symbol timingand
frame synchronization optimized for fading channels, soft decision decoding optimized for fading, and pil ot symbol asssted
modulation (PSAM) channel estimation.

A prototypeof thiswirel essmodem hasbeen constructed and subjected tofull bench testing. Preliminary fieldtesting
has been performed and moreisin progress.
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EXECUTIVE SUMMARY

Datacommunications systemslinkingfield equipment
such as traffic sensors, changeable message signs and
incident response vehicleswith traffic operationscentersare
a fundamental requirement of Federa Highway
Administration (FHWA) plansfor deployment of Intelligent
Transportation System (ITS) traffic management and traveler
information services. The FHWA hasreceived an alocation
of five channels in the 220 MHz band to provide a
communications resourcefor I TS applications.

High efficiency modems will be reguired to make
maximum beneficial use of the ITS220 MHzchannelsgiven
thelimitedavatlable bandwidth and thechallengeof amobile
radio channel. The design of highly bandwidth efficient
modemsfor wireless mobiledatatransmissionismuch more
difficult than the design of wireline modems of similar
spectral effioiency. The combination of motion and
multipath transmission in the mobile channel introduces
challengingimipairments which requireamoresophi sticated
modem design. Together, multipath transmission and
receiver or transmitter motion produce a fading signa
characteristic which is the predominant impairment for
narrowbandwireless communications(See Figure 1). The
best spectral efficienciescurrently available for the land
mobile data communications (fading) channel are about 1
hit per second (bps) per Hz whereas wireline modemsare
avalablewhich achieveatransmissionrateof 28.8 kbpsin
a3.2 kHz telephone circuit (no fading) for an efficiency of
9bps/Hz Itispossbletoimprovetheefficiency of wireless
modemswith amore sophisticated modem design.

The product resulting from this IDEA project is a
wireless motlem architecture that provides bandwidth

efficient datacommunicationsin the 220 MHz I TS spectral
allocations. The god is to provide greater than 12 kbps
transmission capacity on the 4 kHz channels (3 bps/Hz
spectrd efficiency) for mobile applications. Thiswork has
resultedin aproof of concept of a genera purpose resource
for data comraunications in traffic management systems,
traveler information systems, and/or commercia vehicle
operations. Thesystemwasverified by arigoroustheoretical

performanceandyss, bench testingand indoor field testing.
Field testsin mobile urban environments are planned this
soringin Indianapolisand Lafayette. The main featuresof
the system designed inthis project are: (1) 3571 Hz symbol
rate and 4000 Hz bandwidth, (2) quadrature amplitude
modulation (QAM), (3) pilot symbol assisted modulation,
(4) forward error control coding (FEC), (5) transmitter
antenna diversity, and (6) synchronization optimized for
fading, Thenove featuresin the design of the modemwhich
greatly enhanceits performancein thefading channel are

1. pilot symbol assisted modulation which provides
compensationfor fading via channel estimation,

2. transmitter antennadiversity with intentional frequency
offset which allows a principled use of interleaving
coupled with forward error control coding, and

3. synchronization optimizedfor fading channels.
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Figure 1, Typical fading channel magnitude

The system isimplemented using the combination of
adigita sgna processor, discreteelectronics, and high level
software. The specia featuresof thechosen architecture are

1. all sophisticated signal processingisimplementedin
softwarewhich provides both high performance and
flexibility,and



2. the system forms an idedl testbed for testing of the
design of futureenhancements and modificationstofit
specific I TS applications.

Transmitter and receiver block diagramsfor thewireless
modem produced by this project are shownin Figures 9 and
10, respectively. Each block in the transmitter worksin
conjunction with ablock in the receiver (e.g., the FEC coder
and the FEC <lecoder, the interleaver and the de-interleaver,
etc)

On the transmitter Sde of the system, the baseband
transmitter is implemented with adigital signal processor
(DSP) which performsthe FEC coding and interleavingon
the data symbols, the mapping of symbolsto the QAM
constellation, the generation of pilot symbols and their
mappingto a phaseshift keying constellation, the insertion
of pilots into the symbol stream, and finaly the pulse
shapingfilter. Theintermediatefrequency (IF) up-converter
isimplemented digitally and producesthree IF outputswith
offset center frequencies which are needed for transmitter
antenna diversity.  Finaly, the radio frequency (RF)
up-converter shifts the IF signals to the fina carrier
frequencies around 220 MHz and drivesthe threetransmit
antennas.

On the recelver sde of the system, the RF
down-converter shifts the received signal to an | F center
frequency where the IF down-converter digitally shiftsthe
signal back te baseband. The implementation of the RF
down-converterisshownin Figure2. Theremainder of the
recaver isthe baseband demodulator which isimplemented
in Signd Processing Workstation (SPW) code. It performs
matched filtering, symbol timing synchronization and
sampling, frame Synchronization, fading channd estimation,
de-interleaving, and soft decision FEC decoding. The
graphicd user interfaceof the SPW environment is shown
inFigure11.

Theuseof aprogrammableDSP in the transmitter and
SPW in the receiver streamlined the devel opment, testing,
and modification of the sophisticated agorithms
implementedinthe ITSwirdlessmodan. Thesysemisvery
flexible and will serve as an idedl testbed for future
enhancements. Further detailson the system operationare
containedin the body of thisreport.

Thewireless modem produced in this project has been
thoroughly tested via analysis and bench testing. Field
testing hasbegun and moreisplanned. In general, the tests
performed to date have verified that the modem design
performswell,andinfact, the agreement with theory isvery

close. Thelaboratory bench testingsetup isshownin Figure
22. Threeseriesof bench tests were performed: (1) the
baseband demodulator test, (2) the IF test, and (3) the RF
test. Thesetestsverified the correct operation of dl of the
varioushblocksshowninFigures9 and 10. Thetestsdlowed
for theisolationof problemsand the characterizationof the
entiresystem. Preliminary field testing was performed by
transmitting and receiving insde the MSEE building at
Purdue Universty. Thesetestsincluding both moving and
stationary receiversand the transmitter antenna diversity
scheme. Moredetailsare contained in the body of the report.

Figure2: TheRF down-converter. Thewaveform on
the monitor is16 QAM quadrature channel.

We have demonstrated aproof of concept for agenera
purpose ITS data communicationresource. Every aspect
o the system works as predicted and our implementation
of this modem is quite efficient. Significant work remains
to be completed to fully test this system in more redlistic
environmentsfor I TS applicaions, but we do not foresee any
potentid problems. Whilethi s implementationdoes not yet
meet the high goal of 3 bps/Hz, this.goa can be achieved
with fairly minor modifications (a change in the FEC
coder/decoder) of the current architecture. This project
providesatestbed for future proposed modem improvements
or gpplicationsof the ITS spectral alocation.

We have had extensive interaction with the Indiana
Department of Transportation(INDOT) concerning possible
uses for the modem technology developed in this IDEA
projectin ITS applicationsand field tests around the state.
Some of the promising possibilitiesinclude the following:

1. datacommunicationsbetween highway infrastructure
and mobile incident response vehicles in INDOT's
Borman Expressway Advanced Traffic Management
System,

2. trangmissondf surveillance sensor tel emetry to remote
concentrators, and



3. multiple access communicationsin semi-rural adaptive
traffic signal coordination.

A proposal to INDOT is pending for funding a project
tooptimizethewirelessmodem described in this reportfor
apoint-to-point applicationin remote surveillancecamera
control. If funded the project will deliver aworking digital
modem to INDOT with 18,000 bps transmission.

In addition, to our contactswith INDOT we have made
many presentationsof thiswork at scientific meetings, to
peopleinthe FHWA, and to variousindustry representatives.
Severd journal papers describing various aspects of the
communication agorithms designed in the project are

pending.

INTRODUCTION
Data Communicationswithin ITS

The Federd Highway Administration (FHWA) has
identified a set of seven features which form a core
infrastructure  for the deployment of Intelligent
Transportation System (I TS) traffic managementand traveler
information services in metropolitan areas. The product
resultingfrom thisIDEA project addresses a fundamental
requirement of al the core infrastructure features: data
communication systems linking field equipment with
transportation infrastructure. Possible applicationsof the
resulting product will be illustrated with an example in
freeway management systemsand incident management
programs.

ITS Spectral Allocation

InNovember 1992, fivefrequency pairsinthe 220-222
MHz Land Mobileradio band were dlocated to the FHWA
for aperiod of fifteen years. Thesefrequencieswill be used
by the FHWA in ITS applications which have nationa
implications and benefits, including selected research
experimentsand operationdl tests. Thefrequenciesareat 10
kHz spacing with spectral allocation specified asshownin
the emission mask plotted in Figure 3. 1t should be noted
from this plot that the usable bandwidth of each channel is
roughly 4 kHz.

Given the limited bandwidth (4 kHz) availablein the
220 MHz channels, very efficient modemswill be required
if profitableuse isto be made of thisresource. Standard
twisted-pair telephone circuits dso have an available
bandwidthd about 3.2 kHz and modem technology has now
evolved to the point where transmission rates are at 28.8
kbps for the best twisted-pair lines. This amounts to a

spectra efficiency of 9 bps/Hz. The wirelessenvironment
isfar morehodtile, and wirdessmodems currently available
rarely achieve efficiencies greater than 1 bps/Hz This
project focused on providing improved bandwidth
efficienciesfor narrowband wirel esscommunicationswith
the eventud god of approachingthe efficiency of wireline

telephone modems.
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f.=220MHz allocations
Nar rowband Communications Applications in ITS

ITS applicationareaswhich require datacommunication
capabilities between highway infrastructure and mobile
vehiclesor traffic operationscentersincludee ectronictoll
collection, automatic vehicle identification, electronic
clearance for commercia vehicle operations, traveler
informationservices, and video surveillance. Some of these
requirefarly largedata rates (e.g., electronic toll collection
and video surveillance) and, consequently, a larger
bandwidththan dlowed in the ITS dedicated channelsat 220
MHz Other gpplicationsrequire relatively small data rates,
examples of which include vehicle hailing and warning,
mayday services, and telemetry transmissionfrom sensors
to traffic management centersand incident responsevehicles.
These are excellent candidatesfor use of thischannel, and
high efficiency wirelessmodemswill maximizethe utility
of thisresource.

We have devel oped a close wor'king relationship with
the IndianaDepartment of Transportation INDOT) through
our collaboration on the Borman Expressway Advanced
Traffic Management System (ATMS) and other projects.
Having seen many applications for radio technology in
INDOT projects, we plan to pursue potential deployments
o the proposed wirel essmodem technology with INDOT.

An Example Application



Communication between the Borman Expressway
incident response vehicles(TR V) and the traffic management
center is a promising application of the wireless modem
developed in this project. The Borman handles
gpproximately 140,000 vehiclesper day and is an important
link for commercial vehicle operations; roughly 40 percent
of the traffic mix consists of large trucks. The mgjor
operational problem on the Borman Expressway is
non-recurrent congestiondueto incidents. Thus, improved
incident respense isamajor component of INDOT's traffic
management strategy on the Borman.

INDOT's IRV is a medium duty truck with the
capability to clear up minor incidents. The latest generation
o IRV isequipped vith a50-foot extendable boom topped
by a CCD camerawith pan, tilt, and mom control. It has
avariety d datacommunication capabilitiesincluding GPS
and alaptop computer for recording the specifics of each
incident encountered. Dueto staffing limitationsSINDOT
envisions the IRV serving as a remote traffic operations
center. Therefore, thel RV operaor must havethe capability
to access vehicle detector information, to operatechangeable
message signs, to operate the highway advisory radio
channel and to communicatewith other authoritiesincluding
police, fire, ambulance, and towing services. With the
exception of video transmission, the mobile modem
technology of thi s proposa can servefor all of the required
communicationfunctionsof theIRV.

The Wireless Channel

Theservicesto be provided by ITSare crucia in large
cities, where millions of people commute to work daily.
Unfortunately, an urban environment coupled with fast-
moving vehiclesis one of the most hostile scenariosfor
digital communications. The vehicle motion induces a
Doppler shift on the received signa, causing a severe
performancedegradation in narrowband communications.
Reflections from buildings and other vehicles induce
multiplicative.multipath distortion which causes frequent
deep fades - total blackouts of the received signal.

Figure 4 illustrates a typicd land mobile
communications scenario. When a single pulse is
transmitted from the base station, multiple pulses are
received & themobile unit dueto reflections. Each received
pulse has afrequency shift (i.e., the Doppler frequency)
which isinduced by the vehicle Speed and angleof incidence
o therecaived.path. In addition,thesigna on each path has
adifferent time ddlay and attenuation due to the path length
and reflective coefficient of the obstacles. Asthevehicle
moves, theddaysand attenuaions are constantly changing.

Transmitted

‘“‘_’t T /fl Received
e / pulses
:::fj“~——7, /

t

Base
station
antenna

Figure4: Typical mobilecommunicationsscenario

Insight into why the changein delays and attenuations
producergpid signal fading may be gained through the use
of the magnitude and phase representation of bandpass
sgnasin Equation 3 of the Appendix. Thereceived signd
onthe i * pathisdelayed by <, seconds and attenuated by
afactor of «,, and may bewritten as.

() = w A(t-t )cos2mf (-1 ) +0(t-1))
=4 (f)cos(8,(1)) @

where /, is the carrier frequency, 4,(f) =a A A(t-1,) ad
0, =2nf(t-7)+B(t-7). Notethat the phase 6,(f) will
be changing muchfaster than the amplitude 4,(f), because
in the phase term the time difference is multiplied by the
carrier frequency,whichisvery large. Figure5 illustrates
thi s graphicalyfor thecaseof four received paths. Although
the amplitudes of the four received signals are relatively
constant in Figures 5(b) and (c), the fading scenario is
dramaticdly different because of the changein phases.
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Figure 5. Simplified vector representation o a
multipath signal. (a) transmitted signal, (b) received
signal at time t;: strong signal, (c) received signal at
time t,;: faded signal.



Experimental measurements and mathematical
analysis(/) have shown that thisresultsin asignal with
frequent deep fades which occur when the phases of the
received paths add up destructively. The most severe type
of fading is where thereisno line of sight path - theentire
received signal consists of reflections. This occurs
frequently in urban environments and mountainousterrain,
and is known as Rayleigh fading. The response of a
Rayleigh fading channel to an unmodulated carrier isshown
inFigurel. Itisapparentthat it will be difficult to transmit
information reliably on such awidely fluctuating channel,
especidly intheinstanceswhen the magnitude becomes very
small.

For transmitted signals with a carrier fiequency and
bandwidth in thel TS spectrd all ocation and vehicle speeds
below 100 mph, the channel fading is relatively constant
over several symbol periods. In this case, the channd is
accuratdly represented with thefollowingcomplex baseband
model, as explained in the Appendix:

r,=d.c,tn, Q@
where r,, is thereceived signa sample,
d,, isthe transmitted datasymbol,

c,, isthemultiplicativechannel distortion, and
n, is additive white Gaussian noise (AWGN).

The data symbol d, is a complex digital symbol,
whereas ¢, and n, are complex vaued samples,
representing the effects of the channel and noise,
respectively. The baseband channel model is depicted
graphically it Figure 6.

Baseband
Transmitter

Baseband
Receiver

C n,

n (d

Figure6: Baseband channel model
Diversity in 'WirelessTransmission

Thefading inherentin mobilewirel ess communication
sysemsseverely impairsperformance. Figure 7 showsthe
bit errar probability (BEP) of a wireline modem compared
tothat of amobilewirdessmodem' as afunction of signal-

' This figure was generated assuming zero intersymbol
interference,ideal synchronization and channel estimation,
and no codingor diversity.

to-noiseratio (SNR). The BEP isthe probahility that the
receiver incorrectly demodul ates a bit due to corruption by
the channel and noise. The reason for this reduced
performance may be understood by examining Figure 1.
Evenifthe averageSNR islarge, there are still many times
when the instantaneousSNR is quite small. These deep
signal fades produce bursts of errors and significantly
degrade performance compared to non-fading channels. It
isevident that sophisticated algorithms will berequired to
increase system performance to be commensurate with
wireline modems.
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Figure 7. Performance of wireline (solid) versus
wireless modem with no diversity (dashed), 16 QAM

Thekey toimproved performancefor mobilewireless
transmission isdiversity(2), whichinvolves sendingmultiple
copiesof thesignal that will suffer independent fading. The
ideaisthat if enough copiesare sent, the chancesof them
all being subjected to a deep fade will be small. Figure8
showsthe improvement in the BEP performancefor binary
phase shift keying (BPSK) and 16 quadrature amplitude
modulation (QAM, described in the Appendix) as the
number of diversity levels L, is increased from oneto four.
Note that for agivendiversity level the BEP performance
of BPK isbetter than that of 16 QAM. However, it must
be remembered that BPSK encotles only one hit per
transmitted symbol while 16 QAM encodesfour bits per
symbol. Therefore16 QAM ismore bandwidth efficient than
BPSK and this advantage can overcome the BEP
performance disadvantagein a properly designed system.

There are numerous ways to implement diversity in
radios, includingtimediversity, frequency diversity, antenna
diversity, or others. Animportantdesign issueisensuring
that thefadingsuffered by each copy of the signal is asnear
to independent aspossible. Effectivediversity schemesare
based on the fact that the phase on each path is rapidly
changing - if the signal copies are designed such that the



phases of the incoming paths are different, the fading
encountered by each copy will be different.

Bit Error Probability

Figure8: Bit error performance as afunction of
levelsof diversity, L,

In timediversity, multiple copies of the signal are sent
a different times, spaced At apart. Thus, for two levelsof
diversity, thefirst copy of the i # received signal will have
phase 0 (#), and the second copy will have phase 0 (t+At).
If At is large enough, the phases on each path will be
different enough that the fading isindependent.

Frequency diversity involves sending copies of the
signal on carriers spaced A Hz apart,sothe phaseof the k#
copy of the i received signal (see Equation 1) is
0.(H =2n(f +kAfXt-7,) +0(t-1). If thecarier frequency
separationislarge enough, the phase characteristicsin each
band will be independent.

The phase of the received signd is also dependent on
thelocation of the antenna, so by spacingmultiplereceiver
antennas sufficiently far apart,independent fading will result
on eachreceived signal. Other typesof diversity include
antennapolarization, Spread spectrum techniques, or angle
of arrival diversity.

TABLEZ: 'Summary of diversity methods

Diversity Type Diversity achieved by:
- Copies separated by time.
Frequency [|Copies separated by frequency. I
Antenna Copies received over independentpaths."

All of these methods, summarized in Table 1, have
certain drawbacks. Infrequency diversity more bandwidth
isrequired,intimediversity thethroughputisdecreased, and
antennadiversity requiresmore size and weight.

The type of diversty used in this project is a
combination of antenna diversity and time diversity.
Multipleantennasare used &t the base station instead of at
the mobilereceiver(3),(4). For mobileto base transmission,
this is the standard antenna diversity scheme described
above. For basestationto mobile transmission, whichisthe
link addressed in this project, the diversity schemeismore
complicated, although no less effective. Further concepts
in communicationstheory are required to explain thisin
detail, and will be presented in the remainder of thisreport.

INNOVATION

Thegod of thi s project wasto demondtratethat wireless
modemsusing the ITS spectrd allocation can provide ahigh
performancedata communicationresource. Thisgod was
achieved by implementing a system that brings the
performancedf land mobilewireless modemscloser to that
of conventiona wireline modems. The major impedi ment
tothisgod isthefading environment. Many techniques to
mitigatethe effects of fading have been developed in recent
years, and new dgorithmsare continually being researched.

Most of thi s technology is stillin the theoreticd analysis
sage, and few red life systems have implementeddll of it.
Whilethe best wireline modems achieve efficienciesof about
9 bps/Hz, narrowband wirelessmodems currently available
rardly haveefficienciesgreater than | bps/Hz. Thisproject
implements many mobile communications techniques
developed in recent years with a goal to achieve about 3
bps/Hz Thedesignisvery flexible so new algorithmscan
beimplementedquiteeasily to provide even higher efficiency
in thefuture.

ThePurdue system incorporates; the following state of
the art techniquesin digital communications:
e transmitter antennadiversity
« modulation using intentional fFequency offst
« interleaved block codes
« synchronization optimized for fading channeb
« soft decisiondecoding optimizedfor fading
» pilot symbol assisted modulation
» high ordersignal constellations
o linear equalizer and matched jilter
o spectraly efficient pulse shaping
Many of these techniqueshave been developedin the
1990's, and the research at Purdue has pushed the state of
the art in narrowband wirel ess data communication. Two
Ph.D. theses have been completed in this area(4),(5) and
many high quality journal articleshave been publishedon
these advanced techniques(6)-(1 4).
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SYSTEM ARCHITECTURE

A block diagram of the transmitterisshownin Figure
9 andthereceiver isshown in Figure 10. Inthesefigures,
double arrowsdenote signals representedin the complex
baseband notation, as explained in the Appendix. The
baseband modulator and demodulator areimplementedin
software, enabling future enhancementsto be made easily.
The bassband modul ator iswritten in assembly languagefor
the Motorola56002 digital signal processing(DSP) chip.
The baseband demodulator is designed using the Signal

Processing Worksystem (SPW), seen in Figure 11, a
powerful block oriented design program optimizedfor DSP
and communicationsapplications. The final demodulation
algorithms can be readily converted to assembly codefor
implementationon aDSP chip. Thedigital up-converter
(DUQ), digital down-converter (DDC) and RF up/down
convertersaredl implemented in hardware. In thefollowing
discussion, the operation of each subsystem of thetranamitter
will beexplained along with the con-espondingsubsystem
& thereceiver.



Figure 11: The Signal Processing Worksystem on a
Sun Spare 20

Bitsto Symbols/Symbols to Bits

An ITS application needing to transmit digital
information sends the information bits to the baseband
transmitter. The bit level isthe most basicformat, sothis
modem can easily accommodate data fi-om any ITS
goplication. These bitsare grouped together in blocksof m
bitsto form symbols, as explainedin the Appendix. Each
symbal isanurnber with vatue baween(dl  bits zero) and M-1
(al bitsone, A7=2"). At the receiver these symbolswill
be converted back to bits and passed to thereceivingl TS
application.

FEC Coder/Decoder

Thecoder addsredundancy tothe messageso that it may
betransmitted reliably acrossthe channel. Forward error
control (FEC) coding(2) allowserrors to be detected and
corrected a the receiver without any requests for
retransmissions. Redundancy isapplied by converting K
information symbalsinto acodeword N symbolslong, with
N>K,yiddingacode rate of R=K/N. An effectivecoding
scheme can greatly improve system performance.

Thesimplest type of FEC codeis arepetitioncode, in
which eachsymbol (K = 1) issent N times, thusacodeword
is made up of N identica code symbols. A rate 1/3
repetition code was used for testing the system and as a
benchmark. Although this simple code has enough error
correction capability, it reducesthroughput by afactor of
3, Lisnot suitable for thefinal systemimplementation. In
order to meet the 3 bps/Hz efficiency god ahigher rate code
must be used, which is a straightforwardextension.

Interleaver

Note that the coding will be more effective if each
symbol of acodeword suffersindependentdistortion. For
example, ifarate 1/3 code were used, and the channel was
exactly the same over dl threecode symbols, thecode would
have no improvement over anuncoded system. If oneaf the
received symbols was corrupted, they al would be, and
nothingwould be gained. However, if the channd effect on
eachcode symbol wasindependent, the probability that all
symbolsar e corrupted would be lessthan the probability that

j st onewas corrupted, and acoding gain would be realized.

Consecutive samples of the fading channel are
correlated, becausethe multipath scenario changesgradually
as the vehicle moves. This may be seen fi-om Figure 1,
wherethe channd gain isrdatively smooth for short periods
of time. Unlesssomethingis done about this correlation,
error control coding will have very little ability to
compensatefor thefading For example, consider againthe
repetition code of length three - if the three symbols are
transmitted consecutively, when adeep fadeis encountered
all three symbolswill belost, so coding wdl not yield any
improvement over an uncoded case.

Thisproblemcan be eliminated by shuffling the symbols
aroundso that consecutivecode symbolsareseparatedby D,
symbols. This process, referred to as interleaving, is
illustratedin Figure 12 for arate 1/3 repetitioncodeand an
interleaver depth, D,,, of 4. Theend result of theinterleaver
isshown in Figure 12(e), where consecutive multiplicative
distortion samplesfor each symbol of the codewords are
separated by D, =4. Provided that theinterleavingdepth
is large enough, all symbols of a codeword will suffer
gatigtically independent fading, because eventually the
channel characteristicswill change. For very slow fading
the required interleaving depth is too large to be
implemented. However, it will be shown that transmitter
antennadiversity makesit possible to keep D,, small and
still achieverobust performance.

QAM Mapper

After thecoding and interleaving, the symbols must be
mapped to a format suitable for transmission over the
channel. QAM is used because of its high bandwidth
efficiency. Figure 13 showsthe signal constellation for 16
QAM,i.e., QAM with Af=16 possiblesymbols. At each
symbol timeone of these 16 symbolsis transmitted. The
channel corruptsthe symbol as seen in Figure 14 and the
demodulator uses these samplesto decide which symbol was
sent.
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Figure12: Simplified exampleof interleaver: rate1/3
repetition code with D, ,=4. (@) The data before
interleaving, (b) the interleaving operation, (c) the
result of interleaving the data, (d) the de-interleaver
operating on the data, (€) the de-interleaver operating
on the channel distortion, and (f) the effect of the de-
interleaver on the data and channel distortion

Figure 14 showsthe received signal constellation, or
scatter plot, for 5000 symbols received over an AWGN
channd with 20dB SNR. With thisamount of noise, there
arestill very clear boundaries between symbols, so the error
rate will bz very small even without sophisticated
demodulaion.techniques. Asthenoiselevel increases, the
symbols are blurred more, and errors start to become

significant.
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Figure 14: Signa constellation after
corruption by AWGN

Therecaved sgnd congellaionresulting from atime-
varying Rayleigh fading channd isshown in Figure 15. The
fading channd attenuates the signal and rotates the
constellation, so the result is extremely distorted. If the
fading channd isknown exactly and divided out, the result
isshowninFgure16. Thisresult isnot as good as in Figure
14 becausethe Gaussan noiseisadded after thefading (see
themodd in Figure6). Thus, when the received signd is
in a deep fade dividing by the channel will amplify the
AWGN, sincethe channd valueis much lessthan unity.
In an actua system, the channel is not known exactly and
must be estimated, so the results will be degraded further.
However, good channel estimatesand FEC codingyield a
system that performswell nonetheless.
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Figurel5: Signal constellation after
corruption by Rayleighfading
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Figure 16: Signal constellation after
channel estimation has compensated
for fading

Pilot Sequence Generator and PSK Mapper/PSAM
Channel Estimation

Toobtainan estimaeof thefadingchannel, known pilot
symbolsare insarted periodically into the datastream - this
is referred to as pilot symbol assisted modulation
(PSAMYX5). The receiver knowswhat these symbolsare,
so by observinghow the charnel has corrupted them it can
tell how the channel is behaving. The channel may be
viewed as & bandpass random process(/), so Nyquist
sampling theory(2) specifiesthe minimuminsertion rate of
the pilot symbols. If pilots are inserted at or abovethisrate,
it is possblefor thereceiver to reconstructthe channel using
alowpass filter. It iswell known that the Wienerfilter is
thelinear estimatewith minimum mean squared error from
the actud channel. Cavers(/5) hasderived the Wiener filter
coefficientsfor the Rayleigh fading channel mode shown
in Figure 6, and thistype of interpolatingfilter isused in this
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project. Pilot symbol aided channel estimation can track
phase variations and small frequency offsetsof the carrier
aswell astime-varyingfading.

To make the pilot symbalsdistinguishable from the data
symbols, they are chosen from a different signal
congtellation. Figure 17 showsthe signa constellationof
the phaseshift keying (PSK) pilot symbolsoverlaidon the
QAM datasignal constellation.

Figure 17: <Constellation for pilots
(circles) overlaid on 16QAM data (X's)

Pulse Shaping Filter/Matched Filter and Linear
Equalizer

The Federd Communications Commission (FCC)
spectral mask defines the alowable bandwidth for
communications channels. Essentially the spectrum
allocated to ITS is 4 kHz wide with 500 Hz guardbandson
either side, as shown by the solid tracein Figure 18. The
transmitter in this project usesasquare-root raised cosine
pulse shapingfilter(2), seen in Figure 18 asthedashed line.
It was determined that for thistypeof filter with aroll-off
factor of 15 percent, the maximum symbol rate that satisfies
the FCC spectral mask is 3571 symbols per second.
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| F Up/Down-Converter

Thefinal digital operation of the transmitter isto shift
thesignd to am intermediate frequency (IF) of 10.7 MHz
Using this IF makesit easy tofilter out image frequencies
resultingfrom the up-conversion process. Therearethree
IF outputs, eech a aslightly different carrier frequency. This
is part of the transmitter antenna diversity scheme, to be
discussed shortly.

The IF down conversion is performed digitaly to
minimizeimplementationlosses. TheresultinglF signa
(centered a 10.7 MHZz) is sampled at 40 MHz and then
digitdly down-converted to baseband. Figure 19 showsthe
evaluation boardsfor the A/D converter and the DDC.
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Figure19: TheRF receiver (bottom center)feedsthe
IF signal tothe AID board (right), which sendsdigital

samples to the digital down-converter (left). The
baseband diigital signal isfed to a computer wherethe
resultsare processed using SPW.

RF Up/Down-Converter

Theradiofrequency (RF) up-converter unit shiftsthe
signa] from the IF to thefinal carrier frequency (220 5825
MHz is the dlocation we were given by the FCC) This
signal is amplified and filtered to provide the appropnate
output power and spectral response to the transmitter
antenna.  This wmt was built with prepackaged
subassemblies and may be seen in Figure 20 dongwith a
mobileunit antenna. The RF down-converter providesthe
necessary frequency conversion, filtering and automatic gam
control (AGC) needed to trandate the signa from the
receiver antenna to an IF frequency with an appropriate
power level The AGC can detect asignal from-120dBm
to -40 dBm, and amplifiesthe outputto 0 dBm. TheRF
recerver iSin an integrated subassembly constructed by an
outsidevendor, and isdisplayed in Figure2.

G
Figure 20: RF transmitter and a
receiver antenna.

Transmitter Antenna Diversity

This project implementsaform of transmitter diversity
in which multiple antennas are used at the base station to
achievetherequired diversity, and only asingleantennais
required a themobile unit. Each base station antennauses
adightly different carrier frequency to transmit the signal(3).
Thisfrequency offset induces atime varying multiplicative
distortion which is not dependent on the position o the
mobile, asseen in Figure21. Therefore, when the mobile
stops (e.g., a atraffic light) it will still encounter atime
varyingdistortion,and will never be stopped in adeepfade.
Sincethereceiver isaready designed to toleratefading, the
addition of another fading processdozsn’t reduceworst case



system performance. The characteristics of thisinduced
fading processare known and may be used to determinethe
ided interleaver depth required to achieve independent
distortion on each code symbol(4).
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Figure 21: Fading channel response induced by
transmitter antenna diversity scheme in a stationary
fade
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Synchronization

Two different levels of synchronization must be
performed in the demodulator before any of the above
adgorithmswill work properly. Thefirst issymbol timing
synchronization, which involvesfindingthe best placeto
samplethereceived signd to extract thetransmtted symbols.
This is performed using the digital filter and square
algorithm(/6), (17) because of its smplicity and tolerance
tofading.

Next, frame synchronization determines wherethe pilot
symbols are located among the data symbols. Frame
synchronization isasorequiredto insurethat the interleaver
and the deinterleaver are properly synchronized. Thisis
achieved by passing thereceived symbol sequencethrough
aweighted correlation filter and thresholddetector optimized
for thefading channel(6)(/ 8).

BENCHTESTING

A very important part of our program waslaboratory
bench testing of our transmitter, receiver, modulator, and
demodulator. Figure 22 isapictureof our test stationin the
Communications Research Laboratory a Purdue. This
testing shows how close our implementation was to
theoretically possible and highlighted the subsystemswhich
need to be improved to achieve even higher spectral
efficiencies.
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Figu'r”e 22:  Some of the test equipment in the
CommunicationsResearch L ab at Purdue

The first set of tests that were run used computer
generated data to verify proper operation our baseband
demodulator(see Figure10). Theresultsshowthat theentire
demodulator functioned as expected and dl levels of
synchronizationwere achieved (symbol timing, frame timing,
and channd edimation.) Figure23showsaplot of the BEP
asafunction of SNR; 26 millionbits were passed through
the SPW system to generatethiscurve. It may be seenthat
theresultingsystem performancewas only 0.5 dB degraded
from that theoretically possible, which is typical in
communicationssystem implementations.
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Figure 23: BEP for bench testing subsystems.

Leftmost curve is idea performance, next is SPW
generated test data, next is cabled IF data, and the
rightmost curveiscabled RF data.

We then tested the system with various levels of
hardwareintegration. Thisalowed usto isolateproblems
andfully characterizetheentiresystem. By cablingthe IF
section to the modul ator and democlulator wewere able to
examinetheeffectsof oscill ator mismatch, mode conversion,




and quantization. Thexe effectswerein generd amdl as may
be seen by the BEP in Figure 23.

NexttheRFtransnitter hardwarewastested inisolation
from the rest of the system. This subsystem provided
minimal additional degradation and provided an output
spectrum (Figure 24) which meetsthe FCC spectral mask
requirement Nonlinearities in the transmitter wmponents
can significantly rai sethe spectral sidebands but the desired
output can bz achieved with our design.
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Figure 24: Spectrum of the RF signal as seen on the
HP 8568B spectrum analyzer.

TheRF fransmitter wasfurther tested by demodulating
it with test equipment in the Communications Research Lab.
The scatter plot in Figure 25 showsthat the distortion of the
RF transmittzr isvery small.
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Figure25: RF 16 QAMsignal demodulated with the
HP 89441 A vector signal analyzer.

The last component tested was the RF receiver unit.
Figure26 shows ascatter plot of thedemodulator output for
16 QAM ad Figure23 hasthe BEP. By comparingFigures
25 and 26t ray be seen that this unit producessignificant
linear and nonlinear distortions over afairly significant
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portion of itsoperating range. Fortunately the mgority of
the distortion is for high SNR and at low SNR this unit
produceslessthan 0.5dB of degradation, asseen from Figure
23. TheISI produced by this receiver unit is significant
when wetry to push higher bandwidth efficiencies. For
example, Figure 27 is a scatter plot of the 64 QAM
congtellation out of the RF receiver. The 64 QAM
constellation points are blurred together much more than for
16 QAM (note that because of the error control coding this
trid produced no errorseven though the scatter plot seems
bad). Further characterizationand redesign of thisunitis
ongoing to enable us to operate at greater bandwidth
efficiencies, approaching the quality seen in Figure 25.
Whilethe [aboratory testing was time consuming because
o the large number of tests performed, it was justified
becauseno unexpected resultswere encountered in thefield
tests.
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Figure 26: Cabled bench test scatter
plot for 16 QAM
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Figure27 Cabled bench test scatter plot for 64 QAM



H ELDTESTING

Although thefield tests up to this point have not been
asthorough as originally planned, they have aready proven
the viability of many of the concepts used in this system.
We havebeen hampered by winter weather because many
of our instruments have limited operating temperature
ranges, consequently our testing has been confined to
indoors. While not entirely the sameenvironment as outdoor
vehicular communications, indoor wirel esstransmissona so
resultsin multipath propagation and fading. The transmitter
wasset up in the CommunicationsResearch L aboratory and
all testswere performed with the receiver unit within the
samebuilding. Since walls providesignificant attenuation
wewereable to test the link over awide range of received
signd power levds Testsboth with the receiver sationary
and in motionwereperformed. Wetested BPSK, 16 QAM,
and 64 QAM?* modulations and used single and multiple
trangmitter antennas. Table 2 docunent s thetests performed
sofar.

TABLE 2. Preliminary field testing results

Location | Modulation| Frames Bits BEP
Acquired | Acquired
Sationary |  BPSK 8,500 j
test 1 .
16 QAM 37,400
lantenna | g4 0aM 68 57,800
Stationary | BPSK 8,500
test 2 .
16 QAM
l 1
T T
lantenna | - g4 oAMm 60 58650
Stationary | BPSK 10 8,500 0
test 3
160AM | 45 | 38250 | o
Lantenna | g4 oam 68 57,800
Stationary|  BPSK 9 7650 | 0
test 4
16QaM | 45 [ 38250 | o
lantenna | g4 oaM 68 | 5780 | o

2W i t h etrivial coding scheme employed for thisfield test
the bandwidth efficiencies were 0.244, 0.974, and 1.46
bps/Hz respectively.
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Stationary | BPSK 9 7,650 0
test'5
16 QAM 45 38250 | 0
lantenna | 4 oaM 69 58,650 |3.91e-4
Walking | BPSK 19 16,150 | ©
test 1
16 QAM 90 76,500 |3.92¢-5
Lantenna | 64 oA 137 | 116,450 |8.50e-4
Walking | BPSK 20 17,000 | ©
test 2
16 QAM 90 76,500 |2.75e-4
Santennas| g4 QAM 137 | 116,450 |3.56e-3
Stationary | BPSK 20 17,000 | ©
fade
test 1 16 QAM 90 76,500 |2.61e-5
Tantenna | g4 oaM 37 31,450 (3.40e-2
Stationary | BPSK 20 17,000 0
fade
est2 | 16 QAM 90 76,500 |9.93e-4
3antennas| g4 0aM | 136 | 115,600 |1.06e-2

Thedgationary field testsdemonstrated a performance
much likewe saw in the |aboratory benchtests. Scater plots
for wirdesspropagation areseen in Figure 28 and 29for 16
QAM and 64 QAM respectively. These scatter plotsfor
wirelesstransmission |00k much like the scatter plotsfor the
cabledtests (see Figures26 and 27) which impliesthat the
ISI generated by wirel ess propagation at theselow symbol
ratesisnot significant compared to the ISI generated by the
hardware. It will beinterestingto seeif thisconclusonholds
when outdoor field testsare run.
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Figure28: Signal constellation for
wireless16 QAM
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Figure 29: Signal constellation for wireless64 QAM

Unfortunatety wedid not fully push theenvel opecf the
link'sperformanceinthi s set of tests(eventhough we tried).
Inthelast two testsin Table 2 we positionedthe receiver in
an apparent deep fade by using the spectrum analyzer to
monitor the received signd and moving the receiver antenna
around until no signal wasevident on the gpectrum andyzer.
Thistest location still resulted in a zero or low error ratefor
most modulations, so apparently our receiver frontend is
more sensitivethan our spectrum analyzer.

Additionaly, the transmitter diversity performed as
expected. Figure 30 isaplot of thefadinginducedin a
gationary environment with multi ple antennas each having
adightly different frequency offset. Thefadingis quasi-
periodicasexpected from Figure 21, and after interleaving
a maximum of one symbol per codeword isfaded as the
system wasdesigned(4). The 64 QAM signal without the
trangmitter antennadiversty was severdly distorted, and only
37 of 144 transmitted data frames were able to be
demodulated When the transmitter diversity syssemwas
used at thislocation the system recognized 136 of the 144
frames and produced a lower error rate®. It will be
interestingto investigate this scenarioin more detail in the
future. We will measurethe AGC gain to determinewhere
thedeepfades arerather than using the spectrum analyzer,
because when the spectrum analyzer cannot detect any
signd, there are still timeswhen our receiver can demodulate
it, even without transmitter antennadiversity.

3 The remaining frames were not demodulated because
they were used to establish frame synchronization.
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Figure 30: Magnitude in dB ad PSAM estimate of
fading channel induced by intentional frequency offset
and multiple transmitter antennas.

The mobile tests demonstratec! that system works as
theory predictswith timevaryingdhannd distortion. The
mobiletestsworked well in general. From Figure3litis
evident that even at walking speeds significant changesin
receivedsignd strength occur inwirelesstransmission Note
that these plotsdo not have the same typesof variationsas
seen in Figure 1 because the position is changing dowly
enough that the AGC in the receiver is compensatingfor
some of the changesin the received signal amplitude.
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Fi gure31: Fivesecondsof a mobile channel magnitude
(single transmitter antenna)

A dramatic example of how well the PSAM channel
edimation schemeworksin time-varyingfadingis seenin
Figures 32 and 33. Figure32 shows the scatter plot of the
demodulatoroutput for ashort timespan of awird essmobile
test of 16 QAM data Comparing thisfigureto Figure 15
showsthat the channel isbehaving as predictedin theory and
the concentration of the scatter plot around the origin
indicatesthat the signal had adeep fade over thetime span
plotted. If the scatter plot in Figure 32 is compensated by the
channd egtimateaswasdonein Figure 16 then the 16 QAM
constellationis again evident. Comparing Figure 33 to
Figure 16 demonstratesthe demodulator is performing as
predictedin theory. Thissd | battery of field testsismerely
astart toward afull characterizationof the link performance,
but everything hasperformedas predictedin theory. A better
performancecharacterization will be available when we can
begin outdoor testing later in the spring,
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Figure 33: Constellation of faded 16
QAM signal after channel estimation

CONCLUSION

We have constructed a fully operational end-to-end
mobile wirdessmodem that will achieve3 bps/Hz efficiency
with the minor addition of a higher rate code. Thiswill
proveto be a vauableresourcefor ITS applications. Bench
testing and preliminary field tests have been performed, and
more thoroughfield testingis underway.
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APPENDIX: REVIEW OF DATA COMMUNICATION
CONCEPTS

Signal Representations of Bandpass Signals

Rediofrequency communications signals are bandpass
signals, meaning that their power asa function of frequency
is centered around a carrier frequency /.. Figure 34
illustratesthe power spectral density of atypical bandpass
signal. The bandwidth W of the signal is defined asthe
maximum minus the minimum frequency wherethe signal
has a significant signal power.
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Figure34: Typical bandpass spectrum
A bandpass signal can be written as
x (1) =A(H)cos(2mft + B(1)) 3

The magnitudeof the Signa to betransmittedis A(¢) and its
phase is 6(f), so a bandpass signal has two degrees of
freedom. The cosinetermisthe carrier, and itsfunctionis
to shift the spectrum from being centered around 0 Hz
(baseband)to being centeredaround f, Hz (bandpass). This
isthe process used to provide commercial radio channels-
esch radio transmission is abandpass signal with acarrier
frequency and bandwidth specified by the FCC.

An equivalent and often useful representation of a
bandpass signad is the in-phase and quadrature
representation:

x () =x(Dcos(2nf 1) - xQ(t)sin(Zﬂ:fct) @

Thesgnas x(f) ad x (D) ae usudly denoted the in-phase
and quadraturecomponents o the signal, respectively. The
bandpass signal gill hastwo degrees of fieedom; now they
ae x(f) and U] instead of A(¢) and 6(¢). Itiseasy to
convert toor from the magnitude and phase representation
of Equation 3 via the elementary trigonometric
transformation:

AW = e (P +x 0 OO :tan-'[ e

%0 = ADsin®()

Q)]
x(f) =A(Heos(B (1)



Since bandpass signal shave two degrees of freedom,
they may berepresentedusi ng acomplex number or atwo-
dimensiond vector. Thisnotationis known as the complex
baseband representation,since the carrier termis omitted,
and is written as

zZ(H) =x[D + ij(t) ©®

Notethat thereal part and theimaginary part of acomplex
number are 9 3degreesfrom each other and are orthogonal,
just asthe sine and cosine are. This is the basis for the
complex baseband representation.

Data Communications

Digital signalsare made up of bits, and thefirst task of
transmissionisto map them into more bandwidth efficient
symbols. Blocksadf 7 bitsare grouped together to makeone
symbol out of a set of A/=2" symbols. For example, if the
bits are grouped in pairs, there are 2*=4 possible
combinations. Onesuch mappingiscalled pulseamplitude
modulation(PAM) and isshownin Figure 35. Thistype of
plotiscalled asignal constellation, or scatter plot, andisa
plot of the entire symbol set.
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Figure35 Mappingfrom bitsto digital
symbols- 4 PAM

Figure36 depictsthe entiredigital modulation process.
An example bit stream is shown in Figure 36(a), and the
corresponding digital PAM symbols are in Figure 36(b).
Thesesymbols are plottedin Figure36(c), whereit may be
seen that anew symboal istransmitted every T seconds. The
sguare pulse shape has infinite bandwidth, so the symbols
must be shaped with a more efficient filter as shown in
Fgure36(d). Findly,thesigna is multiplied by the carrier
asin Equation 4 to generatethe bandpass signal.

In general, the baseband signal may be a complex
signal inwhich casea PAM mapping would be performed
in both thereal and imaginary parts. Thistypedf modulation
hashigher bandwidth efficiency, and is known as quadrature
amplitudemodulation (QAM).

LIST OF ACRONYMS

AD andogto digita

ATMS Advanced Traffic Management System
AWGN additivewhite Gaussian noise

BEP  bit error probability

bps bits per second
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BPSK binary phase shift keying

CCD chargecoupled device

CRL  communications research lab a Purdue Universty
D/A  digital to analog

DDC  digital down-converter

DSP  digital signd processor

DUC digita up-converter

FCC  Federa CommunicationsCommission
FEC  forwarderror control

FHWA Federa Highway Administration

GPS  Global Positioning System

IDEA  Innovations Deserving Exploratory Anaysis
IF intermediatefrequency

INDOT Indiana Department of Transportation
IRV incident responsevehicle

ITS Intelligent Transportation System
PSAM pilat symbol assisted modulation

PsK phaseshift keying

QAM  quadrature amplitude modiulation

RF radiofrequency

SPW  Signal Processing Worksystem
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Figure 36: Digital modulation process. (a) bitsto be
transmitted, (b) bits converted symbols, (c) digita
waveform, (d) pulse shaped waveform, (€) bandpass
signal
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