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Dear Mr. Caton:

On behalf of Southwestern Bell Mobile Systems ("SBMS"), I am
filing the original and one copy of this written tK parte
communication pursuant to section 1.1206(a) (1) of the Commission's
Rules.

Transmitted herewith for inclusion in the record is the "Final
Report" of Virginia Tech.

As the Comaission knows, the Mobile and Portable Radio
Research Group ("MPRG") of virginia Tech has been analyzing "the
relevant interference issues for real-world AVM systems."YV The
evaluation focuses on "the effects of bandwidth and interference on
capacity , the effect of realistic channel models and receiver
implementations on system performance, and the availability of

Y "Capacity and Interference Resistance of Spread-Spectrum
Autoaatic Vehicle Monitoring systems in the 902-928 MHz ISM
Band, Final Report," by Raymond Zhen, Jay Tsai, Rick Cameron,
Lara Beisgen, Brian D. Woerner, and Jeff H. Reed of the Mobile
and Portable Radio Research Group, Bradley Department of
Electrical Engineering, Virginia Tech; october 14, 1994, p.2
(hereinafter "Final Report").

Virginia Tech is one of only three institutions in the United
States with the expertise to be named "Research Centers of
Excellence" by the Intelligent Transportation Society of
America (ITS America, formerly IVHS America). This
pUblic/private partnership has official responsibility as
advisor to the Intelligent Vehicle and Highway system project
of the United states Department of Transportation's Federal
Highway Department. 0 d- ,

No. of CopieI rec·d.~ _
LlltABCDE



William F. caton, Acting secretary
October 19, 1994
Page 2

interference rejection techniques for mitigating interference
between syste.s."~ The Final Report from the Virginia Tech study
is attached hereto.

The study by virginia Tech's MPRG is the most extensive,
independent evaluation ever conducted of so.. of the key issues in
the Notice of Proposed Rule.aking in this docket. Y The co..ission
will re..~r that Virginia Tech invited other parties co...nting
on the KEBI to participate in this study, including MobileVision,
the Part 15 Coalition, pinpoint, and Teletrac. None accepted that
offer. Nevertheless, the system evaluation in the Virginia Tech
study includes all available inforJlation about these other AVM
technologies. Extensions of this research effort are being funded
by ITS America; in addition, meabers of WINLAB, an internationally
recognized wireless co..unications research group at Rutgers
University, are also participating in the work as reviewers and
consultants.

In summary, the Virginia Tech study concludes that:

• due to power control problems and other related issues,
direct overlay of different AVM systems in the sa..
spectrum is not practical;

• adjacent positioning in spectrum of the main lobes of
different AVM systems is practical if spectral shaping is
used to reduce adjacent channel interference;

• communication capacity increases only linearly with
bandwidth;

• location
linearly
creating
capacity

capacity increases somewhat greater than
with bandwidth, though other techniques for
orthogonalized channels can also provide

increases;

• there is no disadvantage frOll sUbdividing the current AVM
bands for different systems;

• the optimum bandwidth for resolvinq mUltipath components,
an important factor in determining location and
maximizing the rate of data transmission in an AVM

Fioal Report, p.2.

Notice of Proposed Rule..king in PR Docket No. 93-61, 8 FCC
Red 2502 (1993) (MBEBK").
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systea, is frca 1 to 10 MHz. Only .adest iaprov...nts
are achieved with bandwidth increases above 1 MHZ;~

• sUbdividing the current AVM bands of spectrum should not
create a problem with in-band nonlinearities;

• techniques such as Time Dependent Adaptive Filtering
("TDAF") can be used to improve interference rejection
for AVM systems; and

• Part 15 in-building systeas should not create harmful
interference for, nor receive harmful interference froa,
AVM systems.

These issues are addressed in detail in the MPRG report.

Very truly yours,

~~/c_
Jerome K. Blask

Enclosure
cc (w/encl.) (By Hand): Cbairaan Reed E. Hundt

co..issioner Andrew C. Barrett
co..issioner Rachelle B. Chong
co..issioner Susan Ness
ca.aissioner Ja..s H. Quello
Ruth Nilkaan, Esquire
Lauren Belvin, Esquire
David R. Siddall, Esquire
Jane Nago, Esquire
Jill N. Luckett, Esquire
Ja..s R. Coltharp, Esquire
Ralph A. Haller
F. Ronald Netro
Rosalind K. Allen
Gerald P. Vaughan
Martin D. Liebman
Bruce A. Franca
Richard N. Smith
Richard B. Engleman
David E. Hilliard, Esquire
Kathleen Abernathy, Esquire
Henry M. Rivera, Esquire
Larry S. Solomon, Esquire
Henry Goldberg, Esquire
Henrietta Wright, Esquire
John J. McDonnell, Esquire
George Lyon, Esquire

11 This assWie. the use of a RAlCE receiver or of a similar
technique for resolving the mUltipath components.
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1. Executive SaDiDIary

Automatic VelBde MoDitorifta (AVM) systems constitute an importlllt new class of
wiraeIs service which is capable ofprovidiDa potition location, tleet manapment, vehicle
IeCUrity and mal" ..-vices to vebid. tbrouIflout a metropolitan area. Several
compmies are maIcina plaDs to offer widebIDd AVM aervice in the 902-928 MHz
frequency bands. AIdaouab JUbstantiaI IimiJarities exist between each systeID, each has
mIde JUbttantiaDy differaIt competiDa cIaimI repntiJw the apectrum requirements,
overlay capability, IDd iDttrftnDce reliltmce of their I)'IteIIl The Fecleral
COllmlLlDication Ccmniuion (FCC) is atten1ptina to address tbeIe ismea and formulate
guidelines for the fiIture operation of wideband AVM systems through Notice of
Proposed Rulemaking 93-61.

In tbiI study, we IttenIpt to eYIIuate the rMant iDttrftnDce __ for real-world
AVM systems. In ,.nic:uIar, we focus OIl the 6ctI ofbIndwidth and int8ference on
capacity, the eff'ect of l"IIIiIUc ·dwmeJ mocIeIJ ad receiver impIementationa on system
performance, and tile availability of iDttrftnDce rejection techniques for mitigating
interference between systems.

We have evmined both the polition location capacity and the communications
capacity of spread-apectrum systems u a fbDction of interference and bandwidth. There
appears to be some Idvmtage in position location capacity for syItemI which employ a
larger bandwidth. However, other techniques are available which also increue the
position location capacity ofsystems, such u orthogonal channelization techniques.

CoDUDUDieations capacity of spread-apectrum systems increues only linearly u a
function of bandwidth, even uaiDg detIiIed anaIytil for the e&cta of interference. The
near-far problem severely limits the ayItem capacity of the weaker CDMA system in
situations where multiple tipals have diIpInte power level•. In order to avoid near-far
effects ofAVM .,.... operatina in the..IpeCtrum u Part IS deYicea, anfW sitina
of AVM base stations IhouId be employed. Furthermore, si&na1 attenuation through
building walls should be sufticient to alleviate interference to indoor Part IS systems.

Statistical two-ray dwme1 impulIe reIpOllIeI with time delayt = S - 7 IJI and t 

11-16 IJI for W'bID and suburban ... .-.pectiveIy are uaed in simulatina the
performance ofapread-apectrum links. R.eIolution of Illlipificant muItipath components
requires a system bandwidth of 10 MHz. Beyond 10 MHz, there is no sipificant
improvement. In the ranp of 1 MHz to 10 MHz, wider bandwidth willl'elUlt in some
modest improvements in multipath rejection capability. Simulation results preunted here
indicate that with proper system design, even relatively narrowband spreacf-spectnun
systems can exhibit robust performance over a wide range ofchannel conditions.

For the ISM band spread-spectrum AVM systems, direct overlay of diftirent AVM
systems in the same frequency band relies on power control among all users. However,
universal power control does not seem to be practical. On the other hand, it is feasible to
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locate the maiDlobe of ODe AVM syItem over a Iidelobe of a IeCOIld system. For partial
overlay I)'ItemI, lpICtIai ... .... is required before tnnsmission to reduce
IcJjIceDt cbuDel..fereace. A1thoaaJh .--.... could introduce distortion in the
pre-spreaded CDNA ...., the sipaI call be recova-ed by UIina IdvIIlced DSP
techniques, such .. Time-Dependent Adaptive FiIterina (1DAF) proceIIi.. Accorclina
to our aaalyIia, DOAIbnritiel within IIIIpIilen should have little impact on the ISM band·
AVM system sipa1s, ifIUb-bands are allocated properly.

A Jarae number of iDterference rejection teeImiques are now becomiDa available for
\lie in mid.... iDterference between aystemI. ODe))ll'ticullrly practical IDd promisina
techniqUes is the UIe of TIlDe Dependent Adaptive FJ1terina (1DAF). mAF proceuing
ofdirect sequence .-J-ipeCtrum.... repreIeDtS a lIOUI'Ce ofpotential pin for many
CDMA aystemI. Tnt, time depeadeDt fiIteriDa is able to mitipte many di1f«ent forma of
interference common to the mobile ..... u well u III.dtipath propaption. Second,
time-dependent filteriaa requireloo kDowIedp oftbe otII« u.s in tbe system in order to
produce marked~ ill u.- capICity, IDd works for IUII«OUS modulation formats.
Simulations ofmAP JJRX*'" have IbownsipificaDt impnwements over COIIVClIltionaI
matched filter JJI'Ot*'irc in interference .mroam.ts wbidl are dominated by c:tiuimi'ar
modulation formats. n.e teebaiqueI are lIos effective for adjlCellt cbannel interference
rtiectiOD, making the mAF biahIY attractive for ute in ISM band AVM systems.

3
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2. Problem Statemmt

lDnovations in win:Iess tecImololY have enabled the rapid JfOwth of a IIrp range of
mobile communicatioDl.-vices. A1thouP ceJh..... telephone .-vice and the forthcomina
personal COrnmunieatioDi IerVice have attracted the widest attention, a broad range of
more 8J*i'Uzed Iel'Yices are also becomina commercially viable. Automatic Vehicle
Monitoring (AVM) is one such service. AVM systems might typically offer the following
aervices:
• FleetM......... Dilpatdl, routiDa, .. poIition location of Iarae fleets ofvehicles

within a metropolitan area. This could include taxis, delivery vehicles and service
trueb.

• Vehicle Security. Tndring and location of stolen vehicles. Enabling and disabling of
vehicle security alarms.

• Emerpncy Services. Notification and position location of roadside emergencies.
Routins ofservice vehicles to the emerpncy location.

• Mes.'". Transmiuion of alphanumeric and voice messages to vehicles within a
metropolitan area.

Sevenl companies are in the process of developing and deploying AVM systems.
These companies iDdude:
• MobileVllion ofINIie"lp01is, IN
• North American TeIetnc ofWalDut Creek, CA
• Pinpoint ComnuIicItioDi oflUcbardscm, TX
• Southwestern Bell Mobile Systems ofDaI1as, TX [Qui86]

Each of these AVM I)'ItemI is deaipeel to operate in the 902-928 MHz ISM band.
Althouah iJnplen-.tation details VIl")' between I)'ItemI, they Ihare several common
teebDical features. EICh employs a let of DII'I'OWbIIld (25 to SO kHz) cbanDeI. for the
forward link fi'om the bale station to the mobile receiver. Thi. forward link carries
contro~ status, aDd JP'OUP aDd individuI1 mel." infonnation. The reverse link from
the mobile to the bale IIItion employs a wideband direct-sequence spread-lpectnun
(DS/SS) sianaI. The cbulcteristics of this DSISS sipal vary widely between systems.
Southwestern Bell claims their system requires a 2 MHz bandwidth, while MobiIeVlIion
and Teletrac claim their systems require 8 MHz bandwidth and Pinpoint bas proposed a
26 MHz bandwidth system. The majority ofthese systems allow multiple acceII alona the
reverse link using Code Division Mubiple Access (CDMA) techniques, aIthoup the
Southwestern Bell system UIeS a combination ofCDMA and Frequency Division Multiple
Access (FDMA). All systems employ triangulation of the DS/SS signal for position
location.

The Federal COIDIIIUDicItions Commission (FCC) has indicated ita intention to create
rules which foster creative \lie ofSpeciati.t Mobile ltadio (SMll) Service such u AVM.
In one recently propoIed rule (NPRM 93-144), the FCC proposed the consolidation of
channel allocatioDi for private lmd mobile radio stations in the BOO MHz band to
metropolitan service areas (MSA) or even larpr areas. In another proposed rule (NPRM
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93-61), the FCC proposed pdelines for AVM service within the 902-928 :MHz ISM
bands.

While asreement IIIIODI commenters can be found on many iUlles, spectrum sbIriDs
remains a lipiticant point of contention. Syttem developers that currently have Hcenses
to eommerciaIly operate an AVM syatem have proc1Iimed that spectrum IbariDa is not
pouible between AVM system providers. System developers who do not currently have
Hcenses have taken a IIKn positive view towards spectrum 1IhariDa. III addition to
interference between AVM syItemI, tt.e.. concerns over potential interference with
Part 15 deYices, also operating in the 902-928 MHz ISM band.

Sevenl studies have Ilddreued portions of the interference problem. However, each
of the ltudies to date bu .... primarily theonticII in natute.. A. a~ the studies do
not reflect many of the iqMxtant c:hantcteriItic ofthe mobile coanlDiCitions dIanael at
tbeIe ftequency buds, aacIa u multipath propIption ud impuIJiYe noise. Neither do
theae studies take irlto ICCOUIIt the~ of ral-worid colnrnunication syItemI,
including nonIiDearities IIId itUrmoduIation products. A.. result, questions remain about
the effects of interf.-ce between systems. The purpole of this study will be to
determine the feuaDility of spectrum IbariDa in AVM bands IIId to determine pouible
teclmiques to mitipte potential interference problems. We believe that this study will be
useful to the FCC in formulating rules for the operation ofAVM systems.

The remainder of thiJ report is orpnized u follows. Section 3 diJcu... interference
issues between spread-spectrum systems IIId the effect of this interference on system
capacity, both for position location and communications appHeatioDl. Section 4 discusses
the effects ofreal-world chmmel models on the performance ofCDMA systems operating
at various speeds. Section 5 analyzes the potential for intermodulation products between
COMA systems. Section 6 presents an overview of various interference rejection
techniques which may be employed for reducina interference between competiDa COMA
systems and nurowbaDd systems. Taken u whole, this report reflects the growing
progress in techniques which allow different spread-spectrum systems to share similar
ftequency bands.

Relereaces

[Qui86] "Introduction to Quiktrak - A tutorial," Appendix A - Quiktrak Operator User's
~ October 6, 1986.
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3 Effects of Interfe.-ce on System Capacity

System capacity COIaI'IIS are a key iaaae in MIectins standards for AVM systems, and
in aUocatina frequency specttum IIIlODI competina systems. Other wireless systems, such
u cellular telephone ..w., have eacperienced explosive arowth which has led to
capacity IIaortaps in UIbIn markets. In this IeCtioD, we consider the effects ofbandwidth
and int«CereDce OIl tyItem capacity. AVM tyItemI provide two fimctiou: position
location ad CO.NlIJaieations .-vices. PoIitiOll location capacity in a liven popaphic
location is a timction of the available bIBdwicIth. CommunieatioluJ capacity is a fimction
ofbIDcIwidth mel iDtertWeDce &om other.,....~ &om systems with very
diflirent power lewis can produce MIr-&r efFects which aev..ty limit the
CODIIIIUIieations capacity. In this ICIlCtioD, we colllider the eft'ect of bandwidth and
channetiZltiOD on the poIition location capacity of AVM sy.-.., and we a1Io consider
the efFect of baDdwidth and int«CereDce on the communications capacity of CDMA
systems.

3.1 POSitiOD Loeatioa Capacity ofAVM Systems

A key issue for~OD of the optimum bandwidth for ipnlId-spectrum AVM
systems is how the capacity VIrieI u a 1bDction of bandwidth. Pickholtz .....es for
Teletrac that the capacity ofan AVM syItem is proportional to the SflII01" of the system
bandwidth. Pickholtz biles this argument on the Cramer-Rao bound [Pick93,Tor84]:

at~~, (3.1)

4p;lNY
where at is the variance of tile error in the eatimate of tile mival time ofa pu1Ie, ~ is

the chip duration, p,. is ODe ..sure of.,-n budwidtb, (SIN) is the ratio of sipal
power to noise power, aDd T is the time cIuIItion oft:he pulse. This rwuIt wu derived by
mendjna an earlier nUt tbr detection of the riIiDa ... of a puIIe to the cue of a
ipnlId-spectrum sipaI. The conclusion which Pic:tholtz derives ftom this result is that a
CODItaDt precision at can he -mined by doubJiDa the bandwidth fJ,. while reducina
the time duration of the ... for positioIllocation T by a &ctor of four. Because each
position location operation requires one fourth of the time, the number of such operations
in a pen time period may presumably be increued.

Althoup this argument is essentially correct for the operation of edae detection,
some confusion may result ftom the multiple operations performed by the AVM system.
One can imagine two distinct definitions ofcapacity: the politiOlllocation capacity of the
system and the communications capacity of the 1YJlem. The former measures the number
of position fixes which may be pnerated in a fixed time and bandwidth, while the latter
measures the amount ofdata which can be transmitted in a Jiven time mel bandwidth.

The shorter time required for a sinale position fix may result in a hiaher position
location capacity for wider bandwidth systems (although the improvement will be less the

6



_wed above becau. the time required for other ovaheId operations and the pard
time~ 1UCC1.1ive poIition fixes ....... UDChnpd). However, the information
carryiDa capacity oflIlY IJICIm only men... m-rty with blnclwidth. This rauIt follows
directly from iDformIUon theory [C0v91]. As a nUt, there is no cIiJadvantaae from
IUbdividiDa this badwidth for ctift'erent systems. While the position location operation
may be sJiahtly more eft1cient at higher bandwidth, there is no such relationship for the
meaaging capabilities ofthe system.

3.1.1 EfFect o'OaDDelizatioD OD Capacity

Other techniques exiIt for improviDa the poIition location capacity of a spread
spectrum system. A poIition location syItem can perform only one position fix
IimuJtaneously for ach ordaoaoDli dwwI, The SouthweItem Bell Mobile Systems
(SBMS) AVM system re.tur. a unique PDMAICDMA I)'IteIIl for tranmriuion of the
eMmet The line spectra of the CDMA code is comtniDed 10 that S orthopnal FDMA
dwn"a are formed. AIthouP this does not IianificmtIy increue the information
carrying capacity ofthe AVM manama system, it does allow for up to S lIimu1taneous1y
orthoa<mal position location 1ipaIa. As a nUt, for low IoIding levels, the position
location capacity ofthe SBMS system is increuecI by a &clor oftive.

3.2 Co.....icado.. Capacity .,AVM SysteIDI.

An AVM system provides a COJIII1UIicatiODI CIpIbiIity for maMaina~ The
col'llllU1ications capacity of AVM syItemI is a fimction of both bandwidth and
iDterfereDce from other UJeI'I and possibly from other systems. In this sublection, we
iDuItrate these tradeotfs for a simple CDMA I)'stem model. We then draw some
conclusions from these simple models about the effect of interference on CDMA
communications.

We consider the problem of eYI1uatina the probability of bit error, P., for a DSISS
AVM system and eamine the effects ofmultiple 1CCtI. iDterfereace (MAI) on p. for this
system. Our intention is to ICCUJ'8tely model the eft'ects ofthe MAl For this purpose, we
employ the improved Gau••an approxiJutiOD teebnique explained below and developed
tbJ1y in [Mor89]. We coDlider alimple COMA model in which p. is calculated for a
BPSIe, direct sequence, spread spectrum system with the DUJDber of users, Ie, varying
from 1 S k S 64.

The foDowinJ ...umptions, from [Mor89], were made in evaluate the eft'ects of the
MAl for this simple CDMA system:

• Each user employl nndomIy generated IpIllIdiDa sequences.
• AD users have equal received IipaI powers (this usumption wiD later be relaxed to

investigate the near-fir efFectl~ two di&rent 1)'IteIDS).
• Without loss ofa-enJity, we evaluate the bit error probability for user one.
• The decision statistic for UIeI' one is normalized with respect to the chip duration.
• There are K-l interferering signals.
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• There are N chips per data bit, so T-NT. where T. is the chip duration.

3.2.1 S)'Item .odel

The JyItem modellDd ...,. foDow the cIeIcription Pen in [Mor89] and [Hoi92].
A cfiaaram ofthe model illhown in Fip'e 3.1. where A equal. ,fiP. Tbere are Ie users
that vary in DJmber &om 1 to 64. and the moduIaUon technique for the lpI'eId-spectrum
Iipa1 is uyachnmoua BPSIt DSISSMA u aem in Equation (3.2). The traDsmitted aignIl
from the kth UIeI' may be represented by

(3.2)

wt.e the VIriabIes UIICI to ,.....,m tbiI ....1R defined u follows:
• P is the power oftile received sipaland is normalized to 2.
• blt(t) is the data 1ipIl.
• alt(t) is the 1pI"'di,. sipal
• 'tit is the propIption delay· .It is the phue .....e ofthe k:th carrier
• me is the carrier ft1Jquency
The received signal will be the sum of the Ie lipals plus an additive white puuian noise

process (AWGN) with double-sided power spectral density of No .
2

Delay

n(t)

'tt

bit) --KXJ..----..r;:::======:::;-,t-_----.;~
't2

bt(t)

Aat(t)col(m.t+6t)
Figure 3.1: DSISSMA system model.
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The data Iipal it a .....-ce of rectaftII puIIes with period T, and has equal
probability ofbeina -1 or 1. The spr-tina it Il1o a sequence ofrectanauJar pulses,
but with a period of T" IftCI hu equal probIbiIity ofbeina -1 or 1. The data signal and
spreading sipal are both independent, identically distributed random sequences.

3.1.2 System ualy_it

The decision statistic for the received signal using a coherent receiver, normalized by

dividing by T~, is [Mor89]:

b(l) 1~ ...Zl = 0 +-LIWt cos t ,
T ka2

(3.3)

where b~) it a data bit ftom user 1 at time 0, , is the carrier phue, and Wk it the multiple
ICCeIS interference which may be expreaed by

(3.4)

where Pk, <& X. mel Yk lie all random VIriablea used to deIcribe the MAl The
incremental delay Sk-'tk-'tl measures the time ofFset oftile kth user relative to user one.

From Equation (3.3), it is seen that a bit error will occur wilen the aun of the
interference bas areater power than the data bit. Tberefore an accurate evaluation ofP.
depends on a aood approximation for the MAl. The Gaullian approximation [Pur771 and
the improved Gaussian approximation [Mor89] are used to find an expression for the
power ofthe MAl and for calculating p•.

3.2.3 GauaiaD approu.atioD

At, explained in [Pur77, Ho192], the Galluian Approximation is UIed to calculate P.
for a BPSK modulated Iipal and a coherent receiwr. This approximation uaunes that
the MAl bas a Gauui.n diItn"bution with zero ..... IftCI that p. can be calculated using
the signaI-to-noise ratio (SNIl) u the arawnent ofthe Q-fimctiOD, which is given by

lr~Q[x]=~ e 200
-.12K

9
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The SNll ofthe delinMllipIl is calcullted by evaluatina the variInce ofthe MAl which is
I

JiveD by ( 3N )i. An approximltion for p.. can now be calculated using Equation (3.6).
X-I

(3.6)

(3.7)

Bquation (3.6) iIIUItnteI the by rUtioDIhip that the error probabi1ity iDcreues with
badwidth and deQll••I with iDterfenDce. The basic result of this is that the system
capacity ofa COMA COIII"UIIicItioas .,..will increue IinarIy with bandwith [C0v9I].
However, the auumption that the MAl is Glulfian is only valid only when X and N are
reIItive1y Jarae. UIlf'ortuMtely, the Ga,"... approximation is optimistic when either :K or
N is small. The improved GII.sPln apprcciaNtioD remedies this by provictina a more
ICCUfate expression for the variance of the MAl, Ieldina to an estimate ofp. that is valid
for aU values ofX and N.

3.2.4 .proved~""PAppnDiutiep

This approximation __ that the MAl is IppI'Oxj".... U GIII"lft when
conditionecl OD the delays aad p...... oflC·1 iDterferiDa sipIIl" on a random Vlriable
B, de&ned below. For this approximatioD, we calaJJlte the distribution oftile variInce of
the MAl '1', evaluate the Q-Imction for eKh value of '1', and then ca1cu1ate the aVW'BIe
value of this diltributiaD. The VIriIbIe B is ..... u the nmnber of chip bouDdarieI in
the desired sipIl wha a tnnIition to a cIifInot value occun, and B is calCUlated fi'om
the discrete aperiodic IUtOCOmiation C oftile sprelding code ICCOI'dina to [Mor89]:

B= N-I-C
2 '

(3.8)

and af> is the jth chip in the kth sipal's ppature sequence. The probability ofbit error is
now given by

P =•

10
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where 1J'=Var[MAIlS.•,B] is the conditional variance of the multiple IceeII interference,
ad the probability density fbnction fa,{lV) may be calculated ftom the distributions of C
and B [Mor89]. Thus, the bit error rate may be evaluated ftom Equation (3.9) for all
levels ofMAl.

Fipres 3.2 ad 3.3 Ihow that the probIbility ofbit mol' decreaes u Ie decreues
ad u EJN. inaeuea. Note, thouah, that tba is 0IIly • small improvement when WNo
inaeuea ftom 20 dB to SO dB. Even when • detailed analysis of the interference
diatribution is considered, communications capacity is linearly proportional to the
bandwidth.

10-' ---..---,.....--,.....----,,.....----,,.....----,,.....----.

10'"

10~

~10" +
I

I:::
10"
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Fiaure 3.2: Probability ofbit error versus Ie using the improved Gaussian
approximation (N=32).
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Yapre 3.3: Probability ofbit error versus K using the improved Gaussian
approximation (N=64).

3.2.5 NearlFar EfI'edI

Fipres 3.4 and 3.5 line extended the peformaace results ofEquatioD (3.9) to the
cue ofunequal sipI1 powIII for proceaina ... ofN-321Dd N-64 respectively. The
method for accompIiehiww tIIIia extlllsioll is cIeICIibed in [Lib94]. The bit error rate p. is
plotted u a fi.mction of1M GIIri.- to iIUrfinIIce ratio CII for a two user II)'Item for
EVN.-IO dB and EJN.=20 dB. TbeIe radtI iDuItnte the well-mown near-fir problem.
A weak interferer hu nIItiYeIy little c«ect on system performance; however, a strong
interferer has a severe efFect on the capacity ofa CDMA system.

These results may be uIOd to approxinllte the effects between high-power AVM
systems and lower power Pm IS deYiceI. The AVM systems CODIidered here share the
902-928~ hqueacy bind with low power devices which operate under Part IS
reauJatioDS. In order to comply with FCC reauJatiODS, these devices must UIe low power
«1W) spread-spectnun lipating, with a processing pin of at least 10. Under current
FCC rules the Part IS UIeI'I must operate on a secondary basis to other licensecl usen such
u AVM systems.
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Althouah the potemiI1 exists for iaaafennce between AVM systems and ·Part IS
deYica, iIoIation of the two .,... will COIIIicltnbIy reduce this interference. Since
AVM systems opente It JipiticatIy ..... power levels (5-10W) and have the
ldvImaae of Iitins bile ItatioDs It favorable locatioDs, it is likely that the interference
from Part IS devices will be small. Nonetheleu, when a Part IS device is operating much
closer to a bile station thin III AVM mobile UDit, the traaImitted power is Iarp enough
to produce a sipi6caat IlIII'I&r problem. However, Part IS devices operating indoors
and over short ctiltaDeel are unlikely to aperience lIipificallt iaterference from AVM
systems. Buildina WIlla and floors wiD AVM IipaIa by u much u 20-30 dB
[Sei92]. However, Part IS deviceI for outdoor operation may experience
significant interference. SewnI interfereBce niection techniques which are available to
address narrowband interference from Part IS devices will be discuaed in Section 6.
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Figure 3.4: Probability ofbit error venus ell for a two user system with N-32.
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YlJUfe 3.S: Problbility ofbit error for near-far situation.

3.3 S.IDmary

I • 10

We have euminecl both the position location capacity lad the communications
capacity of spreId-lpeCtrUm .,... u a imction of~ and bIndwidth. There
appeIR to be some ..... in poIition location capacity for tyItems which employ a
larger bandwidth. HowewIr, other teehniqueI are available which also increase the
polition location capacity ofsystems, such u orthogonal channelization techniques.

The communications capacity of spreId-spectrum systems increases only linearly u a
function of bandwidth, ew:n using detailed analysis for the e1fects of interference. The
near-far problem JeYeJ'e1y limits the system capacity of the weeker CDMA system in
situations where multiple Iipals have dift'erent power levels. In order to avoid near-far
effects from AVM systemJ operating in the same spectrum u Part IS devices, carefW
siting of AVM hue ItItions should be employed. Furthermore, Jipal antenuation
through building walls should be sufficient to alleviate interference from AVM systems to
indoor Part 1S systems.
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4 Analysis of RF Propel_tiOD Effects

The Radio Frequeacy (IF) dlInneI will have • IipiiClllt effect on the performance
of real-world AVM~ and on the choice of bandwidth for AVM systems.
Multipath tnnsmiuion readts 1iom sipal nftection off of Iarp objects IUdl u hillsides
ad buildiDp. Mvltipath CIIl readt in two tipificent IOUI'CII ofmor for AVM systems.
Detection oftbe wrona III'iviDa DUItipath componeat can readt in Iaqe timina erron and
eatutrophic fiiIure of tile poIition location.... Coherent combiDation of clolely
IpICId DUItipath compoDIIU can relUJtina in fidiDa Wbich recluces Iipal to noise ratio.
Both effects CID be ai-ad by reI01viDa the DUItipath components u completely u
pouib1e which requinlI ..... bandwidth.

This IeCtion preIIIItI • -.lyIis ofRP prorIptioa daaracteriItics ad the effects of
:R.F propaption on the performance ofDSlSS AVM systems for both urban and suburban
environmentl. The I.F pIOpIption effects of iatenIt iDclvde DUItipath propaption and
Doppler tidiDa. It is well blown that Ipl'IId-Ipectru ..... are reIiItant to multipath
iDterference, IDd in lOme iDltances even exploit multipath chlracteristics to improve
system performance.

In order to evaluate the 6cta ofD~ reUstic couatermeuureI such u
error correction codiDa aDd iDterleaviIIa DIIt be considered. We have evaluated the
performance of. candidate DSISS AVM .,.. with DUItipath distortion and Rayleigh
&ding IDd have inveItipted the effect ofDoppler shift due to the motion ofvehicles with
speeds ranaina trom 10 tmIhr to 80 kmIhr. This candidate system is chosen to
demonstrate the feasaDility ofa spread-spectrum system with relatively narrow bandwidth.

4.1 RF Prop.ptioD .......rbu aad .......... areas

RF propaption~ ,....ny CIIl be divided into two main eateaories:
long-term &diDa (IqHcaIe &dina) and Ihort-term &dina ("'-lICIIe fadina). Lona
term fadina due to R.F pmpaptiOIl 1011 and sbIdowiDa UIUIIIy em be ctescribect by a
distribution about the~ PL (path Loa) model for • specific location. On the other
haad, short-term fIdiDa due to JDdtipath propaption and Doppler Ibift can result in a the
mobile chaDnel with flat &dina or ftequeIlcy-lllective &dina characteristics, clepeDdina on
the chlracteristics of ...... For eumple, narrowband sipals usually can be
characterized by • flat factina channel while widebaDd lipals are cbaracterized by a
ftequency-selective channel. Examples oftbele two kiDds ofchannels are shown in FlJUre
4.1-4.2. FiFe 4.1 iIIustnteI the cue offtat factina, in which the delay between muItipath
components is smaI1 in comparison with the duration ofone symbol. As a result, multiple
arrivina components combine coherently to produce lIDpJitude factina. Figure 4.1
illustrates the case of hquency IeIective &eliDa in which distiDct muItipath components
are raolvable. It it cIeIinbIe for • DSISS AVM system to operate with .... enough
processing gain to fall in the frequency Ie1ective case, thereby exploiting the diversity of
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multiple arriving components. A summary of propagation characteristics is provided in
Table 4.1.

h(t) : CJuurncI JmpuJse Response

Time

TimeDday

FipJe 4.1 Flat &diDa dwnneI

h(t) : ChmDeIImpu1se Response

h(t)

TimeDeJay
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Table 4.1 Wnl..PropIption Characteristics.

1
Lona-term Fadilla

• Due to Path Loss and Shadowina

Wireless Prop•••tioD Problems

I
J:

rt-tena FacliDl

Due to Multipada aad Doppler Shift

• Wicleband Sipal

FutF....

• Low D-."T....iuiona

SIowFadiDa
• Hi DID Rate Tr_iai•

In this report, we oDly conJider the eJFects of short-term &dins (i.e., multipath fadiDB
and Doppler). The effects of larp-scale &dina are best modeled by the techniques for
IDIIyzing the near-far probItm which were ctilcussecl in Section 3. In the next Section 4.2,
we wiD discuss the e1fecta ofshort-term &ding on system performance.

4.2 Multipath radial ucI Doppler shift

In urban and ..burbM environments, mobile ndio collUllUDications Ii.p8ls can
propapte along more thin one path due to reftectioDs and scattering from buiJdinp, trees,
and other obstacles 11011I the path. This is known u multipath propaption. Multipath
propagation creates intersymbol interfereace for narrowband systems. However, in
wideband systems (e..., DSISS system ), multipath can be used to improve system
performance since multipath components can be resolved into individual components at
the receivina end IIId~ combined to produce a better estimate of trIDImitted
data. Another propaption effect, Doppler shift, results in a hquency shift on the signal
power spectral due to motion of the receiver. Fading induced by the Doppler shift can
cause burst errOD in mobile communications system

In the next sublleCtion, we wiD investigate the impact on the system performance
caused by multipath and Doppler shift.
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4.3 Propa.atio. _odell

Several proplption models have been • ..-ed to explain the obllel'Ved statistical
characteristics of electromapetic fields and the IIIOCiated efFect on the signal envelope
and phase. The earliest models wu due to 0Iana [0u64] who attempted an explanation
baed on the interfeIwlce of incident and reftected waves from fiat sides of randomly
located buUcIinp. Althouah Quana's model pndicted power spectra that were in good
aareement with meuuremeats in suburban ..., it asauned the existence ofa direct path
between transmitter and receiver. It is therefore rather inflexible and inappropriate for
urban ueas where the direct path is almost always blocked by buildiDp or other obstacles.

A model based on ICatteriDa is lertaDy more appropriate, and the most widely
quoted and accepted model is that of Clarke [Cla68]. This model assumes that the field
incident on the mobile antenna is~ of • DUII1ber of plane waves with random
phase. These plane waves are verticaJly poJarized with horizontal angles of arrival and
pbue angles which. are random and ItatiIticaJly independent. Furthermore, the phase
anal- are asauned to have. uniform probIbiJity deIIIity at [0, 2n]. A modellUCh u this,
baed on scattered waves, I1lows the estabIiabment of several important relationships
describing the received Iignal, for example, the ltatistics of the signal envelope and the
nature ofthe ftequency spectrum.

If either the trIDImitter or receiver is in motion, each multipath component
experiences a different Doppler shift u the component mives at the receiver at a different
angle. The Doppler shift of the j" component /, is related to the receiver speed u weD u
the angle as ofthe i" component, according to [par89]

1,= I.cosas (4.1)

where I.= v/ A. is the Doppler ft'equmcy cornapondina to • receiver speed v and a
carrier wavelqth A.. Since the sinI1e canier ftequency IipI1 generates multiple
components at the receiver, each compoaent bu • shift in fi'equency about the carrier
frequency. A Doppler power spectrum is shown in Yagure 3.3. The expression for the
received power spectrum for an omnidirectional antenna is given in [C1a68].

F!S(I) = , lsI. (4.2)

2./. 1-(/J
= o , otherwise,

where E is the rms value ofsignal envelope.

The results presented here can be used to create a complete multipath channel model
in the next subsection.
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Fiaure 4.3 Theoretical power spectrum ofRayleigh fading.

4... Mllltipatta ..........eI

A multipath .... in a mobile~ can be clescribed u a discrete time
varying filter since the cIwnnN cban&e npicIy with time due to the vehicle motion. The
impulse response for multipath channel can be expressed u [Tur72]

where Ii - the urival time ofthe idl ob.-ved component
M - the DUmber ofDdtipath compoaeIltS

fA = the phue oftile i* nuItipath component
txt = the magnitude ofthe idl muItipath component

20
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For a wideblDd c:b8IeI, the receiver is able to teIOlve individual multipath
components in the time domain (i.e., ~ ~O). However, these components cannot be
teIOlved for a uarrowbIDd c:haDe1 (i.e., ~ - 0). Furthermore the wideblnd muItipath
cIwmeI can be grossly qullltified by its melD excess delay r.. and root mean IqUII'e delay
spread ~,.,. The mean excess delay is the first moment of the power delay proftle and.is
defined as [Cox73]

(4.4)

The I1DI delay .,...t is the IqUII'e root ofthe second central moment of the power delay
profile and is defined to be

(4.5)

where the delays ofelCh component are measured relative to the first arriviDa component
at'tl =O.

In this research, a two-ray channel model is CODIidered and used in the simulation.
The generation of a two-ray channel impulse response is described in the following
subsection.

4-S Two-ny cia..... model

The two-ray model deIcribina muItipIth propaption in the mobile cbumeIs UJeI a
direct ray and a delayed ray. The impuIIe reIpOIIIe of the wideband (frequency-selective)
channel using a two-ray model corresponds to M=2 in Eq.(4.3). That is,

(4.6)

where a1 and a:z are independent and llayleip distributed, 81 and (J, are independent and
UDiformly distributed over [0, 211], and ~ is the time delay between the two rays.

Generally, for a baseband Iimulation, the sum ofE{a:} and E{a~} is set to unity so the

channel will have an average unity gain. The ratio of E{a;} and E{a~} is the power

ratio ofthe main ray to the delayed ray and is denoted as CID. A fiat &ding channel also
can be modeled by setting a:z to zero.

In the simulations which follow, the delay ~ between two rays is used instead of ~,.,.

The relation between ~ and ~,., can be determined as follows.
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ti = (1'1-1'..)'P(1'J) + (1'1-1'..)'P(1',J

,., P(1'I) + P(1',J
(4.7)

(4.8)

where 1'1 corresponds to the lit ray and 1', corresponds to the 2nd ray in a two-ray model.
For convenience, 1'1 is set to zero, and 1', is let to t'. Since P(t'J is the average power at
a fixed delay ~, then P(1'J and P(1',) can be expressed u

P(1'J = E(a:}
P(t',) = E(a~}

4.6 GeneratioD oftwo-ny daa.eI_paIIe I'llpolUe

(4.9)

(4.10)

(4.11)

A MATLAB two-ray Rayleiab. fidiDa timulator, ~."" bued on
[Sim7S][Rap91] wu written to pnerate the amplitude and pbue of each ray in the two
ray model. For this cbanne1limulator, the Gaussian distributed nndom variables (for the
IIDplitudes oftile Doppler Ibifted componeats) are &nt obtained UIina a Gauuian number
.....tor and each I'IIldom variable is UIed u a Fourier coefticient in the frequency
domain at a particular fi'equeBcy. EId1 coefficient is weiJhted by a shapina factor
coDfined to the fidiDa JDaIIIitude spectrum derived from Eq.(4.2). The shaped filding
magnitude spectrum is represented by

J
G(I) =r/.T77Y ' 0 So IS. 1.-61

yJ-(f:J
= I!!'- -,( I.-IT) 1-'

rIo 2 tDn lJ21.-1T ' -J.

= 0 , otherwise,

where rf is • Gauuian distributed random variable and IJJ-(:%fJ is the magnitude

spectrum which is the square root of the power spectrum given Eq.(4.2) and

I 1r _1( 1.-11' J . . for the . d '
-;- tan J2I.-tf IIID estimate magnitu e at J •.
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