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SUMR4ARY

This paper investigates an intervehicle conlmunica―

tioninethodasasafedrivingsupportsystemforilltersection

collision avoidance warnings.In this kind of systein,reali―

zation of highly reliable colllinunications in the physical

layer is an absolute requirement.As a result,we propose a

new MIMO―STBC(SpaCe_Time Block Coding)methOd

based on intersection propagation channel characteristics.

ⅣIIヽ/1C)transillission characteristics are deternlilled by thc

propagation channel characteristics. First, we use a ray―

tracing method simulation to cla‖ fy the propagalon chan―

nel conditions,and then rllodel the intersection propagation

channel. We use the characteristics of this propagation

channel to propose a ⅣIINIIO― STBC method that utilizes

decおion feedback channd ettimadon,and veHfy the effec―

tiveness of the proposed method in computer silnulations.
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1。  Introduction

Seatbelts,airbags,and Other passive safety technolo―

gies are extremely ilmportant in reducing the nuinber of

deaths and itturieS due to autonlobile accidents.Now there

are expectations for active safety technologies such Ж VSC

(VehiCle safety Communications)fOr avOiding accidents,

and various researches aた in progress[1].While cameras

or radar are already used in for、vard obstacle coHision

prevention support systems,etc.,issues have been l・ aised

、vhere these on― board sensors alone do not denlonstrate

sufflcient efた ctiveness as systems,in environments、 ″here

obstacles exist outside of the visible range.

For this issue,great expectations have been raised in

the VSC research sector for a conision avOidance、 varning

systelll using lnter― Vehicle Comlllunication(IVC)like that

sho、vn in Fig。  1.This involves an exchange of rnultipoint―

to―lllultipoint conllllunications between vehicles at inter―

sections or hidden driveways regarding approach

informalon for bOth vehicles(such aS posilon infornlation,

speed information,etc.),and tO then send warnings to the

drivers thatlead to avoidance ofthe cOHision.In the future,

links to the vehicle control systcms could also lead to

achievement of vehicle stops and other automatic contl´ ols.

In this plpet fOr the flrst step in this investigation we shall

target point― tO_point cOllllllunication systems, in 、vhich

each vehicle cOmes into an intersection from a direction

outside the line― of― sight.

◎ 2007 Wiley Periodicals,Inc.
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Fig。 1.  System iinage of conision avoidance warning

using IVC.

Realization of a safe driving support system using

this kind of collllllunication demands high reliability in the

higherlayer ofcomnlunication.Therefore,assurance ofthe

possibility ofcoinillunication at the physical layer is essen―

tial even in communication environnlents、 vithout line― of―

sight. At present, attention is focused on R/11NIIO

(MIultiple― Input卜4ultiple―Output)teChnOlogy・ which uses

array antennas for both transnlitting and receiving,as onc

elelnenttechnology forilnproving reliability atthe physical

laye■ There has been much research and developinent in

this area in recent years,as a technology forinlproving the

CO■1lnuniCations quality of、 vireless cornrllunications sys―

tems in environ■ lents、 vhere inulti― paths exist due to renec_

tions and scattered、 ″aves,ctc.,and for enabling high― speed

large― capacity communications[2].

Moreovet since a key transIIlission feature ofヽ 江IMO
systems is deterlllined by the target prOpagation charac―

teristics, research on nlodeling the 4ヽ1Ⅳ10 propagation

channel is also being act市 ely pursucd[3-5].HoweVer,

investigations into application of N/11Ⅳ 10 translnission IVC

thattake the intersection propagation I■ odclinto considera―

tion are virtually nonexistent.

Therefore, 、ve take into conslderation the radio

propagation conditions during IVC〕 at intersections to in―

vestigate the optilnurll colllinunication lnethod using appli―

cation of the NIII卜 40 systemo ⅣlIヽ40 can be classiied by

system conflguration depending on the usage ottect市 e

(higher_speed larger― capacity translllission and higher reli―

ability:SNR improvement)and the existence of propaga―

lon channelinformalon(CSI ChanneI Statelnfomlalon).

Safe driving support systerns demand reliability over high

translllission capacity,and also require real― tillle capability.

In addition,since accurate estimation ofCSI for both trans―

mitting and receiving requires twO― way communication,

the control tllethods and other systelll conflgurations be―

come quite complex.

In this papet therefore,forthe achievement ofhigher

reliability we invcstigate application of a ⅣIIⅣlo_STBC

method that makes use of spacc‐ Time Block Coding

(STBC)using CSI fOr receiving Only[6].The STBC
method requires accurate propagatiOn channel estiIIlation。

In IVC,howevet movement Ofthe transmitting and receiv―

ing terlninal risks causing an error in propagation channel

estilnation, resulting in deterioration of colnlnunication

quality.Since these kinds Of characteristics are deterlnined

by the propagation channel characteristics,werlrstexanline

the propagation channel response characteristics(e.g。 ,the

channel impulse responses)in the intersection model.

For complex layouts such as intersections,we con―

sider the ray― tracing method to be effective as a inethod for

estimating propagation channel characteristics. The ray―

tracing method merely flnds the geometricaltrack between

transl■itting and receiving, and is used as a method for

relat市 ely simple estimation of electric rleld intensities 17,

8].TherefOre,it shOuld easily be able to flnd propagation

channel characteristics,as、 veH.We also propose an IVC

method using a decision feedback channel estimation

illethod suitable for propagation channel response charac―

le面 sdcs,and use a computer sinlulalon lo ciarify its valid―

lty.

The rest of the paper is Organized as foHo、 vs. In

Section 2 we describe the problems with the N711NIIO― STBC
method in the target application lllodel and in fast fading

environments,、 vhile in Section 3、 ve explain the intersec―

tion propagation silllulation using the ray― tracing inethod,

and sho、 v the evaluation results. Next, in Section 4 we

lllodel the intersection propagation channel,based on the

propagation characteristic evaluation results.Then,in Sec―

tion 5 we give an overview oftlle proposed method using

the decision feedback channel estinlation lnethod applied

to the intersection propagation channel characteristics.Fur―

thermore,in Section 6、 ve explain the statistical evaluation

nlethod in the conlputer sinlulation,and show the evalu―

ation results for the proposed llnethod.

2. Problems with Ⅳ質IMO‐STBC in Fast

Fading Env:ronllllents

ln I｀VC〕 、vhere both the trans■ litting and receiving

terlllinals are llloving,conlllnunication is occurring in a fast

fading environment.In this sectiOn,we flrst give an over―

view of the system conflguration using theヽ 41MO―STBC
method,and then move to an overvie、 v of the conlIIluhica―

tion preconditions in the target application,and the prob―

lems with卜 IINIIO― STBC in a fastねding en宙ronment.

2.1。  Basic cOncept of ⅣIIPl()‐ STBC lllethod

ln this paper,we adopta 2× 2 1Ⅵ Iヽ4(Э system,which

realizes full― rate and full― diVersity performance as shown



in Fig。 2.The propagation channel matrix H(b)attime r。 ,

and the STBC matrix G2(“ )fOr discrete time 2“ and νι+

1,can be expressed as fonows:

H(tl)=ll:i l::|

Gズ→=ITs夕
I⇒

S%丸
ギl②

Hcre,the asterisk represents the complex co可 ugate Opera―

tion.

The translnitted signals s(2′ 1)and S(2′ れ + 1)are

encoded in STE(Space― Time Encoding)acCOrding to

G2(“
)・
The κceived signals yピ (2J12)andッ J(2“ +1)atthe′ ―th

receivingantennaaredRcodedinsTD(SpacC― TinleDecod―
ing)uSing estimation H ofthe propagation channel H(rO).

If there is no propagalon channel estimation error, then

s(2772)and S(2″ 7+ 1)Can be separately received without

mutual interference.

2.2. Application inodel and problems with

MIMO‐STBC

In this papet we target tlle preventive safety applica―

tion in intersections.In this kind of application,we need to

assume that multiple vehicles exist in the intersection si―

multaneously and that they arc exchanginЁ  informa10n
with each other.This conllllunication requires thatinfol・ rna―

tion transnlission delays be ensured so as to obtain certain

C011lIIlunications.Although the amount of conlmunication

per event is snlall,the information transfeFed needs to be

certain for aH vehicles existing near the intersection. In

other、vords,the required characteristics are real― tillne,Ioヽ v

delay capability,and high reliability,and the idealis packet

corntllunication where one vehicle monopolizes thc、 vire―

less communication for a short period(asSumed tO be a

maximum ofi ms orless).As a result,we also asstlllle that

the pilot signal and other preambles are short(Several tens

of microseconds,or 16 μs,etC・ ),and fOr our systent tattet

Recelver

ツ2(「
72)

a senlisynchronous detectiOn method that does not repro‐

duce the carrie■

Howevet when translnitting packet data like that

shown in Fig。 3,even if we assume a propagation channel

in which the pi10t signal has trans■ lit and receive signals

that are pre_known(such as Walsh codes),there will be a

delay jntil the packet data can be decoded.In cases where

there are huge changes over til■ c in the propagation envi―

ronment,this delay tiine could threaten to have an emect on

characteristics.In particular,in cお es such as IVC where

both the transmittcr and receiver are in inotion,even a short

movement wili cause the propagation channel to change

radica‖ y.In Other words,an error appears inithe charac―

teristics betⅥ′een the propagation channel estilllation value

based on the pilot signal,and the propagation channel atthe

tiine the packet data is received,which leaves behind an

interference component bet、 veen decoded signals after

STBC〕 decoding that can degrade reception quality.

For example,the propagation channel matrix I‐I(′。+
△
`)in the time(r。

+△′)Can be expressed as fo1lows:

H(to+△ι)=

=H(to)+△ H(△ι)     (3)

Here△ H(△
`)represents the propagation channel error com―

ponentin the change over tiine△ ′.

If、ve assume that the propagation channel at tiine′ 。

was accurately esamatedAthen we can expressthe propaga―

tion channel estimate as H=H(rO).Therefore,the effects of

intersymbolinterference(ISI)due tO this propagation chan―

nel error matrix △II are received, preventing accurate

STBC decoding of the rcceived signal and resulting in a

receive eror[9].

In Ref.9,the countermeasure for the case where the

donlinant radio wave arrival(radiatiOn)direCtiOn is the

vehicle's forward rllotion direction,and、 vhere thc angular

spread is sma‖ , is to derive an approxilnation forIIlula

capableofexpressingthepropagationchannelbyexecuting

phase rotation relative to the movement distance of the

i:|  :|:: |

l::1会 l:i  l::I会 |:: |

Transmittcr

χ2(“ )

E鰭:盟 |。許
STBC Decoding

(using n)

Delay(△ ′)

Fig。 2.System model of 2× 2 MIⅣ10-STBC. Fig。 3.  Packct format for short― packet colllmunication.



trans■ litting and receiving vehicles.As a result,the trans―

IIlitting and receiving vehicles utilize the speed infomation

for each vehicle tO achieve communiё ation in senlistatic

conditions,tO preventthe ISI erro■ However,this approxl―

mation formularnay not wOrk in cases wheretheradio wave

arrival(radiatiOn)direction is at an anglc to the vehicle's

forward motion direction,or where the angular spread is

iarge。

There have been various investigations into this kind

ofphase correction in MIMO systems 110-14].

In Ref.10,for example,thetransmitandreceivesides

detect phase differences between a suCcession of pre―

known pilot signal symbols to achieve phase synchroniza―

tion of the ⅣIIN10 system.Howevet in the safe driving

support application targeted in this paper for investigation,

we consider the case of bursts ofinforlllation transnlission.

As a result,since packets、vili not necessarily always be sent

in SuCCession,、 ve cannot use a methOd designed like this

one to detect phases bet、veen continuous pilot signals.

In addition, in Refs. 1l to 13, the trans,litter and

receiver estiFllate and correct thc amount of phase change

within a prc― known single training signal symbol(suCh as

a pilot signal).HOWever,in applications where tlle pilot

signal is short,the accuracy ofthe estimated phase rotati6n

can be expected tO detOriorate.ヽ /1oreover,while the corec―

tion could continue ifthe phase were to rotate at the sanle

speed until the next pilot signal is received, it is actuaHy

highly likely thatthere wili be a mttor change in the phasc

rotation during the interval,since in IV〔〕both the transrllit―

tcr and receiver are in IIlotion.Furtherinore,while Ref. 13

shows a relationship between the STBC〕 block lengtll and

the estimation accuracy,it is difflcult、 vith the length of our

pilot signal to obtain sufflcient estilnation accuracy.As a

result,these methods、 vili not necessarily al、 vays be able to

accurately corect the phase rotation of data areas bet、 veen

successive pilot signals.

NIleanwhile,on the receiving side a lnethod has been

proposed thatcans for sTBC cncoding、 vith delay detection .

without use of CSI[15].In thiS method,however,the

charactedstics for SNR deteriorate by just 3 dB compared

to synchronous detection,a serious dra、 vback.

Another nlethod that could be considered invoives

insertionofmultiplepilotsignalsintoapacketandperforin―

ing propagation channel estimation over a shorttiine inter―

val.But using this lnethod is difflcult for the short packet

communications that、 ve are targeting,because insertion of

pilot signals、vould reduce the amount ofdata sent,resulting

in lo、 ver efflciency.

Also, Ref. 14 feeds back the decision signal and

calculates complex corelation bet、 veen the signal and re―

ceived signal to estimate the ainount of phase changc.

Howevet this is not necessarily al、 vays the most efflcient

method because itindividuaHy estimates the amoullt ofthe

ⅣIIⅣlC)channel phase correction bet、 veen aH transrllitting

and receiving antennas withOut taking into consideration

the propagation channel characteristics.

As can be seen,there are hardl,any investigadons

targeting highly remable safe driving support applications

that take propagation channel characteristics into consid―

eration for efflcient phase correction ofMIMO systcms.As

a result,in this papet for short packet corlllltunication like

that shown in Fig. 3, we propose a decision feedback

channel estimation lnethod thattakes into consideration the

intersection propagation channel characteristics.

Since the proposed decision feedback channel esti―

mation lnethod incorporates a feedback system signal proc―

ess,a process delay will always ocじ u∴ Nevertheless,since

、ve can assumc that this process delay 、vill involve an

extremely small delay compared to the real― tinle capability

demanded by the appli9ation(aSSunling a tolerated delay of

100 ms orless),we believe that it satisfes applicability br

this kind of application.First,thcrefore,、 ve wil:evaluate

the transinission characteristics for a speci「 lc intersectioil

model.

3. Evaluatio■ Of Propagation Channel

Characteristics Using the Ray‐ Tracing

ⅣIethod

ⅣIIⅣ10 transmission characteristics are determined

by the prOpagation channel characteristics.Therefore, in

order to survey the propagation environinentin an intersec―

tion targeted for evaluation,we perforrll a siinulation using

the ray― tracing methOd based on geonletric optical theory

[7]to traCe the radio waves from the transmission point to

the reception point.

3.1。  Evaluation inodel

The intersection illodel for performance evaluation is

shown in Fig.4.The intersection inodel isを 、sumed to be a

300-m square with road、 vidths of 1 0 nl and oFnce buildings

lining the roads,and concrete blocks 10 m high that are

randolllly positioned.We setthe initial positions of both the

transmitting point(Tx)and reCei宙 ng point(Rx)antennas

at a distance of 40 nl frolll the road intersection.Since the

aVerage stoppable distance for an automobile rlloving at 60

km/h is assumed to be 40 Fn,We Chose this position as the

initial conllllunicatiOn positiOn,We assume a road environ―

ment where it is impOssible tojudge which ofthe vehicles

is on the higher priority or lower priority road.We also

targeted for evaluation a situation where the signal receiv―

ing vehicle is running on the lo、 ver priority road,and the

initial coll11■ unication occurs、 vhen IRx is at a position 5 111

from the intersection.In this case,we consider an applica―

tion where the signalreceiving vehicle running on thelower
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Fig。 4.  Intersection model for performance evaluation.

priority road is assunled to be required to stop temporarily

illlillediately before intruding into the higher priority road,

and thatthe vehicle will stop and notintrude inlo the higher

priority road ifit has received a vehicle approaching warn―

ing frolll the translllitting vehicle, in order to avoid an

accident,

For the trans■ litting and receiving antenna,、 〃e used

tヽvo standard dipole antennas for each, with the interval

between antenna clements Of l,5 m and an antenna height

ofO.8111,and assulned thatthe antenna axis is perpendicular

to the ground surface.In addition,、 ve assunled a distance

of 2 m from the wall.AIso,we performed the simulation

、vith'rx and Rx traveHng atthe same spced,and with each

moving loward the road intersection.

3.2。  Siinulation inethod

For the siinulation,we used the ray― tracing software

RapLab[16].Thi,SOftWare uses imaging methods to caト

culate reflection, permeation, and diffraction from the

transillitting point,the receiving point,and combinations of

aH other reflecting surfaces.For the reflection and pcrmea―

tion cOefflcients,we used the Fresnei coettcient,while for

the dittaclon coef「Icient,wё  used UTD(UnifOrm Gco―

metric Theory of Diffraction).In the simulation,we

changed the FnaXilnum reflection coefflcient by l to 4 tiines

(Called,respectively,Case l,2,3,and 4),setthe maximum

number of diffractions to two tillles, and also took into

consideration reflections offthe ground.We linlited cOnsid―

eration of the permeation path to direct waves only,and

assumed that the block walis existing along the directline

between the transrllitting and receiving points were made

of glass(the Walis along the diagonallines in Fig.4).Here

、ve used the values shown in Table l fOr the electrical

Table l. Electric characteristics of concrete,glass,and

ground

Ⅳ【aterial Permittivity

IF/ml

Conductivity

iS/mi

Permeability

IH/m〕

Concrete 5。 99× 10~・
1 2.3× 10~3 1.26× 10~6

Glass 4.43x10~11 1.0× 10~12 1.26x10~6
GrOund 2.66× 10~11 1.O x 10~4 1.26× 10~6

characteristics OfcOncrete,giass,and the ground[8,17].In

addition, for the sirllulation transIIlission frequency, we

used 6(3Hz.

Moreover, as shown in Table 2, for reflection and

diffraction only we targeted threc evaluation models

(卜4ode1 1,2,and 3),including twO differentinitial commu―

nication distances(40 m and5 m)針 om the intersection to

the receiving point, and a case cOnsidering direct wave

pel・ rlleation.

Furthermore,to evaluate the NIIIMO transmission

characteristics,we used Eqs.(4)to(6)bclow to「 Ind the

propagation channel response nlatrix. The propagation

channel characteristic//1″
′′1′

between the′ zr― th transrllitting

antenna and the″
r―
th receiving antenna can be expressed as

shown below[7,18]:

G(t)C(~ル St,1)

んnrnt=

G(づ )=θπt(Ogπ .(を )

κt,z=

／

′

‐

ヽ

＼

Σ

じ
＼

、

‐

′

／

＋一
ＣＤκΠ

ι

×

St,1 ΠRらしΠ■,υ

(4)

(5)

(6)

Here RJ,“ ,■ ,ソ,and DJ,′ are,respect市 ely the ren∝tion coef_

flcient、vhen the j― th ray is reflected on reflectioh surface“
,

Table 2.  Perforinance evaluation I■ odels

Concrete
(height:10m)

(St,ι +St,こ +1)st,I+1

Ⅳlodel cOnditiOns 市lodel l Ⅳlode1 2 Ⅳlode1 3

N/1aximuln number of

renections

1～ 4 1～ 4 1～ 4

Ⅳraxilllum numbcr O

difractiOns

TransniissiOn path Direct

Distance of Rx

frOn■ itltersectlon

40 Fn 5m 40111



Table 3.Propagation simulation results at the intersection for ma対 mum number Of diffractions

NIIodel Model l Mode1 2 Mode1 3

l`aXiFnum number of diffractions

Total number of paths 292 316 293

Average receive level ldBm -105,9 -104.1 -84.1 -83.3 -76.6 -76.6

Delay spread lnsi 14.98 15,10 10。 25 14.50 4.19

Angular spread at Tx ldegree 10.23 10.32 11.96 15.31 2.68

Angular spread at Rx[degrecI 11.04 60。 76 59.80 2.74

the permeation coemcient when the pcrmeation surfaceソ

has been pOrmeatcd,and the diffraction coefflcient whOn

dilTraction occurred on diffraction edge ι.For rays where

diffraction occurs,sI.:is the distance fronl thc transIIlitting

ldnt tO the nrst diffraclon pdnt and身 ノis the distance

from the(ι -1)― th diffraction point to the ι―th point.For

rays、vhere diffraction does not occur,sI,!is the distance

frolll the transinitting point to the receiving point.

Also,g′
tィ(′)and g′ :″(j)expreSS the conlplex anlplitude

gain of thc transinitting and receiving antennas in

regards to the J― th ray,andた is the、 vave number.

3.3. Analysis results of path characteristics

First,we evaluate propagation channel characteristics

based on differences in the maxilllum number of diffrac―

tions.Table 3 sho、 vs propagation silllulation results when

the maxirnunl nunlber of diffractions are changed, from

Models i to 3.These are the results for the flrst translnitting

antenna(Tx#1)and Arst recei宙 ng antenna(Rx#1)at the

initial communication positions(MOdel l and卜 lode1 3 are

for locations 40 111 distant from the intersection, 、vhilc

Mode1 2 is ftDr a location 5 m distant)。

Frolll Thble 3,we could conilrill that,while there is a

slight di&、rence between theヽ lode1 2 delay spread and the

Tx angular spread, the propagation characteristics were

virtuaHy unchanged for an models overall even、 vhen the

maxilllulll nunlberofdiffractionsincreased.Thisis because

the received level ofthe path fort、 vo diffractions is so sman

thatthe paths for zero or one diffraction genera‖ y donlinate.

As a result, 、ve decided for future sirllulations to flx the

nunnber of diffractionS to one diffraction.

Next, 、ve conduct a performance evaluation for the

maxiinum number of reflections.lhbles 4 to 6 show the

propagation silnulation results、 vhen the maxlinunn reflec「

tion coefflcient is changed in NIIodels i to 3.These tables,

as well,sho、 v the results of Tx#l and Rx#l in the initial

conlIIlunication positions.

Figures 5 to 7 sho、 v the receivillg angle proflle be―

tween Tx#l and Rx#l in the initial conlrllunication posi―

tions,for iVlodels l to 3,respectively.Note that these are

Case 2, where the number of reflections is set at two

renections. The horizontal axis in the flgures shows the

arrival angle in the horizontal direction,with the vehicle's

forward motion direction set at O° ,and leftward rotation

fronn the forwttd direction until it reaches thc vehicle rear

direction is from O° to 180° ,while the rightward rotation is

expressed as coordinates frolt1 0° lo-180° .

Figure 8 shows the silrlulati9n result examples be―

t、veen Tx#l and IRx#l in the initial conllllunication posi―

lons for Models i to 3(for CaSe 2).

■ables 4 and 5 reveal that the arrival angular spread

for the receiving vehicle in NIIode1 2 is iarger than that fbr

Model l.This is dtle to the fact that the initial position of

the recciving vehicle inヽ 4odel l is 40 1n from the intersec―

tion,、vhile the position inヽ 4ode1 2 is 5 1n,、 vit1l the result

that the angle of arriving radio、 、′ave is spread farthe■ In

addition,、 vhen、 ve confrm the receiving angular proflles in

Figs.5 and 6,、ve can sce thatthe onein Mode1 2 has alarger

spread.In factt,this can be conflrmed frorll the sirnulation

result example in Fig.8.

From Table 6,the arrival angular spread ofヽ lode1 3

is extremely smali compared to that ofModeis l and 2,and

the average receive level holds at a flxed value even if the

nul¬nber of rellections is increased.The reason forthis is as

foHo、vs.市lode1 3 is a lllodel that takes the direct perrlleation

Thble 4.  Propagation silnulation results at the

intersection(卜40del l)

Sil■lulation condition Case l Case 2 Case 3 Case 4

Maxll■urn numbor
of re■ ectiOns

TOtal number Of

paths

Average recelve

level ldBmi

-105,9 -99.1 -98,4 -98.0

Delay spread

lnSI

14.98 16.14 17.72 19.30

Angular spread at

TX[degreel
10.23 13.55 15.66 16.77

Anglllar spread at

Rx ldcgrecl

11.04 13.82 15.73 16.91



Silnulation condition Case l Case 2 Case 3 Case 4

Maxllnllm number
of renections

1

Total number
paths

Avcrage recelve

lcvel ldBm〕

-84.1 -80。 1 -73.6 -73.0

Dclay spread

い可

10.25 10.32 10.66 12.24

Angular sprcad at

Tx ideErOel

11.96 16.80 23.12 26.23

Angular spread at

Rx ldogreol

60。 76 50.23 49.00 49,91

Table 5。   Propagation siinulatiOn results at the

interseCtion(MOde1 2)

Table 6.  Propagation silllulation results at the

intersection(Mode1 3)

―埋?赫 60     0     60    120
Reccive angle[degrec]

Fig.5。  Angular proflle of Rx(Tx#1-Rx#1,Model l,

Case 2)。
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Fig。 6.Angular pro■ le of Rx(Tx#1-Rx#1,Mode1 2,

Case 2).

patll into consideration,and the receiving level(-76.6 dBIn)

for this perrrleation path is iarger by more than 20 dB than

the average receiving level(-99.2 dBIIl)ofthe Other rellec―

tion and diffraction waves.This can be conflrmed by the

permeation path ofthe spectrunn sho、 vn atthe arrival direC―

tiOn ofL48.8 degrees in Fig.6.As a result,inヽ4ode1 3 this

pernleation path is extremely donlinant.The angularspread

is s:naHet and the pernleation path receiving level is「 Ixed

regardless ofthe nuコnber of rellections,so thatthe average

receiving level is the same receiving level.

Fronl lhbles 4 to 6,we could conflrrll that the results

of Cases 3 and 4,as、vith the evaluation for the maxillluin

number of diffractions,while exhibiting a slight difference

、/ith theヽ 4ode1 2 delay spread and the Tx angular spread,

the characteristics lvere virtuaHy unchanged for an models

overaH.Thcrefore,we concluded that setting the inaxinlum

nunlber of reflections at three is sufflcient to model the
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Fig.7。 Angular prolle of Rx(Tx#1-Rx#1,ヽ4ode1 3,

Case 2).

Siinulatibn condition Case l Case 2 Case 3 Case 4

lヽaxilllllum number

of reflectiOns

1

Total number of

paths

100

Average receive

level ldBml

-76.6 -76.6 -76.6 -76.6

Delay spread

lnsl

6.70

Angular spread at

TX[degreel

3.74

Angular spread at

Rx ldegreel



(a)レ 10dCl l

propagation channcl characteristics in the intersection

nlodel.

3.4。  Channel correlation analysis resuits

Next, 、ve evaluate the correlation characteristics of

the intersection propagation channel. For our evaluation

measure, 、ve used the conlplex spatial corl・ elation coeffl―

cicllt pr(Δ r)in the j_th receiving antenna.Here we deanc

pKΔτ)as fO1lows:

μ体→=Σ鴫。)んり0+△→
」=1

Here た〃(χ)iS the propagation channel response charac―
teristics betweell tile i― th recei宙 ng antenna andノーth trans―
mitting antenna at position χ.力〃α +△κ)ShOWS the
propagation channelresponse characteristics in the position

moved by exactly△ χ17om position χ.Here if、〃e assume

that △χTx and ttRx represent the move distance for the
transmitter and receiver, respectivcly, then in the cul‐ rent

silllulation,both the transIIlitter and receiver have rlloved at

the same movementspeed,so that∠ w=崎 x=agRx・
First, to investigate the relationship bet、 veen the

maxirllunl nulllber of reflections and the spatial correlation

characteristics, 、ve plotted the reai nulllbcr values of the

complex spatial correlation coemcient p#I(∠ 口)in reCei宙 ng

antcnna#1,in relation to the movement distance zttχ valuc

normalized by the transmission wavelength λ(AX/λ ),fOr

the resuits of Cases i to 3,using the syillbols(),△ ,and*,
respectively(for MOde1 2).While the actual simulation was

performed at a transmission frequency of 6 GHz,it was

expressed by normalizing 、vith wavelength λ, since the

same resuits lⅣ erc obtained at 2 C〕 Hzo We also conflrmed

(b)Mode1 2           (c)MOdd 3

Fig.8. Propagation simulation result(TX#1-Rx#1,Case 2).
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that t1le same rcsults I″ ere obtained、vith receiving antenna

#2.

Frolll Fig.9, since the recciving angular spread is

iarge in Ⅳlode1 2,the anlount of phase change in the range

、vhere the Ar/λ  value is iarge varies depending on the

lllaxilllunt number of reflections.In short― distance move―

mentranges,howevel‐ (R)r exalnple,when△ ガλ is■ om Oto

O.2),we can see that the anlount of phase change shows

virtually no difference cven、vhen the nlaxiinunl nurnber of

reflections is changed.n/e cOnflrmed that the samc results

were obtained in Ⅳlodels i and 3,as、 veH.Next,、ve evaluate

the differences in the spatial corelation characteristics of

each modcl.

Figure 10 shO、 vs the complex element spatial corre―

lation coefRcient p#1(△ α)in receiving antenna#l in relation

to翫/λ (for CaSe 2).In thiS flgure,the results of Ⅳlodels l

lo 3 sho、v absOlute values、vith a dotted line,solid linc,and

dashed lille,respectively,、 vith the l・ eai nulllber values plot―

ted tlsillg the symbols o,△ ,and*,respectively.
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Fig.9.  Spatial col‐ rection analysis results for maxilllum

number of relcctiOns(MOde1 2).



0.4

0.2

0

判 .2

“

.4

鋤 .6

JO.8

-1

-1.2

△x/k

Fig.10.  Spatial correlation analysis results for the

intersection models(CaSe 2).

In Fig.10,thc real number value br p#i(△ r)changes

greatly in relation to the aur/λ  values_ This is because

movement of the transnlitter and receiver toward the road

intersection causes the propagation path length to shorten,

resulting in a phase rotation.Regarding the absolute value

of p#1(△χ),hOヽVevet the absolute values of〕 /1odeis l and 3

remained virtuaHy unchanged, while that of N/1ode1 2

changed sharply.This was because the Nlode1 2 receiving

angular spread is iarge.

4ヽeanwhile,focusing on the shortillovement distance

in Fig.10(for eXample,when A1/λ  is frOm O t0 0.2),the

absolutevalueofpFl(△ "r)fOr aH n10dels、vas generaHy about

l,so that a phase rotation only occurredo While not shown

in the flgure,we con「 Irilled that the saine trend seen for real

nurTlbers also occurred for iinaginary nulllbers.We found,

however,thatthe amount ofrotation differed depending on

the model.In Model l,、 vhere the dircction of radio、 vave

arrival is the vehicle's direction of liOrward illotion and

、vhere the angular spread is small,the amount of phase

rotation is iarge,with phase rotation cove」 ng just the

amount of change in wavelength col・ rcsponding to the

nlovelllent distances of the transrllitting and receiving ter―

lllinals.This has also been conarnled in Ref.9.

By contrast,in lνlode1 2、vith its iarge angular spread,

and in Mode1 3 with its dO■ linant directiOn of radiO、 vave

arrival conling at an angle froln the vehicle's direction of

forward motion,the amount ofphase rotation was smaller.

3.5。  Discuss10n

We here sunlFllarize the ray― tracing siinulation resulls

ofprOpagation characteristics.In intersections withOutlinc―

of― sight,we fOund thatcommunicatiOn、 vhen both the trans―

lllitter and receiver are proceeding in the directiOn of the

road intersection shows changes in propagation channel

characteristics due to phase rotation at short movement

distanceso Therefore,ifweassumethatthetransmitter's and

receiver's pOsitiOns are χTx and χRx,reSpectively,and inove―
ment distances are Δh and AxRx,the following approxi―
mation fOrmula is obtained:

H(“Tx+△
“
Tx,“Rx+△″取 )

αH(π T文 ,χ Rx)eXp Oθ)     (8)

Note that the expoO)Value Changes depending on the

arrival,the radiation angle,and the size of angular spread.

4. IntersectiOn PrOpagation Modeling

Based on the propagation characteristic evaluation

results oftheprevious section,we nOw perforrll intersection

propagatiOn modeling.While a difference in the receiving

angular spread exists bet、 veen Models l and 2,we can still

surnnlarize both of their environments as having lllulti―

paths witll abOutthe same rcceiving ievels.

For Mode1 3,ho、vevet while the receiving angular

spread is small,the en宙ronmentincludesiustonepathwith

a large receiving lcvel.

NIIodeling is possible based on tllese nlodels, as

shown in Figs. 1l and 12. Iligurc ll corresponds to the

situatiolls in Ⅳlodels i and 2,fol■ lling an environment of

reflectiOn and diffraction、 vaves only,without any perllle―

ated ollectS exislng nearby.We believe that this nlodel

would still apply even in cases where vellicles(buseS,

trucks,etc。 )b10Ck the■ Oni side of the recei宙 ng vehicle.

The reason is that,while the dolninant radio wave arrival

direction is at an angle to the forward motion ofthe receiv―

ing vehicle because the forward directiOn is blocked,there

would stiH exist inulti― paths at about the same receiving

level.In this case,the angular spread for both the transnlit―

（Ｘ
ｄ
）
「キ
α

晋獲萎 htersechn

Fig。 11.  Propagation modeling at intersectiOn

(MOdeling A).



Intersection

Fig。 12.  Propagation modeling at intersection

(NIIOdeling B)。

ting and receiving sides,the number of paths,the dolllinant

arrival(re■ ection)direction,etc.,are expressed as parante―

ters.

Figure 12,mearl、 vhile,corresponds to the Ⅳlode1 3

case,for a situalon where permeadon o町 ectS exist in the

intersection,and forill an environment、 vith an extremely

high level of permeation paths.In this case,、 ve can express

as parameters the relatively high intensity of pernleation

paths compared to the relOcdon and dittac饉 on waves.

4ヽoreover,the case where the permeation paths are at about

the same receiving level as the renection and dil■■action

waves can be incorporated into the Fig. 1l model.

In this kind of intersection environment, environ―

ments with completely blocked宙 sioility can be modeled

with Fig。 11,while cases where permeation o切 ectS exist

between the trans■ litting and receiving points can be Fl10d―

eled with Fig.12.

5。  D)ecision Feedback Channel Estil■ ation

Method

Based on the characteristics of intersection propaga´

tion channels follnd in the previous sections,we propose a

MINIIO― STBC method applicable to IVCo While the ap―

proxiination method in Eq。 (8)establiShes both of the

propagation models sho、 vn in Figs. 1l and 12,this valuc

can vary greatly depending on the angular spread and on

the relative intensity ofthe permeation path to the rcflection

and diffraction paths.As a result,itis unable to settie on a

value for the amount Ofphase rotation corresponding to the

movem6nt distance obtained from vehicle speed,etc.,as in

Ref.9.

Thereforc,、ve propose the decision fecdback channel

estiination method.The propoSed method performs conl―

plete control of the receiVer only.First,、 ve rnake a decision

signal oh the receiver decoded using STBCo Next,we feed

back the decisiOn signal, and calculate the amount of

change expoO)Of the prOpagation channel。

Here we deine the recci宙 ng signal vector RF(7匈 )fOr

the discrete tilne 2碗 and 2“。 + l intervals in the j― th

recelving antenna.

Ц朝=1彿移輝?⇒ 1 0
1∬ £ vtti胤 ∬ 脚 響 T(ツ 器 丼!町 ム濯

handled as if already known.If、 ve assume,however,that

in reality signals are received at the 2碗  and 27700 + 1

intervals during timeち +△′,then

Ц け 輸
|

and encoding interfercnce occurs due to changes in the

propagation channel ovcr tilne.Therefore,to convert the

approxilllation formula(8)to a time function,We next

assullle that distances ArTx andよ Rx Were covered during

time△′,which can be ettpressed as foHows:

H(ιo+△ι)資 H(ιo)eXp(プθ)  (11)

As a result,Eq。 (10)Can be transformed as follows:

Щ嘲到司
1屹 1呻

ω 0
Here、vhen the△′value is small,the effects of encod―

ing interference are also small, and we can assume that

漁 ,お育 鷺 ∬:驚 識 1首ils税 梶 織 就 7
1)after dccoding by STBC are s′ (2″ 2。)and∫

′
(2/720+1),

respectively・ they can be expressed as foHows。 (Note,how―

ever,thatthis assumes thc number ofrecei宙 ng antennas Nr

=2.)

ノυ鶴→=土 {し
:lλを1+しλtt spmの

tE=1

+い L2~Lダ芳→<2鶴0+⇒} ⑬

S′υmo+1)=Ё {(鳳
λォ1+んあλ→sυ鶴o+1)

を三=1

+し らLl― れ朝 <2ηめ } 
⑭

From these two formulas,we can conflrrll that encoding

interferencc arises from the change in the propagation

channel over ameo we therefore temporarily conclude that

(10)

ん́

″ん

10
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1).If We feed back these decision signals,and calculate the

STBC matrix G2(“ 0),We obtain

輸→=1巧枷 I⇒ l霊ポ|の
In addition, for the case where the effects of encoding

interference are assulmed to be sman and STBc decoding

was accurate,the fo‖ o、ving formula is establishedi

02(mO)=G2(mO)      (16)

This result means that RI(″り,G2(Zb),れ 1,and力 12 in

Eq。 (12)can be handled as if already k■ own,and the two

eXp00)ValueS Can be calculated,and these results are

represented by α
l,ど

and α2,f:

νt(277tO)
α l,こ = g(2m。

)んを1+6(2mO+1)んを2

%=     0

As seen here,a single STBC symbolinterval(240and 2′ ,10

+l intervals)for a Single receiving antenna can be used lo

「Ind two values.Therefore,we rlnd the average(鴫 ηo fOr all
values found for the number of recei宙 ng antcnnas鳩 :

απO=舟Ё(竺号望) K191
t==1

Furthernlore, if 、ve average otrl,(〕 OVer the multiple

symbol interval“
“

v′ ,and call that valuc αα″ (″,α
`has a

multiple of 2),tilen we Obtain

1ααυc=maυ
e Σ 

απO   の

Using ttis αθ
“

tO Calculate the new channel estimation

matrix Ц.`F,it iS expressed as follows:

童π etυ =ααυc童       (21)

Sctting Ц t″ aS H,We use itin STBC decoding in the next

“
αν
`S'mbOl interval.Thereafter,by renewing the channel

estimation matrix for each ′,2α ッ
`symb01 interval, 

、ve can

track changes in the propagation channel.

6. Computer Silnulation

Tb investigate the validity of the proposed method,

we did a pcrfonmance colllparison with a rnethod that does

not perform propagation channel estimation correction(a

method that does nottrack propagation channei changes as

movement Occurs).For the computer simulation,we used

the QPSK modulalon method.

6。 1。  Siinulation conditions and statistical

evaluation lllethod

ln this paper9 we assume that,at the initial colnlnuni―

需 ∬ボ 狙:ご
:鮮訛 ∬ i野雪 織 撃¶ FttT:驚 :λ

evaluation ofpropagation characteristicsin regards to phase

change in the propagation channel that occurs、 vith later

movement.For the propagation channels,we targeted the

case where the maxllnum nunlber of renections is two

(Case 2)。 We chOSe this number because,from the propaga―

tion characteristic evaluation results in Section 3(Fig.9),

we found that when tlle range of rllovelllent distances is

short(for eXample,when At‐ /λ is fron1 0 to O.2)there iS

virttiaHy no diflbrence in the amoullt of phase change even

、vhen the rlnaxinlulll nunlber of rellections is changed fronl

one reЛ ection to three.

For the propagation siillulation,、 ve decided to Fllake

the phases for aH Paths unique,since the initial phase for

each path is rlxed.In realitンt ho、 vever,the phases should be

randorllly distributed because of shght difFerences in thc

anglesofrenectionsurfacesorshiftsinthevehiclerunning

lane positions,etc.Therefore, for a statistical evaluation

method,we applied tlle foHowing method.First of a‖ ,lbr

the furst silllulation round, 、ve set the vehicle to a flxed

nlovement speed, and tl・ ansnlitted 30 syillbols ovcr the

movenlent distance at intervals of O.5111m.Then,、 ve used

a method that implements uniform random numbers ibr

10,鰤 rounds to rando■lize the initial positions of each

path.ThisactionstatisticaHyhandlestheeffectsofphasing.

In addition,we setthe′ η
`71'`Values in the decision feedback

channel estimation nlethod to 30 sylllbols.Ful・ therinore,lo

achieve changes in the propagation channel related to vehi―

cle lllovement, wc conducted a propagation sinlulation

using the ray― tracing lllethod for each vehicle movemellt of

O.5 mnl,to regenerate the paths.

6。 2. Performance evaluation in II19deling A

Forヽ/1odeling A,、 ve targeted the Nlodel l and N/1odel

2 propagation sinlulation results in Section 3 thattook into

account the reflection and diffraction paths only.

To evaluate the characteristics versus SNR,Figs. 13

and 14 show tlle Bit Error Rate(BER)1)r the sNR in

Ⅳlodels i and 2,respectively.The flgures sho、v the plots for

厨 λ=0.03,0.04,and O.05(repreSented by*,o,and△ ,

respectively).In these flgures,the dotted line represents a

method that does not perform ally propagation channel

estimation correction, 、vhile the solid line represents the

(17)



propOsed methOd.In addition,the BER forthe SISO(Sin―

gle―Input Single― Output)caSe where communication is per―

formed by single transmitting and receiving elements is

shown by the dashed line and by▽ (thiS assumes that aH

transmitting power is a flxed value,using Tx#l and Rx#1)。

For reference,sincc Modeis l and 2 are in cnvironments

with multiple arrivals of paths at aboutthe same receiving

level,the theoretical value for BER characteristics of sin―

gle―elentent QPsK synchronous deteclon in a Rayleigh

fading environmentis shown in the dashed line only.

Frorll Figs.13 and 14,we can see thatthe rnethod that

does not perforln any propagation channel estimation cor―

rection exhibited deteriorating characteristics versus SNR

as 晟 /λ grew large■ By contrast, the proppsed method

obtained flxed and high― quality characteristics regardless

of∠b〆λ.This result was due to the nonoccurrence ofencod―

ing interference,which、 /2s due to the steady renewal of

channel estimation.In addition,a conlparisoll of the t、 vo

flgures reveals that the deterioration in characteristics

sho、vn by the nlethod that does not perforlll any propagation

channel estimation correction、 vas smaHerin Nlode1 2 than

inレ10del l.This、vas due in Ⅳlodel l to the sinaH angular

spread of the receiving vehicle's radio、 vave alrival and to

thc donlinance ofthe vehicle's fbrward itlotion,whereas in

4ヽode1 2 the angular spread、 vas iarger and the ainount of

change in propagation characteristics corresponding to the

vehicle's direction of rnotion lⅣ as smaHer.

Furtherlllore,in Fig.13,for the case of△ χ/λ =0.o5,
、ve saw thatthe BER forthe illethod not perfol‐ llling propa―

gation channel estimation correction showed lllore deterio―

ration than SISO.In other words,the SNR'simprovement

capability provided by ⅣIINI(Э 、vas lost duc to vehicle

movcment.

We also learned from these ngures that the BER

characteristics for SIS()sho、 v virtuaHy the same results as

the theoretical characteristics in the Rayleigh fading envi―

8   10   12
SNR[dB]

13.BER performance versus SNR

(MOdel l,QPSK modulation).

0   2   4   6   8   10  12  14  16  18  20
SNR IdBI

Fig.14: BER performancc versus SNR

(Mode1 2,QPSK modulalon).

ronment.From these resuits,we concludethatthe Modeling

A environment modeled in this sirllulation has charac―

teristics close to the Rayleigh fading environment.

As can be seen from the above,、 ve conflrmed thatthe

proposed method can obtain stable, high― quality charac―

teristics regardless of the size of the angular spread in a

Rayleigh fading environment.

6.3.  Performance evaluation in Ⅳlodeling B

For h/1odeling B,we used the propagation silllulation

results for Ⅳlode1 3 that took into consideration the direct

permeation path in Section 3.Figure 15 shows the BER

versus SNR in Nlode1 3.As in the previous section,we

plotted for△χ/λ =0.03,0.04,and O.05(repreSented by*,○ ,

and △, respectively), with the dotted line representing a

nlethod that dOes not perforlη any propagation channel

estimation correction and the solid line representing the

螢10-2

1。
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10・
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15. BER perforlllance versus SNR

(Ⅳ10de1 3,QPSK modulation).
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proposed method.In addition,the]BER forthe SISO Case

is shown by the dashed line and by ▽. For reference,

considering that Mode1 3 has one pelllleation path that is

extremely dorninant,the theoretical value fbr BER charac―

teristics ofsingle― element QPSK synchrOnous detection in

a Nakagami― Rice fading en宙 ronment is shown in the

dashed line Onlyo Atthis time,we referred to the simul誠 lon

results in Section 3 for the receiving level ratio ofthe direct

wave to the renection and diffraction waves in the Naka―

garni-lRice environment,to obtain 22.6 dB.

From Fig。 15,we can see that,while the method that

does not perforFrl any propagation channel estimation cor―

rection exhibited deteriorating characteristics versus SNR

as Ax/λ  grew larger,the proposed method showed abso―
lutely no deterioration due to the過 ログλ value.This was due

to the same reason as seen for Modeling A. In addition,

assunling a frequency of 5.8 GHz and a data packetlength

of 120 μs, then fOr△χ/λ =0.04, we could conflrill the

validity ofthe prOposed method at a normalrunning speed

corresponding to a vehicle speed of about 62 krll′ h.

In addition,with the BER characteristics for SISO

sho、ving virtuaHy the same results as the theoretical char―

acteristics in the Nakagallli― Rice fading environlllent,、 ve

conclude that the Ⅳlodeling B Onvironment has charac―

teristics close to the Nakagaini― Rice fading environment.

As can be seen frolll tlle above,we conflrmed thatthe

proposed method can always obtain flxed BER charac―

teristics regardless of the movement distance or the trans―

lllission frequency, sttppressing deterioration of

characterilstics due to inovenlent.

卜loreovet since the siinulation results for this evalu―

ation model satisfy the delay spread<<symbol length

(aSSuined to be about l μS)relatiOnship,、ve can assert that

it shows flat iming characteristics.

7. Conclusions

ln this paper,we investigated an intervehiclecoll11■ u―

nicatiOn(IVC)methOd that considers radio wave prop〔 唱a―

tion conditions during IVC at intersections.First,we used

the ray― tracing method to evaluate the characteristics of

radio wave propagation in intersection models 、vithout

line_Of― sight,and perfornled propagation modeling.Then

we proposed an IVC method based on卜 41Ⅳ10-STBC that

makes use ofthese characteristics.As a result,we obtaincd

constantly flxed bit error rate characteristics,regardless of

the movement distance or the translllission frequency,con―

flrnling its validity. In addition, we conflrmed that the

transillissiOn modeling result viltua‖ y matches the charac―

teristics ofthe Rayleigh fading environment and the Naka―

gallli_Rice fading environment.

As a frst step of investigation,、 ve hypOthesized for

this paper an intersection on offlce― lined streets、 vith large

numbers Ofvehicles,and implemented a basic investigation

targeting pOint― to―point co打lFnuniCation focusing on the

characteristics oftracking changes in propagatiOn channels

as trans■ litter and receiver are in inotion.Howevet in order

to realize a safe driving support system that demands high

reliab‖ ity,wc believe that targeting point― to―pointcommu―

nication shOuld go beyond this basic investigation to in―

clude verification of effectiveness under various

environments.POssible situations could include colllrnuni―

cation in suburban areas where wooden structures exist in

the surrounding area, situations where the existence of

blocking vehicles results in large differences in the receiv―

ing level or propagation characteristics betl″ een antenna

branches, or situations that take into account rellection

waves conling off of rnultiple vehicles.

C)ther issues for consideration include adaptive ac―

cesS control between muitiple vehicles,and evaluation of

characteristics in fl・ equcncy selective fading environnlents.
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