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A 

Due》o》he〉ecent（ncreases（n》he〉equ@ement’or”igher《peed［obi@   communicaTon,》here 

has@ been@ a@ greal@de8@   of@research@ and@ devoopment@ into@technologi   s@ for@high-speed@ mobi Ⅰ   

communi   atons ・ Among@these@methods,@a@m Ⅰ   rocClUar@system@has@been@put@into@practc3@   use   

In@the@microcellular@system 。 coverage@is@divided@ into@microcells@to@respond@to@the@increase@in 

number@ of@ subscribers@ and@ the@ demand@ for@ high ， speed@ mobile@ communication ， Although 

propagaton@ in@ urban@areas@ has@ become@compl   x@ due@to@ imp Ⅰ   menta Ⅰ     on@ of@the@ m@   rocClu@   r 

SySteIn, は 1S  Ⅱ nportantto  malnta@n  the  q ℡ al は y  Ofmob Ⅱ e  COl Ⅱ ln Ⅲ n@Catl0n,Pal 甘 lC ℡ laI.ly  m  Urban 

areas ， 

Thus,@antennas@are@i   st8   Ⅰ   d,@and@the@antenna@ang Ⅰ   s@are@adjusted@to@ensure@that@the@qu ㌔   iy@of 

mobi Ⅰ   commun*   aTon@@@   suiab Ⅰ   for@practc@@   use@when@a@base@sta Ⅰ     on@ Ⅰ   set@up ・ However,@in 

urban@ areas ， further@ complex@ multipath@ fading@ occurs@ due@ to@ reflection ， diffraction ， and 

scattering@ because@ of@microcellular@ systems ， Therefore ， many@ arrival@ waves@ significantly@ in 

excess@of@the@number@of@rake@fingers@reach@the@receivers ・ In@addition ， there@are@repeaters@that 

amplify@and@transmit@the@same@signal@as@nearby@base@stations ， Although@repeaters@ improve@the 

quality@of@mobile@communication ， they@may@produce@interference@waves@for@other@base@stations 

when@the@transmitted@waves@from@the@repeaters@reach@other@cells ・ Thus ， it@is@difficult@to@maintain 

the@quality@of@mobile@communication@at@certain@locations ・ 

To@address@these@prob Ⅰ   ms,@the@transmitters@of@the@interference@waves@are@esTmated ・ Moreover, 

the@area@design@should@be@improved ， However ， it@is@insufficient@to@measure@the@arrival@waves@at 

each@point@and@identify@base@stations@by@analysis@of@pilot@signals@in@code@division@multiple@access 

(CDMA)@systems ， such@as@IS-95@and@CDMA2000.@This@is@because@repeaters@in@an@area@use@the 

same@ P     Ⅰ   t@Sgn8s@ as@the@ base@ stati   n@ for@that@ are8@     therefore ， it@@@   imposSb Ⅰ   to@diti   g Ⅰ     sh 

between@the@ repeaters@and@the@ base@station ， Thus ， it@ is@ important@to@ estimate@the@ direction@ of 

arrival@(DoA)@to@distinguish@between@the@arrival@waves@from@the@base@stations@ and@those@from 

the@ repeaters ， Such@ information@ is@ effective@ in@ improving@ the@ area@ design ， Therefore ， it@ is 

necessary@to@ estimate@ DOA@and@ field@ intensity@ of@electromagnetic@ waves@ as@ well@ as@ the@ base 

staTons@that@transm@@   these@ waves ， 

Radio@waves@from@base@staTons@arLve@from@sever3@   diectons@in@the@ho ㌃     zont8@   Pane ， Further, 

the@ arLv8@   diections@ of@ these@ waves@ may@ be@ proximate ・ Therefore,@ systems@ based@ on 

super-resoluTon@ DOA@ esTma Ⅰ     on@ algoFthms@ uSng@ a@ planar@ array@ antenna@ are@ useful@ foi   

measurement@ of@ mul   ipath@ propagation ・ However 「 when@ a@ Panar@ array@ @@   used   

forward/backward@ spatial@ smoothing ， which@ facilitates@ DOA@ esti       ation@ of@correlated@ waves   

  

  



requies@ many@ Cements,@ resu Ⅰ   ing@ in@ a@ high@ expendiure@ on@ rec0vers@ with@ corresponding 

increases@ in@ weight@and@ size@ of@the@estimation@system ・ Such@a@heavy@ and@ large ， sized@ system 

cannot@be@transported@@@   an@outdoor@en Ⅴ     ronment@to@measure@the@arri   8@   waves ・ 

T@is  disse れ a Ⅱ on  presents  a  @net Ⅱ od  が o Ⅱ est@]]atin 芭 DOA  W, れ h  a  virt Ⅱ a@  plan ゑ r  a ド r 巳ソ 

syntheSzed@by@shif Ⅰ     ng@a@T-shaped@array@antenna ・ The@advantages@of@th@@   method@are@low@cost 

because@of@the@reduc Ⅰ     on@in@number@of@recovers,@reducTon@of@mutu3@   coupling@between@0ements, 

and@weight@saving ， In@the@proposed@system ， it@is@important@to@synthesize@the@data@of@the@virtual 

pl   nar@array@by@shifTng@the@T-shaped@array ・ Thus ， three@methods@are@proposed@for@syntheSzing 

the@ data@ of@the@ Ⅴ     rtu8@   Panar@ array:@ the@ first@ method ， whi   h@ assumes@ that@ arri   8@   waves@ are 

Snusod8@   waves ， uses@the@periodi   ity@of@recCved@Sgn8S@     the@second@method@uses@Pl   t@Sgn8s 

Ⅱ   the@CDMA@system;@and@the@tHrd@method@uses@Cgenvectors@of@corre Ⅰ   t*   n@matrices   

Chapter@2@ Ⅰ   troduces@the@method@for@syntheSZng@virtu3@   p Ⅰ   nar@arrays@and@base@characteri   t@   s 

of@the@virtual@planar@array@by@shifting@the@T 、 shaped@array@antenna@in@DoA@estimations ， when@it@is 

assumed@that@ar Ⅱ     v@@   waves@are@Snusoid ㌔   ， In@SmulaTons,@the@average@of@estmaton@errors@was 

with Ⅰ   3@@ at@ an@ SN@ ra Ⅰ     o@ w*h@@   5@ dB@ when@ there@ are@ Ⅰ   Luences,@ such@ as@ poSTon@ errors, 

frequency@fluctuation ， etc ・ The@average@of@DoA@esti     ation@error@is@2.06@@when@the@number@of 

arrival@waves@is@one@in@an@echoic@chamber ・ In@addition ， the@proposed@method@can@esti   ate@DoA 

of@ two@ arriv8@   waves@ in@ an@ anecho Ⅰ   chamber ． These@ baSc@ ev8ua@ons@ conf Ⅰ   med@ the 

effectiveness@of@the@system@using@data@received@by@the@virtual@planar@array ・ 

Chapter@3@describes@a@method@for@est*   ating@the@DoA@using@pilot@signals@in@the@CDMA@system   

We@evaluated@the@proposed@method@by@performing@simulations@and@experiments@in@an@anechoic 

chamber@and@outdoor@envionment ・ In@the@Smu Ⅰ   @ons,@the@DoA@was@estmated@accuratCy ， and 

the@ effectiveness@ of@the@ proposed@ method@ was@ confirmed ・ Moreover ， the@ average@ est*   ation 

errors@ were@ approximately@ 1@@ in@ the@ anechoic@ chamber ， and@ arrival@ waves@ from@ base@ stations 

could@ be@ estimated@ in@ the@ outdoor@ environment ， These@ results@ confirmed@ that@ the@ proposed 

method@provides@effective@DoA@estimation   

Chapter@ 4@ proposes@ a@ method@ for@ DOA@ estimation@ using@ eigenvectors@ and@ described@ an 

evaluation@of@the@proposed@method@by@perfor ㎝     ng@si   ulations@and@experiments@in@an@anechoic 

chamber ， Simulation@results@indicated@that@DoA@was@estimated@correctly@within@3@@although@the 

system@suffered@from@the@i   fluence@of@poSti   n@errors@and@SN@rat@@   was@poor ， The@performance@of 

the@method@was@ev3uated@by@performing@expeFments@@@   the@anecho@@   chamber,@and@the@average 

estima Ⅰ     on@ error@was@ about@ 0.5o ， Further ， the@ proposed@ method@ cou@@   estimate@ DOA@ of@two 

arrival@ waves ， These@ results@ confirmed@ that@ the@ proposed@ method@ is@ effective@ for@ DOA 

estimaTon   
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Ⅱ ℡ 

Th@@   chapter@i   troduces@the@reqUrement@for@diecti   n@of@arri   @@   (DOA)@estima Ⅰ     on@systems@for 

a@ mobile@ communica@on@ and@ presents@ the@ problems@ assoCated@ w@h@ such@ systems ・ Fjst,@ a 

history@of@devoopments@for@moUle@communi   a Ⅰ     on@systems@ Ⅰ   presented ・ Prob@   ms@regarding 

mo Ⅰ     Ⅰ   communica Ⅰ     on@are@introduced,@and@technologi   s@devCoped@to@solve@these@probl   ms@are 

described ， In@ addiion,@ technolog Ⅰ   s@ to@ achi   ve@ further@ high-speed@ communi   aton@ are@ a*   o 

presented ， DOA@estimation@systems@are@necessary@ for@solution@of@the@problems@ in@ current@ and 

next ・ generation@ mo Ⅰ     le@ communication@ systems ， Conventional@ DOA@ esti     at Ⅰ   n@ systems@ are 

introduced,@ and@ the@ prob Ⅰ   ms@ associated@ wih@ such@ systems@ are@ di   cussed ， Fin@ly,@ the 

advantages@of@the@proposed@system@are@described,@along@with@an@outline@of@this@dissertation   

題 Ⅱ 

The@major@advantage@of@wireless@communication@is@the@ability@to@communicate@while@moving ， 

It@was@first@proposed@immediately@after@the@experiment@of@Marconi@about@100@years@ago ， and@the 

development@of@mobile@communication@systems@had@been@ proposed@since@the@development@of 

technologies@for@wireless@communication ・ However ， such@systems@were@limited@to@military@and 

police@use@before@the@end@of@the@second@world@war ， with@systems@for@use@by@private@organizations 

and@individuals@proposed@after@the@war ，   

The@first@mobile@telephone@system@for@business@use@by@private@organizations@was@MTS@(Mobile 

Telephone@ System)@ introduced@ in@ the@ United@ States@ in@ 1946 「 which@ was@ followed@ by@ IMTS 

(Improved@ Mobile@ Telephone@ System) ， However ， these@ systems@ had@ insufficient@ capacity 

because@they@did@not@use@cellular@methods ， AMPS@(Advanced@Mobile@Phone@Service) 、 which@is 

currently@the@most@widely@ used@system@in@the@United@States ， was@introduced@in@ 1983.@The@most 

important@feature@of@AMPS@was@the@reducTon@of@the@ra        us@of@cC@@   covered@by@any@ one@base 

sta Ⅰ     on ， and@adopton@of@the@cClUar@system@that@recyCes@the@same@frequenCes@@@     di   tant@areas   

However ， other@ countries@ developed@ original@ and@ analog@ cellular@ systems 『 with@ service 

beginning@in@Europe@in@the@ 1980s ・ Typical@systems@include@NMT@(Nordic@Mobile@Telephone)@in 

Northern@ Europe@ and@ TACS@ (Tot3@   Access@ Communi   ation@ system)@ @@     the@ UK ・ In@ Japan ， an 

an8og@cClul   r@tCephone@servi   e@was@ i   troduced@by@NTT@in@ 1979 ， and@a@high-capaC     Ⅰ Y@system 

Ⅱ s@3  口 a Ⅱ   0vVba 口 d  ト Ⅴ asdeVel0p ビ ⅢⅢ i989. 

H0tvever, l 卜 e  capacl Ⅱ es  of 、 lhese  p@.eVl0u5  れ @al0 芭 S ツ steins  Yl.e@.e  to0  lovhl to  cope  ⅥⅡ h  t Ⅱ e 
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increase@in@demand@for@cellular@phones ， Therefore ， digital@cellular@systems@were@developed@in 

Europe ， the@ United@ States ， and@ Japan ， Europe@ standardized@ on@ a@GSM@ (Global@ System@ for 

Mobile@communication)@system ， IS-54@based@on@TDMA@(Time@Division@Multiple@Access) ， while 

the@United@States@standardized@on@IS-95@based@on@CDMA@(Code@Division@Multiple@Access) ， On 

the@other@hand ， the@PDC@(Person3@   DiSt8@   COl     l   r)@system@was@i   troduced@@@     Japan@@@   1992.@ Ⅰ     

addition@ to@ these@ systems ， PHS@ (Personal@ Handy ， phone@ System)@ [1]@ and@ DECT@ (Digital 

European@Cordless@Telephone)@ [2]@ were@also@developed@from@cordless@ phone@ systems ・ PHS 

systems@have@in@excess@of@80@million@subscribers@all@over@the@world ， and@have@become@the@third 

most@common@type@of@mobile@communication@system@after@to@GSM@and@CDMA@[3]   

The@ analog@ and@ digital@ cellular@ systems@ described@ above@ are@ known@ as@ the@ first ・ and 

second-generation@ systems ， respectively ・ The@ recent@spread@ of@globalization@ and@ use@ of@the 

Internet@ in@ business@ has@ necessitated@ the@ provision@ of@ a@ worldwide@ high ・ speed@ mobile 

communication@ service ・ However ， although@ the@ first-@and@ second-generation@ systems@ do@ not 

provi   e@ serv*   e@ @@   3l@ regi   ns,@ because@ they@ are@ d*ferent@ *@     each@ country ， Thus,@ common 

communi   ation@systems@for@high-speed@commun*   a Ⅰ     on@were@d*cussed@@@   ITU-R@Knterna Ⅰ     on8   

Telecommunication@Union@Radio@communication@Section) ， and@T   T-2000@(International@Mobile 

Telecommunications-2000)@ was@ standardized@ as@ the@ communication@ method@ of@ the 

third ・ generation@system@(3G) ， In@Japan ， the@third ・ generation@systems@now@have@in@excess@of@34 

million@ subscribers@ [4] ・ In@ addition ， the@ number@ of@ subscribers@ of@ the@ second ・ and 

third ・ generation@ systems@ exceeds@ 90@ million@ [5] ， and@ cellular@ phones@ have@ become 

indispensable ， 

High ・ speed@communications@ systems@with@speeds@ranging@from@dozens@to@ several@ hundred 

Mbps@have@been@developed@using@optical@fibers ， To@provide@seamless@service@with@these@fixed 

communication@networks ， an@increase@in@speed@to@the@same@level@is@thought@to@be@indispensable 

for@ mobile@ communication ・ Therefore ， further@ increases@ in@ speed@ are@ required@ in@ wireless 

communication ， There@ is@ a@great@ deal@ of@active@ research@ and@ development@ into@ Beyond@ 3G 

(Beyond@3rd@Generation) ， such@as@HSDPA@(High@Speed@Downlink@Packet@Access)@and@the@4G 

system@ [6] ， and@ these@ systems@ will@ be@ developed@ further@   m@ the@ future ， Fig 、 1-1@ shows@ the 

development  of  data  transmission  speed  in  Japan   
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In@mobi Ⅱ   communi   aTon,@there@are@many@arLv3@   waves@from@base@staTons@due@to@re@ec Ⅰ     on   

difracTon,@and@scattering,@as@shown@@@   Fg ， 1-2.@Moreover,@many@Cectromagnet@@   waves@travC   

through@various@paths@in@indoor@environments ， such@as@wireless@LANs ， while@reflecting@from@the 

walls@and@other@scattered@objects ， There@are@various@strong@and@weak@points@ in@electric@fields 

because@ of@the@ d Ⅰ     ferent@routes@taken@ by@ the@ Sgna Ⅰ・ In@urban@ areas,@ cars,@ peopl   ,@ recoving 

termi   a@   「 etc ， ， move ， and@thus@recepti   n@ Ⅰ   vo@   changes@over@ Ⅰ     me ・ 

This@is@called@multipath@fading ， in@which@the@reception@level@changes@due@to@the@large@number 

of@ arFv@@   waves@ [7 Ⅰ   There@ are@ two@ types@ of@ mulipath@ fading,@ i ・ e 、 、 uniorm@ and 

れ   eqUency-selective  デ adi Ⅲ g.  In  genel.a@  mult@path  七 ading  is  c0nsidered  to  be  Ⅶ nif6 口 n  が ad れ l9 

when  the  dela ソ ⅡⅢ es  ofa ロ   ival W,aves  Can  be  d@sreg れ rded.on  the  otherha れ付・ t Ⅱ e  delay  t@ne5 

C ぬ 円円 otbe  dis@.e 芭巳 rded  tVhen  the  ba 向付 Widt 卜 0 ド the  ⅡはⅡ s@l@ted  si 芭 na@isWide.beC Ⅱ Use  the  de@ ぬ y 

tl@e  ot 、 e れ ch  al.n@va@  w.ave  beco)mes  the  sam  e  as  one  sv. Ⅲ bo@ lel Ⅰ 甘 Ⅰ 1 Ⅰ     ⅠⅡ lS  lS  Ca Ⅱ ed 

  

 
 

 
 

 
 



frequency ， sel   cTve@ fading ， In@ mobi@@   commun Ⅰ   aton,@ compensaton@ technolog Ⅰ   s@ for@ Sgn8   

degradation@due@to@multipath@fading@are@important ， As@compensation@methods@differ@according@to 

the@differences@ between@uniform ， and@frequency ， selective@fading ， many@compensation@methods 

have@been@studied@[7]-[68]   

    

Fig ・ 1-2@Propagation@characteristics@in@urban@areas 

In@ designing@ wireless@ communication@ systems ， a@ propagation@ model@ is@ important@ for 

evaluation@of@the@signal@degradation@due@to@multipath@fading ・ The@propagation@model@is@based@on 

the@probaUlity@ditributi   n@to@8   Ⅰ   w@c8cMat@   n@of@stati   t Ⅰ   s ， and@the@Ray Ⅰ   i   h@d Ⅰ   tr Ⅰ   uti   n@ and 

Nakaga Ⅲ     -Rice@ distribution@ are@ generally@ used ・ The@ Rayleigh@ distribution@ appears@ as@ that@ of 

signal@ strength@ when@ large@ numbers@ of@waves@ of@random@ phase@ signals@ arrive ・ The@ Rayleigh 

distribution@is@used@when@considering@multipath@fading@in@mobile@communication@systems ， such 

as@non ・ line-of ・ sight@systems ， in@which@there@many@scattered@waves@and@no@directional@waves@[7]   

The@ Nakagami 。 Rice@ distribution@ is@ used@ for@ fading@ in@ line ・ of-sight,@ e ・ g ・ ,@ in@ satellite 

communications@ for@ ships@ with@ sea@ clutter@ or@ for@ land@ mobile@ radio@ [7] ， Fading@ is@ actually 

si     ulated@ not@ only@ Wth@ modeling@ by@ statistical@ approaches@ but@ also@ by@ computer@ for@ the 

evaluation@of@Wreless@systems ， and@fading@si     ulators@have@been@ reported@[8]-[12] ， In@addition   

experiments@to@clarify@the@propagation@characteristics@have@been@conducted@by@measurement@of 

electrical@fields@and@delay@profiles@in@indoor@and@outdoor@environments@[13]-[3@1]   
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Ⅰ・ 2.2  円 召 e 汚れⅠ げはせ Ⅰ / わァ化れ佐 Hf リワ仰ゴ古 ．戸田 は Ⅰれ % 

Ⅰ   @@   necessary@for@high-ef Ⅰ Cency@mo ㌧     @@   commun@   aTon@systems@to@conSder@ef Ⅰ ci   ncy@w Ⅰ   h 

regard@to@frequency ， el   ctLc8@   power ， and@performance@taKng@fading@into@account ， Methods@for 

modulation@ and@ demodulation@ have@ been@ proposed@ taking@ these@ characteristics@ into 

consideration ・ From@ the@ last@ half@of@the@ 1970s@ to@ the@ early@ 1980s ， there@ was@ a@great@ deal@ of 

research@and@development@ into@envelope@modulation@technologies@to@increase@the@efficiency@of 

electrical@ power@ and@ resistance@ to@ amplitude@ fluctuations@ due@ to@ fading ・ Thus ， GSMK 

(Gaussian ・ filtered@ Mn Ⅰ     um@ Shift@ Keying)[32][33] ， PLL ・ QPSK@ (Phase ， Locked@ Loop 

Quaternary@ Phase@ Shift@ Keying)[34] ， 4 ， value@ FM@ (Frequency@ Modulation)[35] ， and@ Tamed 

FM36]@ were@proposed;@ GSMK@ was@ adopted@ for@the@ GSM@ system@ developed@ in@ Europe ， The 

capaCty@shortages@of@the@an8og@cQlu Ⅰ   r@phone@system@became@a@prob@   m@in@the@mid-1980s,@and 

linear@ modulaton@ methods@ were@ stud Ⅰ   d@to@ increase@ ef Ⅰ Cency@ [37 Ⅰ   Based@ on@ the@resu Ⅰ   s@ of 

these@studies ， FQPSK@(Feher@QPSK)@and@FQAM@[38]@were@proposed ， 7T/4QPSK@was@developed ， 

and@it@has@been@adopted@for@the@PDC@system   

When@electromagnetic@waves@modulated@by@these@modulation@methods@are@demodulated ， delay 

or@synchronous@detection@are@generally@adopted@as@the@detection@method ・ Compensation@methods 

for@ fading@ were@ not@ examined@ in@ the@ mid-1980s ， because@ it@ was@ considered@ that@ the@ delay 

detection@method@was@better@than@the@synchronous@detection@method ・ The@reasons@for@this@were 

that@circuit@composition@is@easy 「 and@the@BER@characteristics@of@delay@detection@were@better@than 

synchronous@detection@in@fading@channels ・ However ， with@appropriate@compensation@methods@for 

fading,@synchronous@detecton@has@better@character Ⅰ   t Ⅰ   s@than@dCay@detec Ⅰ     on ， In@addiion,@there 

was@ an@ increase@ in@ demand@ for@high ・ speed@ mobile@ communication ， and@therefore@ researchers 

began@to@apply@synchronous@detection@to@mobile@communication ， In@the@second@half@of@the@1980s ， 

multiple@value@modulation@methods ， such@as@ 16@QAM ， were@studied@for@application@to@Wreless 

communications ・ In@ this@ case ， greater@accuracy@ of@the@ compensation@ technologies@ for@ fading 

were@needed ， because@the@information@is@included@in@not@only@the@phase@but@also@the@amplitude 

[39][41]   

A@ prob Ⅰ   m@ @@   synchronous@ detect Ⅰ   n@ @@   that@ errors@ can@ occur@that@ cannot@ be@ compensated 、 

because@it@is@not@possible@to@follow@the@phase@ofCW@(Continuous@Wave)@output@of@PLL@to@the 

fading@ channo   ・ There@ are@ two@ types@ of@ method@ to@ address@ these@ probl   ms-whi   h@ are 

di   Ⅰ     ngui   hed@by@the@use@or@@   ck@of@use@of@pilot@Sgnal   ， As@exampl   s@of@the@l   tteL Ⅰ methods@uSng 

ACT@(AdapTve@Carr@   r@TracKng)@or@based@on@LMS@(Li   ear@Mean@Square)@ Ⅰ   goLthm@have@been 

卍   0posed  [42] 一 [44L  HoW,ever. these  lnet 卜 ods  are  n0tefncie Ⅱ td Ⅲ e  to  the  necessity  o ダ Vs 下 g  a 

dlf 田 neerentla@  code.  ln  contl.as 几 techno@0 芭 les  Usm 芭 p Ⅱ ot  sl 巳れ als  al.e           effecTve ， In these 

@ne Ⅱ ]OdS, nadlng  lS  COm  Pe 目 Snted  b ノ eStl Ⅲ atl0l1 0 Ⅰ 伍 dln 呂 Ⅱ Sl 口ヒ Ⅵ ， e Ⅱ -k 円 Ot Ⅴ山脚 @0t Sl き nalS. @t lS 

l l 

 
 

 
 



possible@to@ divide@ into@three@ methods ， i ， e ， ,@ pilot@tone ， pilot@ symbol,@ and@ pilot@ code@ methods, 

according@to@the@ method@used@to@ insert@the@ pilot@signal ， as@ shown@ in@ Fig ・ 1-3.@ The@pilot@tone 

method@multiplexes@one@or@more@sinusoidal@waves@and@modulated@signals@on@the@frequency@axis ， 

such@ as@ TCT@ (Tone@ Cali   rati   n@ TechUque)@ E   5   E   6   ， DTCT@ (Dual@ Tone@ Cali   rati   n 

Technique)[47]-[50] ， and@ TTIB@ (Transparent@ Tone ， In@ Band)[51]-[53] ・ This@ method@ is@ used 

m3Uy@ @@   FDMA@(Frequency@Di   i   i   n@M ㎝   ti   Ⅰ   Access)@systems ・ In@the@P@   t@symbo@   method ， 

well-known@pilot@symbols@are@multiplexed@with@the@information@symbols@on@the@time@axis ， In@this 

method ， the@spectrum@of@the@fading@channel@is@limited@to@a@given@band@and@the@fluctuation@is@very 

smooth@ L   4 Ⅰ   [57   ，Ⅰ   general ， TDMA@(Tme@D     Ⅴ     s*   n@ Multiple@Access)@systems@use@the@Plot 

symbol@ method ・ The@ pilot@ code@ method@ involves@ multiplexing@ a@ well ・ known@ pilot@ channel ， 

which@ is@spread@by@ an@ orthogonal@ code@to@traffic@channel@ and@has@the@ same@frequency@ as@ the 

traffic@channel ・ Especially ， the@pilot@code@method@is@used@for@CDMA@(Code@Division@Multiple 

Access)@ systems@ [58] ， such@as@cdmaone ， cdma2000 ， and@ W ， CDMA ， for@fading@compensation 

when@ synchronization@ between@terminals@ is@taken@with@the@ base@ station ・ Diversity@ techniques 

have@been@studied@and@put@into@practical@use@as@other@methods@for@fading@compensation@[60]-[62]   

These@methods@secure@a@steady@received@power@by@selecting@or@synthesizing@the@received@power ， 

because@different@fading@occurs@if@the@position ， polarization ， frequency ， and@radiation@pattern@of 

antennas@are@different ． 

These@ techniques@ achieves@ a@ sufficient@ effect@ in@ case@ of@uniform@ fading;@ however 。 further 

fading@compensation@is@needed@when@arrival@waves@are@late@by@more@than@one@symbol@length ， as 

in@frequency-selective@fading ， Thus ， adaptive@equalizers@[63]@are@adopted@for@frequency ， selective 

fading ・ In@ particular ， MLSE@ (Max*   um@ Likelihood@ Sequence@ Estimation) ， which@ uses@ the 

Vitarbi@ algorithm@and@DFG@(Decision@Feedback@Equalizer)@have@been@developed@and@put@ into 

practical@ use@ [64]-[68] ・ These@ algorithms@were@used@for@the@ adaptive@array@ antenna@described 

later ・ 

Convent*   n@@   methods@ for@ fa4ng@ are@ not@ suffici   nt@ to@ pro Ⅴ     de@ commuHcation@ qu8ity 

adequate@for@next@generation@systems@for@mobile@communication@[6] ， Thus ， further@research@and 

development@are@currently@in@progress ・ In@modulation/demodulation@technologies ， multi-carrier 

wireless@ systems ， such@ as@ OFDM@ (Orthogonal@ Frequency@ Division@ Multiplexing) ， 

MC/DS-CDMA ， and@MC-CDMA 。 have@attracted@a@great@deal@ of@attention@[69][70] ・ Moreover ， 

with@ regard@ to@ encoding@ technology ， the@ LDPC@ (Low ・ Density@ Parity ・ Check)@ code@ has@ been 

studied@ [7 Ⅰ   [72 Ⅰ   On@the@ other@hand ， the@ adapTve@ array@ antenna@and@ MIMO@ (Mu Ⅰ   ip@@   Input 

Mu@iple@ Output)@ technology@ wih@ two@ or@ more@ antennas@ have@ attracted@ attenton@ as@ antenna 

techniques@[6][7][73] ・ Especially ， the@adaptive@array@antenna@system@has@been@used@as@the@base 

staTons@for@PHS@systems@[74@@   and@ MIMO@systems@have@been@put@i     to@practi   @@   use ， and@these 

tech Ⅱ 0logiesa Ⅱ eeXpectedto  bedev,el0ped  だ目 Ⅱ her 、 inthe Ⅱ @ Ⅲ ， e   
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Fig ・ 1-3@Fading@compensation@schemes@using@pilot@signals 
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J.2. メ P グ 0 わ Ⅰ ピ竹 ㏄ 互 れ打ⅠのみⅡ 召 co 用 打 ⅠⅤ れ lc 仰 ffo 打タ 

The cellular system has been used in mobile communication to improve》he efficiency of 

frequency@ as@ shown@ in@ Fig 、 1-2.@ Due@ to@ the@ increases@ in@ both@ number@ of@ subscribers@ and 

demands’or”igh-speed［obi Ⅰ   communi   a@on ， mi   rocCl     l   r《ystems　     wh@   h》he〉adii｛f》he 

cC   Ⅰ   are@smal@have@been@apPi   d@in@areas@where@the@denSty@of@users@ Ⅰ   №     gh ， such@as@urban@areas   

There（s‖｝ossibility｛f（nterference『aves｛f》he《ame’requency’rom｜ase《tations｛f］earby 

cells（n［icrocellular《ystems ， because‘lectromagnetic『ave…an｝ropagate‖long‥istances｛f 

the@order@of@several@hundred@meters@[75] ・ The@propagations@of@actual@microcellular@systems@are 

more…omp Ⅰ   x》han》he［acrocClular《ystems（n『h Ⅰ   h》he〉adii｛f…o   Ⅰ   range’rom｛ne》o‖’ew 

Klometers,@because@the@cCl@structures@are@not@ide8@   Crc Ⅰ   s@and@are@geographi   8ly@ Ⅰ   regu Ⅰ   r ・ In 

addition ， the（nfluence｛f《uch》he｝roblems“rows（n》he《ystem｛fB3G‖nd・ 

expected@that@the@size@ of@the@ cells@ in@ B3G@ and@4G@ systems@ will@ become@smaller@than@those@ in 

conventional《ystems ・ Moreover ， repeaters‖re「sed》o‖mplify‖nd》ransmit》he《ame《ignal‖s 

nearby base stati   ns ， Repeaters improve the qu8ity of moU     Ⅰ   communcati   n ， When the 

transmitted@waves@from@the@repeaters@reach@other@cCls,@they@may@become@*   terference@waves@for 

other base sta@ons ， On the other hand, there are i   Ⅰ   g8   repeaters that》ransm*   interference 

waves,@ such@ as@ noi   e,@ in@ urban@ d*   tricts@ [76 Ⅱ   In@ fact,@ these@ illeg3@   repeaters@ have@ become@ a 

prob Ⅰ   m｜ecause》he〈uaiy｛f［o5     Ⅰ   communi   aton　   degraded｜y》hese（nterference『aves ・ 

Conventional@ methods@ for@ fading@ are@ not@ sufficient@ to@ maintain@ the@ quality@ of@ mobile 

communi   a Ⅰ     on「nder》hese…ond*   Ⅰ   ns｜ecause｛f‖〉educ Ⅰ     on（n》he｛ectric’iCd（ntenSty ・ To 

deal『ith》hese｝roblems ， the》ransmitters｛f》he（nterference『aves‖re‘stimated》o‖llow》he 

area@deSgn@to@be@improved ・ However,@ Ⅰ   *@   insufficient@to@measure@0ectric3@   intenSty@at@each 

point and base stations and repeaters are identified by analysis of the measurement data 

including@pilot@signals ・ This@is@because@repeaters@in@an@area@use@the@same@pilot@signals@as@those 

used@ by@ the@ base@ station@ for@that@ area;@ therefore ， it@ is@ impossible@ to@ distinguish@ between@ the 

repeaters@ and@ the@ base@ sta Ⅰ     on ， Moreover,@ @@   *@   necessary@ to@ d Ⅰ   cover@ and@ remove@ the@ illega   

repeaters that cause degradation of communication ・ Thus ， it is important to estimate the 

direction@of@arrival@(DoA)@to@distinguish@between@the@arrival@waves@from@the@base@stations@and 

those’rom〉epeaters ， Such（nformation（s‘ffective（n（mproving》he‖rea‥esign ・ On》he｛ther 

hand, the adap Ⅰ     ve array antenna and MIMO systems have been examined as methods to 

compensate@for@fading@and@interference@waves ・ However,@these@techniques@have@not@been@studi   d 

suf Ⅰ Cently》o‖low》he@   appli   ation》o…C@     l   r《ystems　   urban‖reas ， For《uch〉esearch ， @   i     

also@ necessary@ to@ analyze@ propagati   n ・ For@these@ reasons ， DOA@ esti       ation@ systems@ are@ very 

Ⅱ mPo 「 ta 口 Ⅰ   
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J 。 3.1B 晩騨 c 用召研 0%/ のァ Ⅲ化ぱガ町 卍 Ⅲ 召れ toy 、 Ⅲ ぱ 血中 4 冊メ口田刀 ど 

The technologies for DOA esti   ation have been developed chiefly as Ⅲ     litary radar 

technology ・ The@radar@system@used@for@the@first@stage@is@CW@radar@[77] ・ This@method@estimates 

d*tances@ from@ targets@ by@ transmitting@ 2@ waves@ wih@ different@ frequenCes@ aternatCy@ and 

calculating@the@differences@in@phase@of@the@received@signals ， However ， it@is@difficult@to@classify 

targets@Wth@the@same@relative@velocity ・ The@FMCW@method@was@proposed@to@solve@this@problem 

[78][79] ・ This@method@estimates@distances@and@velocities@of@targets@by@sweeping@frequency@and 

Fourier@transform@of@the@received@data ・ Moreover ， pulse@radars@and@Doppler@radars@have@also 

been@developed ・ Pulse@radars@are@those@ in@which@pulse@signals@are@transmitted@and@the@times@of 

reflected@waves@are@measured@[80] ・ These@radars@have@been@adopted@not@only@for@military@use@but 

also@ in@ air@ traffic@ control@ and@ as@ weather@ radars@ [81]-[83] ， First ， these@ methods@ measure 

electrical@ intens Ⅰ   ies@ in@ aT@   diec Ⅰ     ons@ by@ rotatng@ a@ reTector@ antenna@ for@ DOA@ es Ⅰ     maton ・ 

However,@ these@ methods@ have@ prob@   ms@ due@ to@ CutteL@@ cons*   Ⅰ     ng@ of@unnecessary@ re Ⅰ ected 

waves@due@to@scatteri   g@around@targets ， as@wCl@ as@poor@resouti   n ・ Therefore ， 2gorithms@with 

array@antennas@described@later@[81]@[84][85]@have@also@been@proposed ， 

0n  the  Ot Ⅱ e ド ト 8nd 、 @ 円Ⅲ Ob Ⅱ e  COn ⅡⅥ U Ⅱ lc れれ 0n.  tlle  c0 円 ventlona@  Ⅲ et 卜 Od  わ 0@. dete ⅡⅥ lnln 甘 

p 「 opa 巴 はい O 口 ch ぬ 「 acte@.@Shcs  @ 口 volveS  Ⅲ e れ、 S ⅡⅡ e Ⅲ ento ゲ electl.ical l 口 te 目 S Ⅱ ツ ateach  poslllon  ⅠⅤ l 引 1 れ 
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monopo*@   antenna@[13]- ⅠⅠ・ However,@radio@sources@that@transm@@   interference@waves@cannot@be 

distinguished@because@detailed@propagation@characteristics@cannot@be@explained@by@this@method   

Thus ， it@is@impossible@to@apply@this@method@to@the@problems@of@fading@in@microcellular@systems ， 

To@ measure@ propagation@ in@ more@ detail ， radars@ technologies@ have@ been@ applied@ for   

measurement@of@the@propagati   n@envionment@of@mo0@@   commu Ⅱ     cati   n ， As@a@typi   8@   examp Ⅰ   ， a 

mu Ⅰ   ipath@estima Ⅰ     on@method ， wh Ⅰ   h@measures@the@magnitude@and@ang@@   of@the@diection@waves 

received@ by@ rotating@ the@ antenna@ with@ sharp@ directivity ， has@ been@ reported@ ・ This 

method@requies@an@antenna@wih@an@effecTve@aperture@area@that@@@   sufTc Ⅰ   nTy@large@to@improve 

ang@ar@reso Ⅰ   ton ， As@the@rotati   n@of@a@ Ⅰ   rge@antenna@req ℡     res@a@l   rge@d Ⅱ     ve@unt,@the@tot8@   Sze@of 

the@system@increases ， 

In@ad4ton,@there@ Ⅰ   a@method@that@measures@the@doay@pro@ Ⅰ   wH     Ⅰ   mo Ⅴ     ng@a@non-di   ection8   

antenna@at@a@constant@velocity@in@a@straight@line@[89]-[91] ・ This@method@estimates@the@DoA@by 

using@the@Doppler@shift@data@obtained@from@the@Fourier@transform@of@the@measured@delay@profile 

data ・ Although@ this@ method@ can@ est Ⅰ   ate@ the@ DOA@ continuously@ at@ each@ position 。 its 

disadvantages@ include@ the@ inability@ to@ discriminate@ between@ symmetrical@ directions@ and@ the 

forward@direction@and@poor@angular@resolution   

Ⅰ・ 3.2DO ノピ タイプ何 % どヱ 0 托 Ⅰ な on, 血 h 竹 iw ノ f カ竹 グァ仰 y  切れ ア とれれ仰 ご 

The conventional methods have a number of problems in that the angle resolution is 

insufficient@ to@ measure@ propagation@ and@ the@ sizes@ of@ the@ systems@ are@ large ， Thus ， DOA 

esti   ation@systems@with@array@antennas@have@been@studied@to@improve@performance@[92]-[148]   

The@most@basic@method@in@DoA@estimation@algorithms@with@an@array@antenna@is@the@beam ， former 

method ， which@is@based@on@the@same@principle@as@the@Fourier@transform@[92]@[93] ・ This@method@is 

used@to@measure@the@electrical@ power@of@an@array@output@in@ all@ direction@by@scanning@with@the 

m8n@lobe@of@a@uniorm@exotati   n@array@antenna ， However,@th@@   method@may@estimate@i   correct 

directions@when@the@array@output@becomes@large@due@to@receiving@arrival@waves@Wth@side@lobes@of 

the@array@antenna ， and@therefore@this@method@is@not@useful@for@measurement@in@urban@areas   

The Capon method ， which involves measurement of‘lectrical power by scanning in all 

directions@while@keeping@a@null@ radiation@pattern@to@other@arrival@waves@with@an@array@antenna 。 

was@ proposed@ [94] ， The@ resolution@ characteristics@ of@ the@ Capon@ method@ depend@ on@ the 

beamwidth@ of@the@ main@ beam@ due@to@scanning@the@ main@ beam@ at@all@ angles ， That@ is ， a@ narrow 

beamwidth@@@   necessary@to@ach@   ve@high@resolu Ⅰ     on,@and@l   rge@numbers@of@el   ments@are@necessary   

On@the@other@hand,@ *@   @@   posSb@@   to@esTmate@DoA@wih@Hgh@ resolu Ⅰ     on@by@scan Ⅱ     ng@8l@ angl   s 

w Ⅰ   h@ null,@ because@ the@ beamwi   th@ of@ null@ @@   narrower@ than@ the@ m8n@ beam ・ Based@ on@ these 

considerations,@the@linear@prediction@(LP)@method@were@proposed@[95] ， Moreover ， the@Min 。 Norm 
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@nethod  [96]a Ⅱ d  Pis ぬ re 自 k0  method  [97]have  also  bee Ⅱ prop0sed.Weightass Ⅲ np Ⅱ o Ⅱ s  ofthese 

Ⅲ ethods  are  e Ⅹ te Ⅲ ded  n.0m  the  LP  Ⅲ et 卜 0d.A  lthoU は h  DOA  estima Ⅱ o Ⅱ al 名 0 ㎡ t ㎞ ns  have  bee Ⅱ 

devCoped@ in@ addi Ⅰ     on@ to@ the@ adaptive@ array@ antenna 「 DOA@ es Ⅰ     ma@on@ 2go Ⅱ     thms@ use@ the 

characteriti   s@of@the@adaptive@8Hray@antenna,@ because@the@pFnCp@@   @@   CosCy@ rCated@ Ⅰ 0@the 

adaptive@array@antenna@[92]@[98]@[99 Ⅰ   For@exampl   ,@the@pri     Cp@@   of@the@Capon@method@@@     equ8@   to 

the@DCMP@adapTve@array@antenna@L   00 Ⅰ   the@LP@method@@@   equi   3ent@to@the@Sde@l   be@canc@l   r 

and@a@power@inversion@adaptive@array@antenna@[101][102j ， It@is@possible@in@LP@and@Mll ， Norm 

methods@to@make@the@nul*@   at@diecTons@where@there@are@no@arFv@@   waves ・ Thus,@@@   @@   necessary@to 

conflm@the@exitence@of@ar Ⅰ     v3@   waves@to@esTmate@Qectr Ⅰ   @@   power ，   

To@resol   e@these@probems,@the@m Ⅱ   ti   @@   Sgn@@   CasSf@   ati   n@(MUSIC)@method@was@proposed 

Ⅰ   03] ・ The@MUSIC@method@makes@use@of@the@characterit@@   that@Cgenvectors@corrQated@to@the 

no@e@subspace@of@a@corrCation@mat ㌢     x@are@orthogon8@   to@the@mode@vectors@that@express@phase 

d Ⅰ     ferences@to@a@base@po Ⅰ     t ・ A@hough@the@computaTon3@   method@of@the@MUSIC@method@@@   more 

comp Ⅰ   x@lhan@that@of@the@beamformer@method ， the@MUSIC@method@has@Hgher@resolu Ⅰ     on@than 

conventional@methods ， [104]@-@[106] ， The@MUSIC@method@cannot@estimate@DoA@correctly@when 

Ihe@accuracy@of@the@corrCati   n@matLx@@@   i   suffiCent 、 and@has@Hgher@computat*   n3@   costs@due@to 

scanning@the@ MUSIC@spectrums ， Due@to@these@problems ， the@ Root ・ MUSIC@ method@has@ been 

proposed@[107] ・ Moreover ， the@Unitary@MUSIC@method ， which@uses@the@Unitary@transformation 

that@can@replace@the@calculation@by@complex@numbers@with@real@numbers ， was@proposed@to@reduce 

the@computational@complexity@and@to@achieve@better@speed@of@the@algorithm@[108][109] ， On@the 

other@hand ， the@estimation@of@signal@parameters@via@rotational@invariance@techniques@(ESPRIT) ， 

which@is@used@to@compute@phase@differences@between@subarray@antennas,@has@been@proposed@[110]   

A@spectrum@search@is@unnecessary@in@ESPRIT ， although@it@has@essentially@the@same@accuracy@as 

the@ MUSIC@ method ， ESPRIT@can@ be@ classified@ into@ LS-ESPRIT@ (Least-Squares)@ [110]@ and 

TLS ， ESPRIT(Tol3-Least 。 Squares Ⅰ   ll Ⅰ   according@ to@ the@ methods@ used@ for@ c8cul   tng@ the 

phase@ differences@ of@two@ subarrays ， The@ method@ using@the@ Unitary@ transformation@ has@ been 

proposed@as@well@as@the@case@of@the@MUSIC@method@[112][113] ・ Moreover ， these@algorithms@have 

been@extended@to@2D@or@3D ， and@can@si     ultaneously@esti     ate@not@only@DoA@in@the@horizontal 

plane@but@a Ⅰ   o@the@diec Ⅰ     ons@of@el   vatons@and@dCay@Tme@L   14]@-@L   17] ， 

Recently ， DOA-based@ adaptive array antennas have been studi   d ， When uSng DOA-based 

adaptve@ array@ antennas@ in@ the@ fading@ channC   ， @@   @@   necessary@ to@ es Ⅰ     mate@ DOA@ very@ ea Ⅱ   y 

because@of@rapid@changes@in@propagation@characteristics@[118]   

To‥e@   wih》hese｝robl   ms ， the。iSVD・   Ⅰ   erati   nヾ@     gul     r-V3ue．ecompo3tion)［ethod 

[@  9]  [@  l]. PAST  (P 凹 ection  A  ppl.0 ㎡ @ 田 on  Subs 甲 ce  Ⅱ・㏄Ⅱ㎎ ) method  LI2 刈 ・ a Ⅱ d  PASTd 

ご ・， 叫 e ㎞ oll  A  p 川 ， 0 ㎡Ⅲ㎞ 0@l  SubS 戸 ㏄Ⅱ・ 陀 c Ⅲ 叩 )  Ⅲ e 山 0d  ll2 引卜 Ⅳ e  been  pl.0p0sed  alrd 

investigated ， These@ methods@ are@ characteLzed@ by@ succes3ve@@     upda Ⅰ     ng@ eigenvectors@ in@ the 
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signal@subspace@of@a@correlation@matrix ， and@have@been@applied@to@MUSIC@and@ESPRIT@methods   

Ⅰ・ J, ヲぶク召 CI ぴ下 C は tro れタ 0/DO ノゼ Sf ⅠⅢ afro れギア タ ブ Ⅰ 打 ?S 

The@ performance@ of@the@ conventional@ method@ during@ DOA@ est@     ation@ was@ evaluated@ by 

performing@ simulations ・ For@ example ， the@ accuracy@ of@ the@ method ， which@ measures@ the 

magnitude@ and@the@ angle@ by@rotating@the@ antenna ， was@ evaluated ・ The@ antenna@ pattern@ in@ this 

simulation@is@shown@in@Fig ・ 1-5@(a) ・ The@half-bandwidth@of@the@antenna@is@30o ・ The@result@in@the 

case@of@one@arrival@ wave@at@an@angle@of@0@@ is@shown@ in@ Fig ， 1-5@ (b) ・ This@result@indicated@that 

DOA@can@be@estimated@correctly ， Then ， the@case@of@two@arrival@waves@was@si     ulated ・ Fig ， 1-6@(a) 

shows@the@results@for@arrival@waves@at@0@@and@35o ， and@again@the@results@confirmed@that@DoA@can 

be@ estimated@ in@ this@ case ・ On@the@ other@hand ， Fig ・ 1-6@ (b)@ shows@ the@ magnitude@ of@received 

signals@ at@ each@ angle@ with@ arrival@ waves@ of@0@@ and@ 25o ・ The@ estimation@ result@ was@ 11o 。 and 

therefore@this@system@could@not@distinguish@between@the@two@arrival@waves ・ These@results@suggest 

that@it@is@poss ⅠⅠ   for@the@DoA@estimati   n@error@to@be@about@11@@with@tHs@system   

Then ， the@specification@of@MUSIC@was@carried@out ・ A@simulation@was@conducted ， in@which@two 

arrival@ waves@had@ an8es@of@0@@ and@25o ・ The@array@antenna@was@a@2@ x@ 2@planar@array@ wih@an 

interv8@   between@e Ⅰ   ments@of@0.4@wave Ⅰ   ngths ， The@Sze@of@th Ⅰ   array@antenna@became@about@15@x 

15@ cm@ at@900@ MHz ， Fig ， 1-7@ shows@the@MUSIC@spectrum@ of@this@ s Ⅰ     ulation ， and@the@results 

indicated@that@this@system@can@distinguish@between@the@two@waves@and@estimate@DoA@correctly   

It@is@necessary@to@search@the@range@of@about@ 100@meters@in@the@radius@if@the@distance@between 

trans Ⅲ     tters@and@the@system@is@500@meters@and@DoA@is@est*   ated@at@two@points ， as@shown@in@Fig   

1-8.@Thus@the@efficiency@of@using@this@system@for@area@design@is@not@good ・ To@resolve@this@problem ， 

the@ half ， bandwidth@ of@ the@ antenna@ used@ is@ sharper@ than@ the@ resolution@ needed@ for@ DOA 

estimation@systems ・ However@the@size@of@the@system@becomes@large@due@to@the@requirement@of@the 

large@antenna@for@high@resolution ， and@this@results@in@the@high@cost@of@the@system ・ On@the@other 

hand ， it@was@ confirmed@that@systems@using@ MUSIC@are@better@for@efficiency@ area@design@than 

conventional@methods 。 because@the@range@of@transmitters@in@the@case@of@MUSIC@is@narrowed@to@a 

greater@extent@than@in@the@case@of@an@antenna@w*h@a@shape@pattern,@as@shown@in@Fig ・ 1-5@(a)   

D( 日 ):     一 90 三日三 90   

(H)H== 一 1og102 
l           [coS0/, Ⅰ   )   
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90 

Angeーdegree] 

(a)@Antenna@pattern (b)@El   tFc8@   intenSty@(one@arFv8@   wave) 

Fig ・ 1-5、ntenna｝attern‖nd《imulation〉esults・ 

@ l ' l 1 1 『 1 1 l ' l 『 『 i   

Angle@[degree] A ㎎ le  [de 肛 ee] 

(a)@B@   tri   3@   i   tenSty@(0 ， 35@L   egreC) (b)Elec ㎡ cal ㎞ tens れ y  (0 ・ 25  [de 田 ・ ee]) 

Fig ・ 1-6 Es Ⅰ     ma Ⅰ     on〉esu Ⅰ   s『i   h〉ota Ⅰ     on｛f》he‖ntenna 
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Fig ・ 1-7@MUSIC@spectrum@(0 ， 25@[degree]) 

  

A@point@of@a@measurement 

(a)  The  case  of  the  conventional  method 
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(b)@The@case@of@the@MUSIC@method 

Fig ・ 1-8@Search@ranges 
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7 。 3.4  D0 Ⅸ ぜ lrfr 川町ガ 0 れ %Sr ピ打 Ⅰ   / わ r ァ巴ぬ C 加持 卍 ごた れ 7C0 ざぬ 

The@advantages@of@DoA@estimation@systems@ uSng@the@array@antenna@are@that@DoA@can@be 

estimated@ w Ⅰ   h@ higher@accuracy@ and@ resoluTon@ uSng@ super-resoi     ton@ methods,@ such@ as@ the 

MUSIC@ method ， and@ it@ @@   posSb@@   to@ estimate@ arri   @@   waves@ Ⅰ   8l@ Ⅰ     recti   ns ・ Thus ， DOA 

estimati0n  syste@nswi か h  a は ay  ante 肝 nas Ⅱ s ㎞ 芭 M  U  SIC  0fESPR  I 「「 are  desifed  fbrdes 柊 ning  areas 

in@cellular@systems@[76] ・ 

However ， when@the@array@antenna@@@   used,@forward/backward@(F/B)@spaT8@   smoothing@[123 Ⅰ   

wh Ⅰ   h@faClitates@DoA@es Ⅰ     mati   n@of@corrCated@waves 。 requies@many@CementS@     th@@   resUts@in@a 

high@expendiure@on@recCvers@wih@an@increase@in@the@woght@and@Sze@of@the@estima Ⅰ     on@system   

Such@ a@ heavy@ and@ large-Szed@ system@ cannot@ be@ transported@ in@ an@ outdoor@ env*onment@ to 

measure@the@arrival@ waves ・ Although@the@method@that@uses@the@ Fourier@transform@is@useful@ for 

reducing@the@effects@of@correlated@waves@[124] ， it@is@difficult@to@apply@this@method@for@estimation 

of@DoA@in@urban@areas@because@ it@is@assumed@that@correlated@waves@origi   ate@from@f Ⅰ   ed@or 

regularly@mo Ⅴ     ng@trans Ⅲ     tters ・ Thus ， F/B@spatial@smoothing@is@required@for@DoA@esti     ation@in 

urban@areas ， 

As@a@soluton@to@these@prob Ⅰ   ms,@a@method@has@been@devCoped@@@   wh Ⅰ   h@a@linear@array@or@a 

planar@array@is@translated@to@sweep@or@rotate@an@area@and@DoA@are@estimated@using@data@obtained 

by@synthesizing@these@data@[128][129] ・ This@method@can@achieve@performance@equivalent@to@that 

of@a@planar@array@occupying@an@area@of@a@s Ⅰ   ilar@size ， and@can@be@applied@to@super-resolution 

methods@such@as@MUSIC ・ The@performance@of@the@moving@linear@array@is@expected@to@be@si   ilar 

to@that@of@a@re8@   antenna@array@that@occup*   s@the@same@area@as@that@swept@by@the@linear@array@of 

antenna@e Ⅰ   ments ・ Therefore,@the@movi   g@linear@array@system@has@been@termed@a@"vitu8@   pl   nar 

array ・ "@THs@method@cannot@be@used@to@estimate@the@DoA@when@carr Ⅰ   r@synchroRzat*   n@has@not 

been@established@because@when@the@linear@array@moves ， there@may@be@a@phase@difference@between 

the@carrier@frequencies@of@the@wave@transmitter@and@receiver ， Therefore,@the@phase@difference 

cannot@be@calibrated@accurately@as@measurements@at@each@position@are@obtained@at@different@times ・ 

Therefore ， this@method@can@estimate@ DOA 。 when@synchronization@ is@achieved@ by@ connecting 

transmitters@to@recCvers@uSng@cab@   s,@because@the@synchronizaTon@can@compensate@for@the@ Ⅰ     me 

differences@ between@ linear@ arrays@ at@ each@ poS     Ⅰ     on ・ However,@ @@   indoor@ env Ⅰ   onments@ thi   

measurement@ can@ be@ conducted@ and@ DOA@ can@ be@ es Ⅰ     mated,@ while@ in@ the@ case@ of@ outdoor 

envi   onments@ th@@   measurement@ cannot@ esTmate@ DOA@ because@ base@ staTons@ cannot@ be 

connected@to@the@DoA@esTmaTon@system@uSng@cabl   s ， 

A  method  was  developed  in  w ㎡ ch  m  easull.ement  of  rece@v ㎞ 笘 powve@. can  be  ac Ⅳ eved  by 

Sca 円円 @ 口陪 the  lnaln  beam  O 「 口 Ⅱ @  W  Ⅱ h  ひ Ⅱ               phase《hiter‖s《hown　     Fig ， 1-9》o〉educe》he 

C0s10l 、 DOA  eStimaholls シ ・ ste@ns  [@  0][@  l]. H  oWever,t 卜 e  acC Ⅲ℡ cy  d Ⅲ㎞ g  DOA  est ㎞ latio@1  ほ 
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not@better@than@the@MUSIC@ method@ uSng@a@planar@array ， Thus ， a@DoA@estmaton@system@ has 

been@proposed@in@wh Ⅰ   h@data@measured@by@sever8@   radiaton@patterns@of@the@array@antenna@uSng 

analog@ phase@ shifters@ are@ applied@ to@ beamspace@ algorithms ， such@ as@ beamspace@ MUSIC ， 

MoreoveP Ⅰ a@ DOA@ estmaTon@ system@ was@ devCoped@ that@ uses@ an@ el   ctroni   3ly@ steerabl   

parasitic@array@radiator@(ESPER)@antenna ， which@can@change@the@radiation@pattern@by@parasitic 

elements@ [135]-[138] ・ However ， as@the@ measurement@times@ using@each@beam@ are@ different@ in 

these@methods ， synchronization@between@trans Ⅲ     tters@and@DoA@esti   ation@systems@is@needed ， 

and@thus@these@systems@cannot@be@used@to@estimate@DoA@in@outdoor@en Ⅴ     ronments   
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(a)@Virtual@planar@array@by (b)@Virtual@planar@array@by 
sh*ting@a@li   ear@array rota Ⅰ     ng@a@planar@array 

  
(c)@Array@antenna@uSng (d)@ESPER@antenna 

phase@shifter 

Fig CT@ ， 1-9@DOA@estimation@method@for@reducing@the@system@cost 0@ ・・ : 

ワフ -2 



7.4. Ⅰ WrtuaIlP Ⅰ 仰几棚ァ仰 /,i, 仮ノ aI れブ 9 竹れ Ⅱ リ ヤ ん仰 T-sh 血ガ ぜははノア仏ノ aI れセ n れ仰 

As@descLbed@above ， a@method@uSng@an@array@antenna@w@h@a@super ・ resol     tion@method ， such@as 

MUSIC 。 @@   deSred@for@DoA@estmaton@system ， HoweveF@@the@@   rge@number@of@el   ments@requied 

for@F/B@spa Ⅰ     8@   smoothi   g@procedures@resUts@@@   a@Hgh@system@cost ・ Alhough@there@are@systems 

that@use@shif@ng@of@the@array@antenna@or@sever@@   antenna@patterns@to@reduce@system@cost,@methods 

for@compensation@of@phase@differences@between@data@have@not@been@examined@in@sufficient@detail 

to@8low@these@systems@to@be@appli   d@@@   outdoor@envionments   

This@ dissertation@ presents@ a@ DOA@ esti   ation@ system@ that@ correctly@ est Ⅰ     ates@ DOA ， while 

reducing@the@system@ cost ，Ⅰ   this@system ， DOA@can@ be@esti     ated@using@data@obtained@from@the 

virtual@planar@array@antenna@synthesized@by@shifting@in@parallel@and@measuring@with@a@T ， shaped 

array@antenna 「 in@which@a@linear@array@is@added@to@an@element@used@to@correct@phase@differences ・ 

Fig ・ 1-10@ shows@ an@ outline@ of@the@ propsed@ method@ with@ the@ T ・ shaped@ array@ antenna@ for 

syntheSzng@ data@recCved@ by@the@virtu8@   plane@ array ・ Fist,@ arFv@@   waves@ are@ measured@ with 

T-shaped@ array@ antenna@ at@ cert8n@ poStion,@ then,@ *@   @@   shifted@ in@ par8   Ⅰ   l ・ In@ th@@   case,@ the 

T ， shaped@array@is@shifted@so@that@the@central@element@of@the@original@position@and@the@outstanding 

element@ after@ movement@ may@ overlap@ as@ shown@ in@ Fig ・ 1-10.@ The@ overlapping@ data@ of@two 

elements@is@compared@and@the@data@of@the@next@line@is@synthesized ・ Repeating@this@operation ， the 

data@received@by@virtual@planar@arrays@is@obtained ， DOA@can@be@estimated@with@its@data   
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Comparison@of@phases 

  

  
Fig ， 1-10@The@proposed@method 
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Th*@   method@can@reduce@the@number@of@antenna@Cements@requied ， and@thus@has@the@followi   g 

advantages     

@ Reduced《ystem…ost 

@ Can｜e‖ppl@   d》o《uper ， res0uton［ethods,《uch‖s｀USIC ， with‖n‖rray‖ntenna 

Another@ advantage@ may@ be@ reduction@ of@the@ influence@ of@mutual@ coupling@ between@ antenna 

elements ， 

The@ number@of@shifting@operations@ is@ determined@by@ the@number@of@elements@in@the@virtual 

planar@array@required@for@the@DoA@estimations@and@the@T ， shaped@array@antenna ・ For@example ， 

when@an@N@x@N@planar@array@is@used@for@DoA@est*     ation ， the@number@of@shifting@operations@is@N@- 

1@t*     es@those@of@an@N@+@1@T ・ shaped@array@antenna ， In@fact ， the@proposed@method@can@replace@the 

N@x@N@planar@array@with@an@N@+@1@T ・ shaped@array ・ Although@the@proposed@system@requires@a@unit 

for@array@shifting ， if@the@cost@of@the@unit@is@the@same@as@that@of@a@receiver@and@an@analog 。 digital 

converter ， the@ cost@ of@the@ proposed@ system@ is@ reduced@ when@ the@ number@ of@shifts@ required 

becomes@greater@than@or@equ8@   to@three ， The@cost@of@the@un*@   for@the@sh Ⅰ   ti   g@of@the@array@antenna 

for@the@experiments@described@here@was@practically@less@than@1/100@as@compared@with@that@of@the 
receiver@and@the@ADC ， Therefore ， the@proposed@method@is@effective@in@reducing@the@system@cost   

In@urban@areas ， it@is@easier@for@individuals@to@measure@the@DoA@while@walking@as@the@estimation 

system@is@small@and@lightweight ， Moreover ， it@is@possible@to@apply@the@proposed@method@to@DoA 

estimation@systems@with@phase@shifters@or@ESPER@antennas@that@install@elements@for@corrections 
of@difference@phases@due@to@differences@in@measurement@times ， Thus ， the@systems@with@phase 

shifters@or@ESPER@antennas@may@be@able@to@esti   ate@DoA@when@it@is@impossible@to@synchronize 

between@transmitters@and@receivers   

/.7.2  % 九名 訪 od し 2 Ⅰ 釧れ妨せ S 邸 1 れどぱ 4%  ァピ c ピ Ⅳ ピ ガム ノノ甘甘 u は Ⅰ タ ⅠⅠ れ a ァ仰アイ仰ノ 仰れゴ名れれば 

In》his｝roposed system ， it is i   portant》o compare data of｛verlapping elements ， Three 

methods@synthesizing@virtual@planar@array@are@proposed@in@this@dissertation ・ The@first@method@is@to 

synthesize@data@of@the@virtual@planar@array@by@comparing@data@of@overlapping@elements@of@the 
T-shaped@array@antenna@and@correcting@the@different@phases@between@linear@arrays ， assuming@that 

ar Ⅰ     v@@   waves@are@Snusoid8@   waves@ of@the@same@frequency@oUy ， Th@@   method@ @@   based@on@the 

proposed@system   

The@second@method@uses@the@ Plot@Sgn8@   in@CDMA@systems@to@correct@the@diferent@phases 

between@linear@arrays ・ When@the@arUv8@   waves@are@modul   ted@by@random@Sgnal   「 the@method 

uSng@the@virtu@@   pl   nar@array@cannot@estimate@the@DoA ， The@shit@@@     phase@cannot@be@determined 
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as@the@phases@of@the@recCved@waves@change@randomly ， Thus,@@@   @@   imposSb@@   to@c8ibrate@the 

phase@ differences@ between@ linear@ arrays@ because@ the@ measurements@ at@ each@ poS     Ⅰ     on@ are 

performed@at@diferent@times ， That@i   ,@the@method@in@whi   h@ ⅠⅠ   assumed@that@arLv8@   waves@are 

Snusoid@@   waves@cannot@estmate@DoA@in@ urban@areas 、 HoweveL@@on@the@assump Ⅰ     on@that@the 

arrival@ waves@ are@ only@ e Ⅲ     tted@ by@ the@ trans Ⅲ     tters@ of@CDMA@ systems ， such@ as@ I@S-95@ and 

CDMA2000 。 pilot@signals@for@the@compensation@of@fading@and@the@synchronization@of@spreading 

codes@are@always@included@in@the@arrival@waves@and@in@identical@repeated@signals ， as@described@in 

Sec ・ 1.2.2.@Therefore 「 the@pilot@signals@can@only@be@obtained@by@despreading@the@received@signals ， 

Moreover 『 it@is@possible@to@calculate@the@phase@differences@at@each@position@by@despreading@these 

Sgn8s ・ USng@these@ characteriti   s ， the@ data@of@the@ Ⅴ     rtu8@   p@   nar@array@are@synthesi   ed ， and 

DOA@can@be@est*       ated@in@urban@areas   

The@ l   st@ method@ i   vol   es@ syntheSZng@ data@ recoved@ by@ the@ Ⅴ     rtu8@   Panar@ array@ uSng 

ei   envectors@of@correlat*   n@matrices ・ The@method@Wth@pilot@signals@of@CDMA@systems@cannot 

estimate@DoA@when@arriv@@   waves@do@not@i   Cude@P     Ⅰ   t@Sgnas ・ Although@it@@@   important@for@area 

deSgns@in@urban@areas@to@d*   cover@il Ⅰ   gal@repeaters@that@transm@@   interference@waves,@the@method 

using@pilot@signals@cannot@distinguish@the@illegal@repeaters ， because@the@waves@from@these@illegal 

repeaters@are@Snusoid3@   due@to@osCllaTon@or@wide@band@noie@wihout@pilot@Sgna Ⅰ   ， To@resolve 

th@@   prob Ⅰ   m,@a@method@uSng@Cgenvectors@of@corroaton@matFces@c8c ℡   ated@from@data@recCved 

by@the@T-shaped@array@antenna@was@proposed@to@estimate@arrival@waves@that@are@random@signals ， 

Th Ⅰ     method@makes@use@of@the@characteri   Ⅰ     c@that@ogenvectors@of@correlaTon@matrices@have@phase 

information@of@mode@vectors@corresponding@to@the@angles@of@arrival@waves ， 

In@this@study ， the@MUSIC@method@was@used@as@the@DoA@estimation@algorithm 。 although@the 

three@ methods@can@ be@applied@to@ most@ DOA@estimation@ algorithms@ using@ array@ antennas ・ As 

MUSIC@has@a@high@degree@of@accuracy ， super-resolution ， and@ is@generally@more@efficient@than 

ESPRIT@ when@ uSng@ a@ p Ⅱ   nar@ array ， Although@ DOA@ can@ be@ estimated@ correct@@   with 

super-resolution@algorithms@when@there@are@no@mutual@couplings@between@antenna@elements ， the 

effects@of@mutual@coupling@and@errors@reduce@the@accuracy@of@estimations@in@real@systems ， IfDoA 

esTmaTon@error@is@wiHn@3o ， the@DoA@es Ⅰ     mation@system@can@ditng Ⅱ     sh@the@transmiters@located 

500@meters@from@the@system@in@the@range@of@radius@of@25@meters;@thus ， the@DoA@system@can@ Ⅰ nd 

the@transmiters@effectvoy@ [76 Ⅰ   Therefore ， the@target@of@accuracy@of@DoA@estmaton@@@   wihin 

コ Ⅰ 

。 5  0 Ⅱ 士 ⅡⅡ e  OfDiSSe 丘 tat;o 皿 

T Ⅱ ls  c Ⅱ ssel.ta Ⅱ o 口 ls  orga 口 lzed  ぬ ssho ⅡⅡ l Ⅱ ド l ぎ ・ l-ll.l Ⅰ Ch ぬ ple@.2 、 nhe  b ぬ slc  eharacte Ⅱ lstlcs  o Ⅰ 
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the@ proposed@ method@ are@ described ， In@ Chapters@ 3@ and@ 4 ， the@ development@ of@the ・ proposed 

method@ is@ described ， along@ with@ its@ application@ to@ DOA@ est Ⅰ     ation@ when@ arrival@ waves@ are 

waves@in@a@CDMA@system@or@random@signals ， such@as@noise ， 

Chapter@2@presents@the@base@characteristics@of@the@virtual@planar@array@by@shifting@the@T ・ shaped 

array@antenna@in@DoA@esti     ations ， when@it@is@assumed@that@arri   al@waves@are@sinusoidal ， Ⅱ   the 

proposed@method ， the@estimat Ⅰ   n@accuracy@@@   thought@to@be@i   f Ⅰ     enced@by@the@synthet@@   accuracy 

of@the@data@recCved@by@the@virtu8@   planar@array@antenna@to@use@data@w*h@different@measurement 

times ， In@addition ， there@is@a@possibility@of@position@errors@due@to@parallel@shifting@of@the@T"shaped 

array@antenna ・ Therefore,@these@in Ⅰ uences@on@esTmation@errors@were@ev3uated@by@carrying@out 

simulations@ and@ experiments@ in@ an@ anechoic@ chamber ， and@ the@ effective@ and@ limited 

characteristics@of@the@proposed@method@were@confirmed   

Chapter@3@describes@the@synthesizing@method@using@pilot@signals@in@the@CDMA@system ， This 

method@can@be@used@to@est Ⅰ   ate@the@arrival@waves@transmitted@by@CDMA@systems ， such@as@IS-95 

and@CDMA2000.@The@si   ulation@results@confirmed@that@the@accuracy@of@the@est Ⅰ     ation@based@on 

the@ virtual@ planar@ array@ was@ the@ same@ as@ that@ based@ on@ the@ real@ planar@ array ・ Then 。 the 

effectiveness@of@the@proposed@system@was@demonstrated@by@experiments@in@the@anechoic@chamber 
and@an@outdoor@environment ． 

Chapter@4@described@the@method@ofDoA@estimation@with@a@synthesized@virtual@planar@array 

using@eigenvectors@of@correlation@matrices@calculated@from@data@received@by@a@T-shaped@array ・ 

This@ method@ can@ be@ used@to@ estimate@ DOA@when@ arrival@ waves@ are@ coherent@waves ， which@ are 

random@ signals ， The@ performance@ of@ the@ proposed@ method@ was@ demonstrated@ through 

SmulaTons@ and@ expe Ⅰ     ments@ in@ an@ anechoic@ chamber,@ and@ the@ resuls@ conf Ⅰ   med@ the 

effectiveness@of@this@method ， Chapter@6@presents@the@conclusions   
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uSng@T-shaped@array 

  

Fig ・ 1-11@Structure@of@dissertat Ⅰ   n 

Ⅰ 7 



Ths@ chapter@ i   troduces@ the@ DOA@ esti   ation@ system@ Wth@ the@ vitual@ planar@ array@ antenna 

synthesized@by@the@T-shaped@array@antenna ， In@the@proposed@method ， arrival@waves@are@received 

with@shifting@of@the@T ・ shaped@array@antenna ・ Data@received@by@the@virtual@planar@array@antenna@are 

synthesized@correcting@the@different@phases@between@linear@arrays@by@comparison@of@overlapping 

elements ， and@the@DoA@are@estimated@using@these@data ・ In@this@chapter ， it@is@assumed@that@arrival 

waves@ are@ sinusoidal@ waves@ only@ for@ basic@ evaluation@ of@ the@ proposed@ method ， and@ the 

performance@of@the@proposed@method@during@DoA@est*   ation@is@evaluated@based@on@s Ⅰ   ulations 

and@experiments@in@an@anechoic@chamber ，   

The@method@described@here@may@not@estimate@ DOA@when@radio@waves@representing@different 

random@ data@ from@ several@ sources@ arrive@ and@ phases@ of@the@ data@ received@ by@ the@ compared 

elements@cannot@be@measured@due@to@degradation@of@the@signal@to@noise@(SN)@ratio@by@multipath 

fading ， However ， this@method@performs@ DOA@estimation@when@arrival@waves@ are@sinusoidal@or 

are@phase ・ modulated@by@the@same@signals@and@it@is@possible@to@measure@signal@components@in@the 

two@ compared@ elements ， Therefore ， with@ the@ establishment@ of@ frame@ synchronization ， this 

method@can@be@applied@to@systems@in@which@reference@signals@from@several@transmitters ， which 

are@the@same@waves@phase-modulated@in@preamble@or@training,@are@received   

2.2@ Method@ of@synthesizing ata  O  Ⅰ a  V 五拍 t Ⅰ 且 在五Ⅰ a ぬ a ダ ar ダ ay 

antenna@using@T-s apeda アド ayan Ⅰ en Ⅱ a 

Th@@   section@descLbes@the@method@used@for@syntheSZng@data@recCved@by@a@vitu@@   Panar@array 

antenna ・ Fist,@the@DoA@estima Ⅰ     on@method@uSng@a@convention@@   Panar@array@@@   exP8ned,@and 

ワ - 8 



then@ the@ method@ for@ syntheSZng@ data@ reai   ed@ by@ movi   g@ the@ T ・ shaped@ array@ antenna@ i   

presented ， 

Z,Z. Ⅰ DO 八 % Ⅰが 打 ? 甘ガ 9%/ 竹化プ 古けれ 竣ガ 7n?= Ⅱ P Ⅰ甘れ 仰ァ aI 丹仰ノ aI 打佗 打打 仰 

Antenna@el     ments@are@arranged@ in@ an@ M@x@TV@Panar@array@ at@regUar@interva@@   of@AJ@on@the 

x-ax@@   and@@@y@on@they ， axi,@as@shown@in@Fig ， 2-1.@The@ar Ⅱ     v3@   waves@are@inCdent@on@the@array@at 

an@angle@of@ 0. ， as@shown@in@Fig ， 2-2.@ In@this@case ， the@DoA@can@be@est Ⅰ     ated@by@applying 

MUSC@or@ESPRI   ， However ， the@recei   er@cost@wou@@   Ⅰ   crease@as@several@elements@are@required 

to@estmate@the@coherent@waves ・ These@prob Ⅰ   ms@will@be@resolved@and@accurate@esTmaTons@will 

be@posSb@@   if@the@data@recCved@by@the@pl   nar@array@are@reaized@w@h@an@array@antenna,@in@whi   h 

the@number@of@antenna@e4   ments@ Ⅰ   smal   

く Ⅰ ， Ⅰ )               ( Ⅰ ， ⅠⅠ ) (1, ノ ㌧ り 

㎝ ズ， ] 

Ⅹ 
  

antenna‘ Ⅰ   ment 

Fig ・ 2-1@Planar@array@antenna 

D9 



ノ 

incident@wave 
  

Fig ・ 2-2@DOA@of@incident@wave 

2,2.2  % Ⅰ せゴ血 0 は q Ⅰ 埋 れ fA 化と叱 J れまぱ の すはァビ c ゼ J ノ化は坤仰ノ I ァ f はは Ⅰ Pi Ⅰれぱ ァ棚ノアはノ ぱ % ゴ化 れれば 

This@subsection@describes@the@method@of@synthesizing@data@received@by@a@virtual@ planar@array 

antenna@to@reduce@system@costs ， This@method@uses@base@band@signals ， which@are@complex@data 

received@by@the@T-shaped@array@antennas@and@down ， converted 。 when@arrival@waves@are@sinusoidal 

waves ， These@received@data@have@periodic@characteristics ， as@shown@in@Fig ， 2-3 ， and@it@is@possible 

to@ syntheSze@ virtu8@   data@ received@ by@ the@ planar@ array@ antenna@ uSng@ these@ characte Ⅱ     stcs   

Synthesizing@data@received@by@a@virtual@planar@array@antenna@ Ⅰ     plies@that@a@real@array@antenna@is 

used@to@receive@the@arrival@waves ， and@the@received@data@are@used@for@realization@the@same@as@data 

received@by@the@conventional@planar@array@antenna ， 

Fig ， 2-4@shows@one@method@wih@an@N@linear@array@antenna@for@synthesiZng@data@rece*   ed@by 

the@virtual@plane@array ・ The@arrival@waves@are@measured@by@the@linear@array@at@a@certain@position 

when@carFer@synchronizaTon@between@transm*ters@and@the@receiver@*@   establ*   hed ・ Then,@ar Ⅱ     v8   

waves@ are@measured@by@the@linear@array@after@shifting@parallel@ only@ at@element@ intervals ・ This 

operation@is@repeated@M@times ， and@measured@data@are@synthesized ， such@as@for@the@M@x@N@planar 

array@antenna ・ DOA@can@be@esti   ated@by@applying@these@data@to@2D@discrete@Fourier@transform@or 

the@ MUSIC@ method ， When@ carrier@ synchronization@ between@trans Ⅲ     tters@ and@ receivers@ is@ not 

established ， a@received@signal@is@measured@at@actual@points@because@there@is@not@a@reference@for@the 

start@of@sampling@although@it@must@be@sampled@at@ideal@points@for@DoA@estimation@as@shown@in 

Fig ， 2-3.@ Thus ， DOA@cannot@usually@ be@ estimated@ by@ this@ system@ because@ it@ is@ not@ able@ to 

conSder@diferences@@@   Ⅰ     ming@at@the@start@of@samPi   g@at@each@ linear@array@in@the@case@of@data 

recCved@over@3ong@pe Ⅴ     od ， 8though@the@ Ⅰ     me@for@obta     Ⅱ     ng@8l@ data@@@   short@enough@to@ignore 

d 撰 erences ㎞ tlmn ㎞ g  ateachl Ⅲ eara は ay   
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Fig ・ 2-3@Received signal 
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The@linear@array@antenna The@virtual@planar@array 

Fig ・ 2-4@ The@virtual@planar@array@by@the@linear@array@antenna 
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Thus ， this@dissertation@proposes@a@method@for@synthesizing@data@received@by@the@virtual@planar 

array@realized@by@shifting@the@(N@+@ 1)@T-shaped@arrays@as@shown@in@Fig ， 2-5.@When@N@is@even ， the 

(W@+@ 1) ， th@element@is@located@at@a@position@such@that@the@(TV@+@ 1)/2 。 th@element@and@the@(N@+@ 1)-th 

element@after@movement@may@overlap ， as@shown@in@Fig ・ 2-6   

X,@ denotes@data@recCved@by@the@T-shaped@array@antenna@at@a@cert8n@poStion ， K@@@   the@number   

of@samplings ， and@T¥s@the@sampling@interva   ， X,@ @@   gi   en@by     

Xl=  [ Ⅹ @ ，ズ @ 。 ・‥ r ズ @.( Ⅳ 目 ) つコ 

x,,=[xJr),xJ2r),...,xJCT)]7   

wl]ere  X ㎞ (  け =  ㌔・‥ @ Ⅳ 干 1  )  に tl]e  measurement  data  of  the  れ八 I]  e@@ent  and 

x@{kT){k@=@¥ ，，・・， K@)@is@the@k ，・ th@data@sampled@at@the@n ， th@element ・ Then ， the@T"shaped@array 

antenna@is@shifted@parallel@ for@a@distance@equal@to@the@interval@between@elements@(see@Fig ・ 2-6) ， 

and@ X@@ is@the@data@received@at@the@location ， and@is@given@by     

X2 二 [ % 刀ヮ Ⅹ 22@. ‥ ， Ⅹ 吐 ( Ⅳ +l) ] 

        =[X@T¥X@{IT¥-@{KT@ 

The@ measurement@ sign8s,@ wHch@ are@ x@@,@@ and@ Xg@,,@ are@ approximately@ the@ same 

data ・ sequence@because@the@positions@of@these@data@are@the@same@and@different@phases@between 

arrival@waves@are@not@changed ・ In@thiscase, x@+1 havea‥ifferent｝hase’rom x@@", 、 @ due 

to@the@difference@in@measurement@times@because@of@the@time@taken@for@the@parallel@ shift@of@the 

T ， shaped@array@(See@Fig ・ 2-6) ・ However ， X,@ and@ X@@ are@synthesized@such@that@the@difference 

@@   phase@@@   corrected,@syntheSZng@data@recoved@by@a@2@x@N@ Ⅴ     rtu8@   p Ⅰ   nar@array@antenna   

shi 且 
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T ・ shaped@array@antennas 

(M ， N)@ (M ， (N+1)/2)@ (M ， 1) 
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Comparison@of@phases 
 
 Ⅳ
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Virtual@planar@array 

Fig ， 2-6@The@virtual@planar@array@by@the@T-shaped@array@antenna 

「 J- フ 



There@ are@ two@ methods@ for@ calibrating@ the@ different@ phases ・ First ， the@ method@ in@ which 

cross-corrCaTon@v8ues@c8culted@w Ⅰ   h@the@two@data-sequences@are@used@for@syntheSzing@data@@   

described ， The@cross ・ correlation@value@of@the@two@data 。 sequences ， x,@v+n/?@ and@ x 、 ;@@@ ， is 

given@by     

  

C¥(P フ， )=Z ヰ ・Ⅱ +1),2(( 力 0l+/--l)n) ば 2,, Ⅴ。 l((P+i--1) 「 ) 

l Ⅰ i 
(1) 

                I* denotes  a  comp@ex  conU ㎎ ate,  ムじ玉付 is  the  numTlberofdata,and  P0@  is  th]e 

number@of@the@f@st@li   e@of@ X,@ used@for@DoA@es Ⅰ     mati   n@(usu3   Ⅰ   1) ・Ⅰ   @@   assumed@that@rec0ved 

dala@have@periodicity@in@this@method ， and@thus@it@is@necessary@that@the@number@of@data@K@is@greater 

than@ two@ cyCes@ of@ the@ samp Ⅰ   d@ Sgn3@   and@ the@ number@ of@ data@ for@ computi   g@ the 

cross ・ corrCati   n@v8ue@p@@@   greater@than@one@cyc@@   of@samp Ⅰ   d@Sgn8   ， p@@@@   p@that@8ves@the 

maximum@ C{p) ， the@ number@ of@snapshot@ Ⅰ   YfY@K} ， X,@ and@ X@@ used@ for@ DOA 

esTmaTon@are@extracted@from@ X,@ and@ X 。 ,@ as@follows     

X, 舌 [ 盆 ", 丑 Ⅰ，，・，， 丑 ，Ⅳ ] 
    

  あ ， ( 妾 0 ， r) ㌦ ( 妾 0 Ⅰ ) 
  

工 W( 尹 0 ， 笘 ) 

    
ヰ ， (( 尹 0 。 十 1) 「 )  円 ， (( 妾 n, 十 1) 「 )       エ卜 (( 尹 .1+1) 「 ）     

  
x2 二 Ⅰ 宝 2l, 宝 ， 2,..., 丑 、 。 ] 

  

りげ " り 巧 2( ん r) 
  

  @@N@(Al7) 
    Ⅹ 2,(( 妾は十 1)r) 

ガ 22(( ナは +1) 「 )  ‥・Ⅹ 2 曲 (( 尹は十 i) 「 ) 臼 R ア，八   

-x2l ㏍ 戸 n+Y 一リ r)  x22 ㏍ A は +y 一 Dr)  ‥・ x2 人，㏍ P は 4,y 一リ 「 )   

where@ R@@@ denotes@a@set@of@Y@x@N@real@number@matrices ， By@repeating@the@above@procedure ， 

A ， ::-);@@ @@   @l@i@ted@for@each@data@sampld@at@over@   pping@elments ， and@data@recCved@by@the 

v@tu8@   planar@array@antenna@are@syntheSzed@as@follows     

 
 

 
 



x Ⅵ =p 文 ・， 文 2,       ， x"  ｜ E Ⅳ ，， ", 八 

二 ["  X  li)...,X  " l.h@,X  "  2l)... 、 "  X2,v,...lX,A./@,...lX, "  " 、 Ⅰ 八 l ] 

  

xn,/l[p(m, （ 一 lL).n,l 「 ） x,,,2 "  p( り， - り れ @ T ） エ lll へ ，， （ 

  Ⅹ @@l つ （ [p@),,,+l)T （   
X" 二 

+y lnr)  一 x,,,2(( 妾 (,,, 一 l).,,,+/ 一 1) 「 ) Ⅹ nl@,v （ （ 力け - け "+y 一 l) 「 )   

where@ R@ denotes@ a@ set@ of@ V@x@ A@V@real@ number@ matrices ， This@ method@ is@ defined@ as@ the 

method@uSng@the@cross-corrGaton@v8ue   

Next ， the@other@method@for@synthesizing@data@is@explained ， The@received@signals@are@sinusoidal 

waves@with@the@same@frequencies,@and@thus@data-sequences@ x,@,@@,@  and x@ ， ,i are SIn Ⅱ SOlda@ 

waves@with@a@certain@constant@phase@difference ， To@reduce@the@ influence@of@thermal@noise ， this 

method@calculates@the@average@phase@difference@between@ x,@   ， N@/@@and@ x@@@, ， which@is@given 

by     

  
Using@ (f) @@ ， to@calibrate@the@phase@difference@due@to@the@differences@in@measurement@time ， the@data 

without@the@phase@difference@are@given@by     

X@=X"xe'@ [ 「１ 1 コ 

xK  =  [ XX2l,x229. ‥， x2, Ⅳ ] 

By@ repeating@the@above@ procedures ， the@data@without@phase@ differences@ due@to@differences@ in 

measurement@ti   e@can@be@obtained@as@follows     

XI@ /@@@=@xS/@@@e __@V""@ ,,@/@@@-1@in   

Ⅰ 何 @@. 一 ll@J   
      x ， ,,,e ]'@,@@@1                     .X.,             

コ 」 

X:@,,-LX,,,,l,X, 卸 ，，，・・・ ， X, Ⅱ，・・。 コ (m,,,=¥,..., 沖 ) 

  

姥 7@. 一 1.@l@@=o ( Ⅰ n7  ' = l) 

  

め ，，   -,.,,,, 叉ゅ ， @,-..,,,      (,,,, 、 2) 
fff"=l 

(2) 

4
 

J
 
Ⅰ
 



              ).<@@V+1) 

  

( 打 7" 互 2)   

The@synthesizing@data@received@by@the@virtual@planar@array@are@given@by     

@2@-L   1@2 ，， xA/J 

Th@@   method@ Ⅰ   deHned@as@the@method@c3cUatng@phase@4fferences ・ 

When@ each@ row@of@ X@,@ and@ X@/ 。 ， are@ used@ as@ input@vectors ， DOA@can@ be@estimated@ by 

MUSIC@or@ESPRIT ・ Fig ， 2-7@shows@a@flowchart@of@the@proposed@method ・ The@proposed@method 

assumes@that@positions@of@elements@are@the@same@by@shifting@parallel ， and@thus@it@is@necessary@to 

measure@position@ information@ of@the@T ， shaped@ array@ antenna@correctly ， A@concrete@method@ for 

these@problems@is@described@in@Sec ， 2.4.@The@proposed@method@is@applicable@to@a@linear@array@with 

a@fixed@element@instead@ofaT-shaped@array ， as@illustrated@in@Fig ， 2-8. 

The@number@of@shifting@operations@ is@ determined@by@the@ number@of@elements@ in@the@virtual 

planar@array@required@for@DoA@esti     ations@and@the@T-shaped@array@antenna ・ For@example ， when 

an@N@x@N@p Ⅰ   nar@array@ Ⅰ   used@for@DoA@esTmaton ， the@number@of@sh Ⅰ   ting@opera Ⅰ     ons@@@   N@-@ 1 

times@that@of@an@N@+@ 1@ T ， shaped@array@antenna ・ In@fact 。 the@proposed@method@can@replace@the@N@x 

N@planar@array@with@the@N@+@1@T-shaped@array ， 

Although@the@proposed@system@requires@a@unit@for@array@shifting 。 if@the@cost@of@the@unit@is@the 
same@ as@ that@ of@a@receiver@ and@ an@ analog ， digital@ converter@ (ADC) ， the@ cost@ of@the@ proposed 

system@is@reduced@when@the@number@of@shifts@required@becomes@greater@than@or@equal@to@three   

The@cost@of@the@unit@for@the@shifting@of@the@array@antenna@for@the@experiments@described@here@was 

practically@less@than@ 1/100@as@compared@with@that@of@the@receiver@and@the@ADC ・ Therefore ， the 

proposed@ method@ *@   effec Ⅰ     ve@ in@ reduCng@ the@ system@ cost ・ In@ urban@ areas,@ @@   Ⅰ   eaSer@ for 

individuals@ to@ measure@ the@ DOA@ 、 while@ walking@ as@ the@ esti     ation@ system@ is@ small@ and 

lightwoght ， 
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Fig ・ 2-7@Flowchart@of@the@proposed@met 
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Fi   ・ 2-8ヾyntheSs｛f」irtual｝ Ⅰ   nar‖rray『ihゝ ・ shaped‖rray‖ntenna 

a ダ acteniS Ⅱ C eval Ⅱ atlo 軸 

Th@@   sec Ⅰ     on@presents@the@resu@s@of@the@Smula@ons@performed@to@evaluate@the@effecTveness@of 

the@ vitu@@   Panar@arrays ・ First,@ the@ results@ of@the@ method@ uSng@ Eq ， (1)@ and@ is@ probl   ms@ are 
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i     troduced ， and@a@solution@for@the@probl   ms@@@   presented ， Next ， the@resUts@of@the@method@uSng 

Eq. (2)  are 曲 0VvllrCon] 「 r@l 血 ㎎ 山 eLiSe Ⅲ @t]eSSo 「 tl]e 卍 ・ Op0Sed  l]]e 小 Od. ㎞ 血 ePl.0poSed  lne 山 OdS, 

Ⅱ le  eSt@]]ah0n  九 Ccu ドぬ cy  ls  th0 Ⅱ ght  t0  be  lnnuenced  by  the  Sy ロ thetlc  acCL Ⅱ   ac),  O Ⅰ the  data 

I.ecelved  by  t わ e  vlrtUai pla Ⅱ 盆 r ぬ Ⅱ   れ y  は nten 皿 a  to  uSe  data  w,lth  di 「 here Ⅲ t  lne ぬ Surelne 目 tt ⅡⅥ eS. ln 

add Ⅰ   ion ， there@@@   a@posS5liy@of@poSton@errors@due@to@par3l   l@sHf Ⅰ     ng@of@the@T 。 shaped@array 

antenna ， Therefore,@the@i     fluences@of@SN@ra Ⅰ     o,@frequency@offset,@frequency@ Ⅰ uctuati   n,@e7.@ on 

es Ⅰ     maTon@errors@were@ev8uated@by@carrying@out@Smuations@in@each@method   

2 。 3, Ⅰガイ 打 IUfl 仁 fIo) れ 0 Ⅰ 打 ? Ⅰ f 古 O ははガ 1 れ 9 すん と C アひ SS-C ガノアピ 7%tIo れ 

2. コ ・ /, Ⅰ CO 打卍はグな 0 打 WI 「 /7 たれ 召はァ仰ググ 笘ノ億 J?f せれれ 仰 

Wl]en  v Ⅱ 寸 ℡ a@ planar  array  ar]tenna  data  are  SyntheSlzed  W Ⅱ h0Ut  Carrler  Synchrony  betvVeel] 

transmitters@and@recovers 。 the@method@uSng@a@linear@array@antenna@cannot@esTmate@DoA@due@to 

differences@in@the@sampling@points ・ On@the@other@hand ， the@proposed@method@can@synthesize@data 

of@virtual@planar@array@antenna@with@good@accuracy ， Therefore ， a@comparison@with@methods@using 

the@linear@array@and@T-shaped@array@antennas@was@performed@by@simulations@when@MUSIC@was 

used@as@the@DoA@esti     ation@algorithm   

The@number@of@elements@in@the@linear@array@was@7 ， and@the@form@of@the@virtual@planar@array@was 

7@ x@ 4@ with@ 3@ parallel@ shifts ， In@ a@ similar@ way ， a@ 7@ x@ 4@ virtual@ planar@ array@ antenna@ was 

synthesized@with@3@parallel@shifts@ofa7+@1@T"shaped@array@antenna ・ When@the@interval@between 

antenna@elements@ is@longer@than@a@half@wavelength ， imaging@peaks@in@angles@without@incident 

waves@exist@in@the@MUSIC@spectrum@because@the@mode@vector@of@an@angle@is@equal@to@the@mode 

vectors@ of@the@ other@ angles ， and@ thus@ DOA@ cannot@ be@ esti     ated ， Thus ， for@ accurate@ DOA 

estimation ， it@ is@ necessary@ for@the@ intervals@ between@ antenna@ elements@ to@ be@ less@than@ a@ half 

wavelength ， However ， the@accuracy@ofDoA@est Ⅰ     ation@decreases@due@to@the@influence@of@mutual 

couplings,@ when@ the@ interv@@   between@ antenna@ el   ments@ Ⅰ   short ・ Thus,@ the@ interv3@   between 

antenna@Cements@was@set@as@0.4@wavCengths ， Tab Ⅰ   2-1@ shows@the@Smula@on@spec Ⅰ   ica Ⅰ     ons   

The@frequency@of@received@data@was@1@ MHz@because@the@chip@rate@for@spreading@codes@is@1@Mcps 

in@systems@providing@services@in@actual@use ， The@sampling@number@was@500 ， snapshot@number 

was@300 ， and@the@data@number@used@to@calculate@the@cross-correlation@value@was@300.@Sampling 

frequency@ was@ 40@ MHz ，Ⅰ   was@ assumed@that@carri   r@ synchrony@ was@ not@estaUi   hed@ between 

transmiters@and@ recCvers ， and@samPi     g@frequency@was@5@ MHz ・ The@number@of@arFv2@   waves 

was@ 6.@ The@ ampliudes@ of@ ar Ⅱ     v Ⅰ   waves@ were@ equ3   ， and@ MUSIC@ was@ used@ as@ the@ DOA 

eSt@na Ⅱ 0n  al%o 円 th@n, 。 「 ト e  Ⅲ ethod  h0 Ⅱ sy ロ theSlzlng  dat 卸 l.ecelved  b).lhe  vl Ⅱ t Ⅱ alpla 口は ra Ⅱ ray  W  aS 

由 atUSl 円 g  the  C@,OSS-COl. ド ela Ⅰ O 円 Val Ⅱ e.The  ⅡⅢ e  れ   0 ⅢⅢ e れ S Ⅱ re Ⅲ entata  Ce ド tal 目 POSltlon  to  the 

Ⅱ e Ⅹ て Ⅲ eaS Ⅲ・ e@llen Ⅰ し Ⅰ   けひ Ⅲ llel S Ⅱ lhl 口目 OrthC    r-Sh れ口 ed  卸 TH). Ⅵ， aS  i Se じ 0 円 d. f Ⅱ thlS  Sl ⅢⅡ l ぬⅡ On. 
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SNR@was@de@ned@ as@follows     

Total@ Electric@ Power 
SNR=101og 

Noise Power 

The@Sm Ⅶ   ati   n@res Ⅶ   t@@@   the@case@of@synchrony@error@was@ 1@x@10@6@ MHz@as@shown@ Ⅰ   Fi   ・ 2-9   

Fg ， 2-9@shows@that@the@system@ with@a@li   ear@array@cannot@estimate@DoA ， whi@@   the@proposed 

system@could@estimate@ DOA ・ This@was@ because@errors@ in@sampling@ points@can@be@corrected@by 

using@ Eq ， (1) ， The@ results@ of@these@ simulations@ confirmed@ the@ effectiveness@ of@the@ proposed 

system   

Table@2-1@Simulation@Specifications 

Array ぬ rm 

  Number｛f‘lements｛f」irtual｝lanar‖rray 

 
 

The@T-shaped@array@antenna 

(7+1@elements) 

The〕inear‖rray‖ntenna 

4 7 elements・ 

          Number@of@element@of@subarray   3x3@elements@(9@elements) 

 
 

  Interval｜etween‘lements   0.4  wavelen 酊 h   

  Number｛f‖rrival『aves   6( 一 140 。 ， @40 。 ， 一 10 。 ， 70 。 ， 100 。 ， 160 。 )   

  SN〉atio   10  dB   

Sampling］umber 

Number@of@data@compared 

Snapshot@number 

5・ 

300 

3@00@times 

"@ 
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  2-9@CompaYson@of@linear@and@T ， shaped@arrays 

2,3.7.2  Co Ⅲ げ仇バは 0 れ ゆ z ゴ百 アヒ 佛 Ⅰ 戸 ぬれ ばァ仰ァァはノ はれた 竹 1 打ぱ 

The  pe Ⅱ formance  of  the  proposed  system  dunng  DOA  esnma 血 on  was  evaluated  by 

comparison@with@the@conventional@method@using@a@real@planar@array ・ The@form@of@the@real@array@is 

a@7@x@4@planar@array@antenna ， and@the@subarray@is@a@3@ x@3@planar@array ・ Oversampling@rate@is@40 

times ， and@the@other@specifications@are@the@same@as@described@in@Sec ， 2.3.1.1. 

Fig ・ 2-10@shows@the@MUSIC@spectra@of@the@simulations ・ It@was@confirmed@that@the@ proposed 

method@ can@ estimate@ DOA@ with@ the@ same@ accuracy@ as@ the@ re8@   Panar@ array ・ However ， the 

MUSIC@ spectrum@ of@the@ virtual@ planar@ array@ showed@ degradation@ due@to@ errors@ in@ sampling 

ponts@wihout@estaUi   Hng@carr@   r@synchrony@and@the@@   f@     ence@of@therm@@   noi   e ・ On@the@other   

hand ， the@differences@in@estimation@results@regarding@electrical@power@from@the@real@ planar@array 

were@about@3@ % ， Thus 。 the@ accuracy@ of@the@ proposed@ method@ With@ regard@ to@ Cectri   3@   power   

estmaton@was@the@same@as@that@of@the@re8@   planar@array   
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Fig ・ 2-10@MUSIC@spectrum@(SNR=@10@[dB]) 

2.3 Ⅰ・ 3  血刀は㎝ ce ヴ SN  M ガ 0 

The  pe 血 or Ⅲ ance  oftheproposed  system  during  DOA  est ㎞ ati0n  waseva Ⅲ ated  by  chang;ng 

the@SN@ratio ， In@this@simulation ， the@SN@ratio@was@varied ， while@the@other@specifications@were@the 

same  asdescribed  ln  Sec.2.3.1.1   

Fig ・ 2-11《hows》he｀USIC《pectrum｛f》he｝roposed［ethod『ith」aryingヾNR ， When》he 

SR@ratio@was@small ， the@dynamic@range@of@the@MUSIC@spectrum@and@accuracy@with@regard@to 

DOA‘sti   ation『ere‥egraded‖s‘n ， ors（n《ynthesizing‥ata（ncreased‥ue》o］oise   

These〉esu Ⅱ   s《howed》hat》he｝roposed［ethod…an‘sTmate．oA『 Ⅰ   h》he《ame‖ccuracy‖s 

the@real@planar@array 。 although@the@proposed@ method@ is@ influenced@ by@the@ SN@ ratio ・ The 

degradaTon〉egarding．oA‘sTma Ⅰ     on‖nd‥ynam ㍉   range｛f》he｀USIC《pectrum…an｜e 

improved@by@increaSng@the@samp Ⅰ     ng@rate@and@iterpolting@data ・ However ， the@computaTon3   

cost》hen（ncreases｜y N2 Ⅰ     mes｜ecause》he〉ecCved‥ata‖re（ncreased｜y¨ Ⅰ     mes『hen》he 

samp   ㎞岳田 teisinc@.easedbyNli Ⅲ es   

40 



  

O
 

-10 

Ⅰ Ⅲ 円 か 

で 一 -20 
つ U 
コぃ 

  日 -30 

ざ芝 
-40 

-50 

Angleーdegree] 

Fg ・ 2-11｀USIC《pectrum｛f〃rtual‾anar‖rrays 

2.3.1 ソ 7 円 戸 "g れ ce  g 戸アン "que れワ q が s"f 

In@ the@ proposed@ method ， the@ limit@ of@correction@ of@differences@ in@ synchrony ， such@ as@that 

shown@in@Fig ・ 2-3 ， may@be@determined@by@the@sampling@frequency ， Therefore ， the@performance@of 

the@relationship@between@the@differences@in@synchrony@and@sampling@frequency@can@be@evaluated 

by@ performing@simulations ・ The@differences@ in@sampling@points@between@ linear@arrays@due@to 

differences@in@synchrony@and@parallel@shifts@are@provided@by@the@initial@phase@at@each@row@given 

by@ uniform@random@ numbers ・ The@number@of@trials@was@ 1000.@ When@esti   ation@ errors@at@each 

arFv3@   wave@were@more@than@ 15a,@these@resuls@were@ignored@as@unab@@   to@be@used@to@es Ⅰ     mate 

DOA ， The@ other@ specifications@ of@the@ si   ulati   ns@ were@ the@ same@ as@ in@ Sec ， 2.3.1.1.@ The 

esti       ation@error@@@ is@defined@as@fo   lows       (3) 

Ⅵ here  し lSt 卜 e  n Ⅶ mbe@.0 Ⅱ ぬ Ⅱ・ lval Ⅵ aVeS.K  @Sthe  ⅢⅡ 口 ]be Ⅱ O ゲ Ⅱ・ la@S,  弓 lSt Ⅱ edlreCtl0 Ⅱ 0 ド Ⅰ 卜 e/-th 

れ Ⅱ・ lV け lVV.aVe 、 れ目 d  り @  @S Ⅰ heestl Ⅲ ひ Ⅱ 0 ⅡⅡ esulto ⅠⅠ 卜 e ノー th  れ Ⅱ・ lval Ⅵ・ ave   

ド @ ・ 2-l2  目 1O Ⅵ   S  tl]e ㎡ m  Ⅲ at@n  @ ・ eSU  llS,  DO)A  Cal]  be  eSt@m  Ⅲ ecl ¥ Ⅰ     th@  tl]e  eStl@  at@oll  e 「「 o)r  O  f   

Ⅱ l 



1o ， when｛versampling〉ate（s［ore》han・ ・ The‘stimation‘rror［ay be‥ecreased｜y 

Ⅰ   terpo Ⅰ   tng@data ， such@as@v Ⅰ   tu8   Ⅰ   i   creaSng@the@samP   Ⅰ   g@rate@when@the@oversamPi     g@rate@ Ⅰ   

low ， Thus ， simulations in『hich｛versampling rate is lower》han 100》imes oversampling‖re 

virtually@increased@by@spline@interpolation ， such@as@100@times   

Fig ・ 2-13 shows the simulation results ・ When oversainpling was lower》han 40 times ， the 

success@rate@and@the@estimation@accuracies@were@improved@by@spline@interpolation ・ However ， the 

computation…ost｛f・q ， (1) became、2 times（n》he…ase》hat｛versampling（ncreased｜y、 

times ・ 

These@ resu Ⅰ   s@ can@ be@ summarized@ as@ follows ， For@ accuracy@ estmaton,@ @@   Ⅰ   necessary@ that 

oversampling is more than 40 times without spline interpolation ， or 4 times with spline 

interpolation ・ For@example ， it@is@necessary@for@estimation@accuracy@that@the@frequency@of@sampled 

data｜e〕ower》han・ ， respectively ・ The〉adio 

frequency@evaluated@here@was@the@900@MHz@band ， and@thus@it@is@possible@that@the@difference@in 

frequency｜etween》rans ㎝     tters‖nd〉eceivers『as『ithin・ MHz『ithout‘stablishing…arrier 

synchrony   
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accuracy@wih@40@tmes@oversampling@over@the@range@of@frequency@ Ⅰ uctuation@of@about@ 1@x@102 
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2,3.7.6  Ⅰ J?/ 几 1 ど 打 U ヒリ Ⅰ・ ガピ ⅤがせⅡ fl(1/ Ⅲ 召はガ Ⅱ ァ e77z 化Ⅱ ぬ 

A  @though  the  Pl.0posed  lnethod  aSS Ⅱ lneS  that  a Ⅱ 川 va@WaVeS  al.e  lneaSL@ed  w@en  the  ⅡⅠ ShaPed 

array@has@stopped,@th@@   subsecton@conSders@arFv@@   waves@measured@wH@@   the@T-shaped@array@i   

moving ， The@speed@of@movement@oflhe@T-shaped@array@was@40@km/h@(about@11.1@ m/s) 。 sampling 

什 eqUency  Was  40  MHz, a Ⅱ d  the  sa@np Ⅱ n ピ n Ⅲ nber  vvas  l000 ・ l Ⅱ thiS  Case, the  ti Ⅲ e  f0r  o 口 e 

measurement@@@   given@by     
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The@distance@moved@by@the@T ， shaped@array@is@given@by: 

1.llx2.5xl0- 二 2.775xl0"  [lnm] 

Th@@   Ⅰ   ngth@ *@   0.2%@ of@the@ interv8@   between@ e Ⅰ   ments ， Simul   tions@ of@these@ influences@ were 

performed ， The@frequency@of@measured@data@was@ 1@ MHz ・ The@other@Smul   ton@speC@cations 

were@the@same@as@in@Sec ， 2.3.1.1.@The@information@of@positions@was@obtained@with@good@accuracy ・ 

Fig ， 2-16@ shows@ the@ simulation@ results ， which@ confirmed@ that@ the@ proposed@ system@ can 

estimate@DoA@with@accuracy ・ THs@resUt@i   4cated@that@tHs@system@can@estimate@DoA@when@the 

system@@@   inst3   Ⅰ   d@in@a@car@and@ar Ⅰ     v8@   waves@are@measured@whi Ⅰ   moving   

Ⅰ 1 1 l 1 1 。 1 1 " ' 1 l 1 
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Fig ・ 2-16@MUSIC@spectrum@(Speed@=@40@km/h) 

4" 



2. タ ・ 2% Ⅰ用ノⅠ 仰 flo 沖 0/ 用 ピコル リ 7 ヵ じノ c 仰 Ⅰ C 仇 Ⅰ はプ アれ 土 ナイフ毛がを ズ @g れ C Ⅰノブ万町タ 召タ 

2.J.2.7A 名田町ガ 0 打 Ⅰ 舌甲み gfw ビヒ Ⅱ れ Ⅱ 用 りせ ァク Ⅰ ダれ 4 タご ん 0 なれれば SN  グ仰は 0 

The@proposed@method@calibrates@the@phase@difference@due@to@a@parallel@ shift@of@the@T 。 shaped 

antenna ， and es Ⅰ     mates DOA of‖rri   @   waves uSng the data ， Thus, it @   posSb@   that the 

es Ⅰ     mation@errors@increase@when@the@SN@ratio@or@the@number@of@samplings@@@   sm8l ， In@the@method 

involving…alculation｛f｝hase‥ifferences ， the…haracteristics｛f》hese（nfluences‖re‘valuated 

by performing simu4   tions ・ Table 2-2 shows the simulation specif Ⅰ   ations ・ Averages of 

estimation@ errors@were@ evaluated@when@the@number@of@samplings@ and@ SN@ ratio@were@ changed   

The》rial］umber『as・ ， (3) ， 

Fig ・ 2-17@shows@the@MUSIC@spectrum@of@the@proposed@method@with@varying@SN@ratio ・ DOA 

could］ot｜e estimated‖t》he SN ratio of・ dB as》he information of｝hases at overlapping 

elements@ could@ not@ be@ obtained@ due@to@the@ noise ， The@ success@ rates@ in@ case@ of@SN@ ratio@ =@ 0@ dB 

was‖bout・ ， Thus ， the…ase『here》heヾN〉atio（s・ 

considered@ in@the@following@simulation ， Fig ・ 2-18@ shows@ the@ results@ of@the@simulations ・ With 

small SN〉atio ， DOA…ould｜e‘stimated…orrectly ， These〉esults…onfirmed》hat》he｝roposed 

system…an‘stimate．oA『ith‖ccuracy｜y（ncreasing》he］umber｛f《amplings『hen》heヾN 

raTo@ Ⅰ   sm3l   

Table@2-2@Simulation@specifications@(Method@by@calculating@phase@differences) 

The@T-shaped@array@antenna 
Array@form 

(7+1@ elements) 

Number@of@shifting@operations 3 

Number@of@elements@of@virtual@planar@array 7x4@elements@(28@elements) 

Number@of@e Ⅰ   ment@of@sub@array 3 3 elem Ⅲ ents(g  elements) 

Interval@between@elements 0.4@wavelength 

Number@of@arrival@waves 6  ( 一 140 。 ， Ⅱ 0 。 ， 一 10 。 ， 70 。 ， 100 。 、 160 。 ) 

SamPi   g@number 2000 冊 nes 
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Fig ， 2-17@MUSIC@spectrum@(Method@of@calculating@phase) 
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Fig ・ 2-18@ Es Ⅰ     ma Ⅰ     on@errors@(Changing@number@of@snapshots) 
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2,3.2.2  Ⅰ m び正 Ⅱ 亡抑 c Ⅰ o/ タ os れ Ⅰ 0 れ ビア イ 0 アガ 

The@ ⅠⅠ uence@ of@poSt Ⅰ   n@ errors@ was@ ev3uated@ by@ perform*   g@ Smu Ⅰ   t*   ns@ of@ methods 

calculating@difference@phases ， Position@errors@at@each@position@were@given@by@uniform@random 

numbers ． Simulations@ were@ conducted@ with@ varying@the@ range@ of@position@ errors ， The@ other 

specifications@ of@the@ simulation@ were@ the@ same@ as@ in@ Sec ・ 2.3.2.1.@ The@ de@nition@ of@the 

estimation@error@is@given@by@Eq ， (3) ， Fig ， 2-19@shows@the@results@of@the@simulations ， In@the@case 

where@the@range@of@errors@was@small ， DOA@could@be@estimated@correctly ， Ranges@of@errors@were 

within@0.02@wavelengths@for@estimation@errors@that@had@accuracy@greater@than@1o ， A@distance@of 

0.02@wavelengths@is@about@6@mm@at@900@MHz ， It@is@easy@to@fabricate@the@DoA@estimation@system 

such@that@position@errors@are@within@6@mm ， and@thus@high-precision@equipment@is@not@required@for 

shifting@the@T-shaped@array ・ Therefore ， the@ proposed@ system@ is@ uncomplicated@ and@ can@be 

implemented@at@low@cost   
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Fig ， 2-19@Influence@of@position@errors@(Method@of@calculating@phase@differences) 

2.J.2.3  A  ど加ガ 0 れみが ) ノピ召れ Ⅱ tI 用みを ァ仰 ⅠⅠ ヵ Iff 舟 78,  リ p どグ Ⅱ fic) 仰 s  ⅡⅡ ぱ SN  /, 甘 fi() 

The@ r0atonship@between@ number@ of@shiting@ operations@ and@ SN@ rato@ was@ evauated@ by 

performing@ simulations@ of@ methods@ calculating@ difference@ phases ， Speci Ⅰ cations@ of@ the 

Sm Ⅱ   ation@were@the@same@as@ Ⅰ   Sec ， 2.3.2.1@ except@for@the@number@of@s Ⅱ     Pi     g@operati   ns ・ The 
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defi Ⅱ     ti   n@ of@the@ estima@on@ error@ @@   given@ by@ Eq ， (3@@   Fg ， 2-20@ shows@ the@ resUts@ of@the 

Smultions ， When@SN@ratio@was@5@dB 。 @though@estimati   n@errors@i     creased@with@i   creaSng 

number@of@shiti   g@operati   ns ， errors@converged@ more@than@ 10@times ・ On@the@other@hand ， the 

es Ⅰ     maton@errors@converged@to@a@v3ue@when@the@SN@ratio@i     creased@@though@@@   increased@o Ⅱ   y 

once ， With@SN@raTo@of@20@dB ， DOA@coUd@be@estimated@correctl   ， These@resUts@conf@med@that 

the@proposed@system@can@estmate@DoA@with@accuracy@by@increaSng@the@number@of@samPi   gs 

when@SN@ratio@is@small   

2.J.2.7  R Ⅳ 仰 fio れ こ カ中 ゐイ ルビ 9/? ノ ンぜサは 9 几くノ ノア は c 加は 「 i() 仰 Ⅲ 7( 「 ガ N  / 町ガ 0 

Tl]e  inn ℡ ence  of 斤 eqUe れ cy  nUct Ⅱ a Ⅱ 0nsthat0ccL@red  w 目 Ie  s Ⅲ ning  the  a Ⅱ   ay  wasevalUated 

by@ performing@simulations 、 Specifications@of@the@simulation@were@the@same@as@ in@Sec ， 2.3.2.1 

except@for@SN@ ratio@ and@ frequency@ fluctuations@ as@ shown@ in@ Eq ， (4) ， The@definition@ of@the 

estimation@error@is@given@by@Eq ， (3) ・ Fig 、 2-21@shows@the@results@of@the@simulations ， DOA@could 

be@estimated@correc Ⅰ   y@when@the@range@of@frequency@Fuctuation@was@wih@@   10@2.@ Ⅰ   @@   posSUe 

that@ a@ stability@ of@the@ oscillator@ in@ receivers@ and@ transmitters@ is@ within@ and@ thus@ the 

proposed@method@is@not@influenced@by@frequency@fluctuations@in@real@systems   
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Fig ， 2-20@ Influence@of@number@of@shifting@operations@(Method@of@calculating@phase 

differences) 
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Fig ・ 2-21@Influence@of@frequency@fluctuation@(Method@of@calculating@phase 

differences) 

2,J.2. Ⅰ C 乃はァ仰 cf 召ァ廿は c 田ァ eg ぱァは ⅠⅡ ど Ⅰ れ c 比 ね乃 ゴは Ⅱ 9 佗 s 

The  characte Ⅰ stics  Ⅰ egarding  incidentangles  were  evaluated  by  per № rming  sim Ⅱ la Ⅱ ons  of 

methods@calculating@difference@phases ， The@number@of@arrival@waves@was@1 ， the@array@form@was@a 

3@+@1@T ， shaped@array ， and@the@data@received@by@a@3@x@3@virtual@planar@array@was@synthesized@by 

shifting@the@T ， shaped@array@twice ・ When@DoA@was@ changed@from@-180@@to@ 180o ， DOA@was 

estimated@at@each@angle ・ SN@ratio@was@10@dB ， and@the@range@of@position@error@was@changed@from@0 

to@0.05@wavelengths ， The@number@of@trials@was@50@at@each@angle ， In@this@simulation ， estimation 

errors@were@0@@all@angles@at@all@position@errors ・ These@results@confirmed@that@the@proposed@system 

does@ not@have@ character Ⅰ   t*   s@ regard Ⅰ   g@ *   Cdent@ ang Ⅰ   ， and@ can@ estimate@ DOA@at@ 3l@ ang Ⅱ   s 

correctly   

2.4@ Measurements@in@anechoic@chamber 

ExpeLments@@@   an@anecho@@   chamber@were@conducted@for@conf@ming@the@effec Ⅰ     ve@and@limited 

characteriti   s@of@the@proposed@method ， Fist,@the@expe Ⅱ     ment@in@one@arLv3@   wave@was@carFed@out 

for@ baSc@ conSderaton ， Then,@ the@ expeFment@ in@ two@ arFv Ⅰ   waves@ was@ conducted@ for   
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conf@   ming@DoA@estmaTon@when@sever8@   waves@ar Ⅰ     ve   

2.4. Ⅰ gxP Ⅰ n 打 Ⅰ ピ抑ない O ア f カピ CaI ガピ リア・ 0 れ色町 7,1,1 ノ億 /W 仰ノせ 

 
 

 
 

The@ performance@ of@ the@ proposed@ system@ duLng@ DOA@ estimati   n@ was@ ev8uated@ by 

experiments@in@the@case@of@one@arFv@@   wave@in@an@anecho@@   chamber ・ The@radio@frequency@was 

900@MHz@band ， and@the@wave@was@sinusoidal ・ The@frequency@of@base@band@signals@was@1@MHz   

The@SN@raTo@was@about@20@dB ， and@was@cacu@   ted@by@Fouri   r@transformer@of@outputs@ofADC   

A Ⅰ   hough@carFer@synchrony@between@the@transmitter@and@recover@was@estabihed ， it@may@have 

no@in@uence@because@the@stabil Ⅰ   y@of@the@transmiter@was@ 5xl0-@/day@and@the@ Ⅰ     me@between 

each@ measurement@ of@ the@ arFval@ wave@ was@ about@ 1@ minute ， The@ expeFment@ @@   shown 

schematically@in@Fig ， 2-22.@The@array@form@was@a@3@+@ 1@ T ， shaped@array@antenna ， and@a@3@ x@4 

virtual@planar@array@was@synthesized@by@shifting@3@li   es ， Measurement@errors@increased@due@to 

the@ influence@ of@ twisted@ cables@ and@ the@ short@ distance@ between@ the@ transmit@ antenna@ and 

receiving@ antenna@ with@ the@ parallel@ shifted@ of@the@ T ， shaped@ array@ antenna ・ Thus ， in@ this 

experiment@the@T ， shaped@array@antenna@was@moved@to@reduce@measurement@errors 。 as@shown@in 

Fig ・ 2-22.@ In@this@experiment ， shifting@distance@ Ax@ was@defined@by@the@following@equation ， 

such  thatthed 卜 tancewasequa    tothetheory  desc 「 ibed  ㎞ Sec.2 コ ， 2     

A 克二ム %  X  cos り 

where@ Ax@ is@the@interval@between@elements ・ The@subarray@was@a@3@ x@3@ planar@array ， and@the 

system@est*   ated@DoA@using@MUSIC@with@the@FZ@B@spatial@smoothing@procedure ・ Based@on@the 

results@ shown@ in@ Sec ・ 2.3.1.4 ， the@probability@ of@successful@ DOA@est@     ation@ was@ about@65% 

because@the@oversampling@of@ADC@was@about@5@ times ， Thus 。 the@number@of@measurements@ at 

each@position@was@ 10 ， and@the@virtual@planar@array@was@synthesized@according@to@each@data@set ， 

and@ that@with@ the@ best@accuracy@was@ assumed@to@ be@a@result ， If@this@ method@ is@ not@ used ， it@is 

necessary@to@ ・ use@spl Ⅰ   e@interpolat*   n ， ADC@Wth@h@   her@samPing@frequency ， such@as@40@MHz ， or 

the@second@method ・ 

Fig ・ 2-23@shows@the@exper*   ents@results ， which@confirmed@that@DoA@could@be@estimated@with 

accuracy@and@the@dynamic@range@of@the@ MUSIC@ spectrum@was@obtained ， Fig ， 2-24@shows@the 

estimation@ errors@ in@ all@ directions ， The@ average@ estimation@ error@ was@ 2.06o ， indicating@ the 

effectiveness@of@the@proposed@method   
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Fig ， 2-23@ Results@ofDoA@esti   ation@(DoA@=@0@[cleg ， ]) 
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Fig ・ 2-24@Estimation@errors@(one@arrival@wave) 
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The@ performance@ of@ the@ proposed@ system@ during@ DOA@ estimation@ was@ evaluated@ by 

experiment@in@the@case@of@two@coherent@arrival@waves ， Fig 、 2-25@shows@a@schematic@view@of@the 

experiment ， The@radio@frequency@was@the@900@MHz@band ， and@two@coherent@waves ， which@were 

sinusoidal@waves ， were@transmitted ， The@frequency@of@the@transmitter@was@adjusted@such@that@the 

output@of@the@rec0ver@was@about@1@ MHz ， The@power@of@the@transmitter@was@-15@dBm ， The@SN 

ratio@calculated@ 。 using@Fourier@transform@of@output@data@at@ADC@was@about@20@dB ・ The@array@form 

was@a@5@+@1@T ・ shaped@array ， and@the@data@received@by@a@5@x@4@virtual@planar@array@was@synthesized 

by@shifting@4@ti   es ・ The@ADC@in@this@experiment@had@8@channels 。 and@thus@I ・ and@Q ・ components 

of@Sx@ e@   ments@ were@ not@ measured@ Smu Ⅰ   aneouSy ， However,@ the@ Q-components@ co Ⅱ   d@ be 

calculated@ from@ I 。 components@ using@an@ all-path@ filter@because@ arrival@ waves@were@sinusoidal ， 

Thus ， I-components@of@the@six@elements@were@measured@by@ADC ， Q 。 components@were@obtained 

using@the@all-pass@filter@on@a@PC ， and@DoA@were@est Ⅰ     ated@using@the@calculated@data ， The@transfer 

れ lnC Ⅱ On  WaSgiven  by     

  
where@a ， is@defined@ as     

5 コ 

  

  

  

  

  
  
  



ZH(z)= 一の 0T 十 2tan-l   
where@oy@is@the@center@frequency,@and@T@is@the@sampling@interval ， Although@the@antenna@side@of 
the@transm Ⅰ   ter@was@shifted@to@reduce@the@measurement@errors@in@the@case@of@one@arFval@wave,@the 
antenna@Sde@of@the@recCver@was@shifted@because@of@problems@in@setTng@up@the@tL8@apparatus   

The@other@experimental@specifications@were@the@same@as@in@the@case@of@one@arrival@wave ， Fig   

2-26@and@Fig ， 2-27 show》he‘xperiment〉esults 「 which…onfirmed》he‘stimations｛f》wo‖rrival 

elements   
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Fig ・ 2-26@Results@ofDoA@experiments@(DoA=@0 ， 30@[deg ・ ]) 
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Fig ・ 2-27@Results@of@DoA@estimation@(DoA@=@-30 ， 0@[deg ・ ]) 
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This@ chapter@ introduced@ the@ DOA@ est Ⅰ   ation@ system@ with@ a@ virtual@ planar@ array@ antenna 

synthesized@by@a@T-shaped@array@antenna@assuming@arrival@waves@are@sinusoidal@waves@only ， and 

described@simulations@and@experiments@performed@as@basic@evaluations@of@the@proposed@method ・ 

Simulation@results@indicated@the@effectiveness@of@the@proposed@method@although@the@dynamic 

range@ of@the@ MUSIC@ spectrum@ was@ degraded ， Moreover ， the@ average@ est*     ation@ errors@ was 

within@3@@ when@the@SN@ ratio@was@ within@ 5@ dB@ in@the@presence@ of@inFuences ， such@ as@ position 

errors ， frequency@ fluctuation ， etc ・ Then ， the@ proposed@ system@ was@ built ， and@ used@ for 

expeFments@in@cases@of@one@and@two@ar Ⅱ     v8@   waves ・ In@the@case@of@one@arFval@wave,@the@average 

estimation@ error@was@2.06o ， On@the@ other@hand ， two@waves@ could@ be@distinguished@accurately   

These@results@confirmed@that@the@proposed@method@provides@an@effective@DoA@estimation ・ 

On@ the@ other@hand ， when@the@ arrival@ waves@ are@ modulated@ by@random@ signals ， the@ method 

using@the@virtual@planar@array@introduced@by@this@chapter@cannot@esti     ate@the@DoA ・ The@shift@in 

phase@cannot@be@determined@since@the@phases@of@the@received@waves@change@randomly ， Thus ， it@is 

impossible@to@ calibrate@the@ phase@ differences@because@the@ measurements@ at@ each@ position@ are 

performed@at@different@times ， For@these@problem ， the@development@of@the@proposed@method@is 

described ， along@Wth@ its@application@to@ DOA@esti   ation@ when@ arrival@ waves@ are@ waves@ in@ a 

CDMA@system@or@random@signals ， such@as@noise@in@Chapters@3@and@4   
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Based@on@the@assumption@that@the@arLv@@   waves@are@Snusoid@@   and@*   formaTon@on@precie 

positions@can@be@obtained 「 we@have@proposed@a@method@in@which@the@DoA@can@be@esti     ated@by 

adding@ an@ element@ used@ for@ correcting@ different@ phases ・ Further ， we@ confirmed@ the@ basic 

characteristics@and@effectiveness@of@this@method@by@performing@simulations@and@experiments@in 

Chapter@2.@ The@ advantages@ of@this@ method@ include@ low@ cost@ because@ of@the@ reduction@ in@ the 

number@ of@receivers ， weight@ saving ， etc ・ On@ the@ other@ hand ， when@ the@ arrival@ waves@ are 

modulated@by@random@sign8s,@the@ method@using@the@virtu8@   planar@array@cannot@estimate@the 

DOA ・ The@shift@in@phase@cannot@be@determined@Snce@the@phases@of@the@recCved@waves@change 

randomly ・ Thus,@@@   @@   imposSb Ⅱ   to@c8ibrate@the@phase@differences@because@the@measurements@at 

each@position@are@performed@at@different@times ， However ， it@is@assumed@that@the@arrival@waves@are 

only@e Ⅲ     tted@by@the@transmitters@ofCDMA@systems@such@as@IS-95@and@CDMA2000.@Pilot@signals 

for@the@synchronization@ of@spreading@codes@are@ always@ included@ in@the@arrival@ waves@ and@ in 

identical@repeated@signals ， Therefore ， the@pilot@signals@can@only@be@obtained@by@despreading@the 

received@signals ・ Moreover ， it@is@possible@to@calculate@the@phase@differences@at@each@position@by 

despreading@these@signals   

Based@on@the@above@considerations ， we@developed@the@method@ described@in@ Chapter@2 ， and 

proposed@a@method@for@the@DoA@estimation@with@a@synthesized@virtual@planar@array@using@pilot 

Sgna Ⅰ   of@the@CDMA@systems ， The@proposed@method@offers@the@advantages@of@low@cost@due@to 

the@reducTon@in@the@number@of@recCvers,@wCght@saving,@and@the@estimati   n@of@the@8 Ⅱ Fv Ⅰ   waves 

that@are@random@Sgna@@   i     Cuding@Pl   t@Sgnal   ， In@other@words ， the@proposed@method@can@reduce 

the@ system@ cost@ and@ determine@ the@ arLv@@   waves@ @@   outdoor@ envionments@ more@ eaSly@ than 

methods@uSng@re ㏄   planar@arrays ・ Moreover,@@@   can@esTmate@the@arLv@@   waves,@which@cannot@be 

estmated@by@the@methods@in@Chapter@2 ， transmited@by@the@CDMA@systems@such@as@ 1S-95@and 

CDMA2000.T Ⅲ schapterhas  demonstl.ated  the  uti Ⅲ y  ofthe  pl.oposed  method  by  si@Lllatio 口 s 

and@experiments@in@an@anechoic@chamber@and@in@an@outdoor@environment 、 The@proposed@method 

can@ be@appli   d@to@supe Ⅱ     or@resolu Ⅰ     on@methods@such@as@MUSIC@and@ESPRIT ・ In@th@@   study ・ the 
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MUS Ⅰ   method@was@used@as@the@DoA@est Ⅰ     ation@algorithm   

ata@ of@a@ virtual@ p a Ⅱ ぬ Ⅱ ぬ 「 ダ ay 

ぬ軸士 e 皿 Ⅱ aUS 五皿 gP Ⅱ OtSig ぬ a ね 

This chapter‖ssumed》hat》he‖rrival waves are》ransmitted from》he base stations of》he 

CDMA@systems@such@as@IS-95@and@CDMA2000@that@use@the@pilot@signals ・ The@proposed@method 

adopts@a@novel@approach@to@solve@the@probF   m@ of@data@acqui   *ion ， Instead@of@a@conventon3   

planar@ array@ antenna,@ th Ⅰ   approach@ uses@ a@ T-shaped@ array@ antenna@ shifted@ in@ par3@   l@ for 

esti   ating@DoA ， In@this@subsection ， it@was@assumed@that@there@was@only@one@base@station ， one 

pilot@signal ， and@TV@was@odd   

It@is@described@that@the@method@for@synthesizing@the@data@received@by@the@virtual@planar@array 

that@is@realized@by@shifting@the@(N@+@1)@T ， shaped@arrays ， as@shown@in@Fig ・ 3-1.@When@N@is@even ， 

e Ⅰ   ment@N+@1@is@ Ⅰ   cated@at@a@posit Ⅰ   n@sHfted@from@F*   ・ 3@@   such@that@the@antenna@of@the@e Ⅰ   ments 

from@ 1@to@N@and@the@N+¥@element@after@movement@may@overlap   

l 

( 

T ・ shaped@array@antennas 

Comparison@of@phases 

  Vi れ ua]planal,a ℡ ay 

Fig ・ 3-1@Synthesis@of@virtual@planar@array@with@T-shaped@array@antenna 

The@data@ X,@ received@by@the@T-shaped@array@antenna@at@its@first@position@are@given@by     

@@ ・ ・ 1XK ・ V%) コり 

@,=k(@J2r),...,@X,,{KT@   

where@the@superscFpt@ /@ denotes@transpoSTon ・ K@@@   the@number@of@data@sampl   s ， T@ @@   the 
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sa@np Ⅲ ]g  ㎞ ne,and  Xl"( 打 =  ㍉・‥ ， Ⅳ +  l)  are  data  received  by  ⅡⅡ e  れし 山 e@elnent. The  va Ⅱ able 

Ⅲ "( ん 『 、 )( ん =  Ⅱ・‥， K  )  isthe  ん -th  dat 往 atthen-th  eielnentand  can  beeXp れ nded  as お 0 Ⅱ 0 Ⅵ ， s: 

  

㌔ ， ( ぼ )= 三 %W(kT 辞 ( 、 げ、 ) Ⅲ 仁 )" 帆叩 + ㌦ ( ぽ、 ) 
Ⅰ 呂 l 

where@ W(kT,}@ @@   the@ Wal   h@code@for@channC@   separaton,@ c{kT@@ @@   the@spreading@sequence 

for@the@separaTon@of@base@staTons,@ ci@@kT@@ Ⅰ   the@Plot@data,@ e'@6@@ @@   the@phase@ Ⅰ     fference 

introduced@by@the@angle@of@the@DoA,@ Q¥,@L@ Ⅰ   the@number@of@arFv3@   waves@from@a@base@sta Ⅰ     on, 

and  り "( ん 「 、 )  is  Ⅲ e  addMve  w ㎡ te  Gaussian  no@se  (AWGN). It  is  ass Ⅲ ned  that the  arl.iva@ 

signals@are@only@pilot@signals ， W(kT@)@ and@ d{kT@)@ are@always@equal@to@one ， and@ c(kT@)@ is@a 

periodic@ pseudo@ random@ noise@ code@ (PN)@ sequence ， By@ assuming@that@ the@ chip@ signals@ are 

synchronized ， the@despread@dala@can@be@expanded@as@follows     

Yl= ロ Ⅰ ルノ l@9 二 ナノ l2,. ‥ ，二 ナノⅡⅡ +1) ] 

  
(5) 

          Ⅰ Ak @  ナ Ⅰ i                                                                                         

  

Since@the@number@of@samples@K@is@sufficiently@large ， Eq ， (5)@ can@be@approximated@by@Eq ， (6)@ 

because@the@second@term@on@its@right@hand@side@remains@in@the@spread@data@and@can@be@neglected   

(6)   
The@T-shaped@array@antenna@is@shifted@parallel@by@a@distance@equal@to@an@element@interval@(see@Fig   

3-1 Ⅰ   and@ X@@ ・ @@   the@data@recCved@at@a@loca Ⅰ     on;@*@   @@   given@by     

x1@ |_x21'x22@'" ， @'x2(Af@) l Ⅰ 

          =h Ⅹ 2,,(T 、 +tA)rX2,,(2T+t, 、 ),..,, Ⅹ 2"(K 八 +f2)]' 

  

， "( ん T 十 /,) 二三個 け Ⅱん % 十 「 : ア ( ん 二十 t り d( ん 八十 l,e" 帆同 @- 川     十け r"( ん工 十 fr) 
Ⅰ こ l 

where@ t@_@ is@the@time@between@the@beginning@of@the@first@measurement@and@the@beginning@of@the 

@neasu げ e@nent れ nel.shln 川 n 笘 ・ a 円 d  e 一 Ⅳ に is@the@phase@difference@ between@ X,@ and@ Xi@ due@to 

a 円 e Ⅱ   o Ⅱ i 口 sa@ Ⅱ p Ⅱ n ま points  caLUlsed  by  s Ⅲ h@n3  /2.Tlle  des 卍 ・ e は d               Y ・ , @   expressed（n》he 

"C) 

 
 

 
 



same@manner@as@ Y@     

Y2 二ロ ノ Ⅱ ，ノ 22r. ‥ ，ノ祇 Ⅳ +l) ] 

                                ぶ 2,,( ん二十 f,)W  "( ん二 +  ㌦ )c"( ん Ⅰ 十 「 2) 
          %l@%1 六                                                                                                                           

1  K 

                                                              れ 2n,( ん工・ +t 、 WW 。 ( ん二 ， +f2)c,( ん 「 、 +72) 
The@above@equation@is@approximated@similar@to@Eq       
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(7) 

(8) 

The@measurement@signals@ y@@(yv+i)/2@ an(@@ >2(A ， +i)@ are@the@despread@signals@of@data@sampled@by 

elements@(N@+@ 1)/2@and@(TV@+@ 1)@that@are@located@at@the@same@positions@at@two@different@times 

before@and@after@shifting@the@T ・ shaped@antenna ， respectively ， The@positions@at@which@they@receive 

the@signal@are@the@same ， and@the@phase@difference@between@the@arrival@waves@does@not@change ・ 

Hence ， they@ are@ two@ data ・ sequence@ elements@ that@ differ@ from@ each@ other@ only@ by@ a@ phase 

difference@of@ e@   !</ ， ¥2@ and@AWGN ， Since@K@is@sufficiently@large ， e@   /v ， 12@ can@be@approxi     ated@by 

following@Eqs ・ (6)@ and@ (8)     

   
 

 
  

  
  

 
          denotes》he…orrected‥espread‥ata’or》he｝hase‥ifference‥ue》o》he‥ifference（n 

sample@time ， it@can@be@expressed@by@multiplying@ Y@@with@ e ， @         

Y,=g.W 托 Y, (9) 

By@repeating@the@above@procedure@(M-@1)@times@and@synthesizing@them@as@shown@in@Eq ， (10) ， we 

can@define@a@despread@data@sequence@ Y@ that@represents@the@virtual@data@received@by@an@M@ X@ N 

planar@array@antenna@with@the@spread@data@obtained@by@a@parallel@shift@of@the@T-shaped@antenna     
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and@ ESPRIT ・ In@ the@ proposed@ method ， it@ is@ not@ required@ to@ calculate@ the@ average@ of@the 

correlaton@matLces@to@decrease@the@in Ⅰ   uence@of@AWGN@ because@ Y@ @@   the@despread@data@in 

which@the@noise@is@decreased@by@using@equivalent@ti     e-averaged@data   

The@ proposed@ method@ is@ applicable@ to@ a@ linear@ array@ with@ a@ fixed@ element@ instead@ of@a 

T-shaped@array 。 as@illustrated@in@Fig ・ 3-2.@In@this@case ， the@phase@difference@ e@   lv ， 12@ generated@by 

d@ferent@ samPing@ start@times@ can@ be@ eSimated@ uSng@the@ data@of@the@ Hxed@ el   ment@ at@each 

poSton@of@the@linear@antenna@in@the@same@manner@as@in@Eq ， (10 Ⅰ   Therefore,@we@can@obtan@the 

despread@ data@ Y@ that@ virtu3ly@ represents@ the@ data@ recQved@ by@ the@ M@ X@ N@ p@   nar@ array 

antenna ， 

In’act,》he〉adio『aves》ransm*ted’rom‖｜ase《ta Ⅰ     on（nCude］ot｛Uy》he｝ilotヾgna@   but 

also@other@channel@data ・ However ， all@signals@excluding@the@pilot@signals@are@spread@even@after 

despreading ， Hence ， the@ proposed@ method@ can@ be@ applied@ because@ these@ spread@ signals@ are 

inCuded@in@the@second@terms@on@the@ Ⅱ     ght@hand@Sdes@of@Bqs ・ (5)@ and@ (7) ， 

When@the@arFval@waves@transmited@from@several@base@staTons@and@repeaters@are@comUned, 

the@waves@w Ⅰ   h@the@synchronized@pi@   t@Sgn@@   can@be@estmated ， However,@ other@waves@wih@ a 

non-synchronized@ pilot@ Sgn8@   cannot@ be@ es@mated@ because@ they@ are@ not@ despread@ and@ are 

included@in@the@second@terms@on@the@right@hand@sides@ofEqs 。 (5)@and@(7) ・ Therefore ， all@the@waves 

cannot@ be@ esTmated@ SmuTaneouSy@ by@ the@ proposed@ method ・ Therefore,@ to@ es Ⅰ     mate@ such 

combined@ ar Ⅱ     v@@   waves@ transmited@ from@ sever8@   base@ statons,@ th@@   method@ performs 

synchronization ， despreads@each@arrival@wave ， synthesizes@the@virtual@planar@array@data ， and@adds 

these@data@to@enable@their@application@as@input@vectors@for@the@MUSIC@method ， Fig ， 3-3@shows@a 

flowchart@of@the@proposed@method@using@pilot@signals ・ 

The@number@of@shifting@operations@is@decided@by@the@number@of@elements@in@the@virtual@planar 

array@required@for@the@DoA@est*   ations@and@T ， shaped@array@antenna ・ For@example ， when@an@N@x 

N@planar@array@is@used@for@the@DoA@estimation ， the@number@of@shifting@operations@is@N@-@1@times 

those@of@an@N@+@ 1@ T ・ shaped@array@antenna ・ In@fact ， the@proposed@method@can@replace@the@N@x@N 

planar@array@with@the@N+@1@T-shaped@array ， 

The@proposed@method@can@be@applied@to@the@CDMA@system@including@pilot@signals ・ The@array 

shifting@speed@is@arbitrary@if@DoA@does@not@change@and@sufficient@received@signals@are@obtained 

to@despread@the@pilot@signals ， because@the@phase@difference@due@to@errors@in@the@sampling@points 

caused@by@shifting@time@can@be@calibrated@by@Eq ・ (10) ， Although@the@proposed@system@requires@a 

un@@   for@ array@ shif Ⅰ     ng,@ if@the@ cost@ of@the@ un@@   @@   the@ same@ as@ that@ of@ a@ receiver@ and@ an 

an3og-di@t@@   converter@(ADC Ⅰ   the@cost@of@the@proposed@ system@reduces@when@the@ number@ol   

s 田 ns  ド eqL Ⅱ red  becomesgreatertha 口 oreqUalto  由 ree.The  costofthe  Un@  northe  s ㎡ n 而 g  0 Ⅰ the 

a Ⅲ   a), a 口 ten 円 a  七 %rthe  e Ⅹ pe ⅡⅢ e 目 ts  deSc Ⅱ bed  heLe  Ⅵ， as  p 田 c Ⅱ ca@ ゾ less  tha れ l Ⅲ 00  as  c0mpa@.ed 

w Ⅱ 卜 th は to ⅠⅠ he  ド ecelve@.and  n Ⅱ e  A  DC.   Ⅰ he Ⅰ efo0 「 e,the  p@.oPosed  Ⅲ en Ⅱ od  lse Ⅲ セ Ctlve  ln  「 ed 口 e Ⅲ 巴 
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the@system@cost ・ In@urban@districts ， it@is@easier@for@individuals@to@measure@the@DoA@while@walking 

since@the@estimation@system@is@small@and@lightweight   

Fixed  element 

jE ナ Ⅰ #(N+¥}/2 岸 Ⅳ 

    

Sh 田 

Fig ・ 3-2@Method@with@linear@array@antennas 

  
C8c Ⅱ   at*   n‖nd‖ddi   i   n｛f…orrCati   n 
@ Ⅱ atr 氏 o Ⅱ each  卍 lot  si 目 ]al 三尺 ;:,   

「       DOAest 下 ]atiol](MUSrC) 

 
 

Fig ・ 3-3@Flowchart@of@the@proposed@method@uesing@pilot@signals 

6 つ 



3 鱒 

In@th@@   secTon,@@@   @@   presented@that@the@resu@s@of@the@Smul     tions@performed@for@ev3uating@the 

effectveness@of@the@vitu8@   Panar@arrays ・ In@the@proposed@methods,@the@estma@on@accuracy@ Ⅰ   

thought@to@be@in Ⅱ uenced@by@the@synthet@@   accuracy@of@the@data@recCved@by@the@vitu3@   Panar 

array@antenna@to@use@data@wih@diferent@measurement@Tmes ， In@ad4ti   n,@there@@@   a@posSbiliy@of 

poSton@errors@due@to@par3   Ⅰ   l@sh*   Ⅰ     ng@of@the@T-shaped@array@antenna ， Therefore,@the@in Ⅰ uences 

ofSN@rati     ， frequency@offset ， frequency@Luctuaton ， etc ， on@estimation@errors@were@ev3uated@by 

carrying@ out@ simul   tons ， Fist,@ the@ proposed@ method@ was@ compared@ with@ the@ convention3   

method@using@the@planar@array ・ Next ， the@relationships@between@the@SN@ratio ， position@errors ， and 

estimation@errors@were@determined   

メ ・ 3, Ⅰ coo 打卍仰ァ尽 0 れ ろゼ Ⅰ げせ せれ 甘 古ぜ ノ nrt 姥仰 ⅠⅡⅡ ぱグピ研 Ⅰ 戸 Ⅰ a 竹廿ァ甘グ ra ひ， 

The@performance@ of@the@ proposed@system@ du Ⅱ     ng@the@DoA@estimat Ⅰ   n@was@ ev@uated@by@ a 

comparion@ w*h@ the@ conventon3@   method@ uSng@ a@ re Ⅰ   planar@ array ・ Tab Ⅰ   3-1@ lits@ the 

specifications@of@the@simulation ・ It@is@considered@that@six@arrival@waves@are@with@the@same@power 

leve@.T 血 ee  arI.ivalWaves 一 何 %3 一 inc Ⅲ ded  山 e  same  Wlotsignal(PN  seqLIence  l),wlMe  the 

remaining@three-#4-#6-included@another@pilot@signal@ (P ， N@ sequence@2) ・ The@virtual@ planar 

array@ included@ 28@ (7@ x@ 4)@ elements ， and@the@ subarrays@were@3 x 3@ planar@arrays@ for@spatial 

smoothing ・ The@ interv@@   between@the@Qements@was@0.4@wavCengths ・ The@chip@rate@was@ 1.23 

Mcps ， sampling@ frequency@ of@the@ ADC@ was@ 5@MHz ， and@ sampling@ number@ was@ 2000.@ The 

number@of@other@channels-the@ number@of@forward@traffic@signals@such@ as@sync@ signals@ and 

paging@signals-was@ 10.@ In@these@simulations ， the@other@channels@are@random@signals@whose 

power@levels@are@the@same@as@that@of@the@pilot@signal ・ Fig ・ 3-4@shows@a@schematic@view@of@the 

virtu8@   array@ antenna@ and@ ar ㌃     v8@   waves ・ The@ MUSIC@ method@ was@ emPoyed@ as@ the@ DOA 

estima Ⅰ     on                               

Fig ・ 3-5@shows@the@resuls@for@the@re@@   and@vitu@@   pl     nar@arrays ， When@data@were@syntheSzed 

uSng@ only@ PN@ sequence@ 1.@ arFval@ waves@ #1-@@3@ could@ be@ es Ⅰ     mated,@ whereas@ arLv@@   waves 

耳 4   汗 6  C0 Ⅱ ld  @0t.  T 同 lS  VVas  beca Ⅱ se  al. 円 va@  YA,aves  浮 4 一打 6  coU ⅢⅡ ot  bc  deSpre ひ d  Usl 目笘 PN 

SeqUence  @  a 自 d  the  d 盆 ta  ofthese  t   トれ ves  L Ⅴ e Ⅱ e  c れ lculated  ぬ s  @o@se. Sl@ Ⅱ l ひ 円 Ⅴ・ tVhe@  data  ㌧Ⅴ ere 

s Ⅰ円山 eSlzed  Ⅱ s@ 目巴 0nl),PN  seqL@e Ⅲ ce  2.a@    lval Ⅵ   れ Ves 存 4  R6  c0 Ⅱ ld  be  es ⅡⅢ ated. Ⅵ   he Ⅱ eas 柱 Ⅱ   lvRl 

㍉ aVes 存 l 一存 3  C() ⅡⅡⅡ ot., 「 he  れ dd Ⅱ l0 い OL ロ ala  de お p ド ezld  Ⅱ Sln 目 PN  S0 円Ⅱ 0 円Ⅰ e  @ ⅥⅡ h  those  desp@,e は d 

ぐ   " 



using@PN@sequence@2@resulted@in@the@accurate@esti     ation@of@the@six@waves ， 

The@averages@of@the@esti     ation@errors@of@the@planar@and@virtual@planar@arrays@were@0@and@0.58 

degrees ， respectvoy ・ These@resUts@in4cate@that@the@ Ⅴ     rtu@@   p Ⅰ   nar@array@of@the@proposed@system 

can@estimate@the@DoA@with@3most@the@same@accuracy@as@that@of@the@re8@   Panar@array ・ On@the 

other@hand,@the@dynamic@range@of@the@virtual@planar@array@was@less@than@that@of@the@real@planar 
array@(See@Fig ， 3-5) ， This@may@be@due@to@AWGN@and@the@errors@caused@by@the@presence@of@other 

signals@during@synthesis ， The@results@of@these@ simulations@confirmed@the@effectiveness@of@the 

proposed@system   

Table@3-1@Simulation@specifications 

Array  丘 om T ・ shaped@array@antenna@(7@+@1@elements) 

Number@of@shifting@operations 3 

N  Ⅲ nbe Ⅰ ofvMualplanararray  elements 4 7 (28‘lements) 

Number@of@subarray@antenna@Cements 3@x@3@(9@elements) 

Interval@between@elements 0.4@wavelengths 
  

Number｛f‖rrival『aves 

SN@ratio 

Pilot@signal@for@waves@#1-#3 

Pilot@signal@for@waves@#4-@6 

Number｛f｛ther…hannels 

6(-140o ， -40o ， -10o ， 70o ， 100a ， 160o) 

10  dB 

PN@sequence@ 1 

PN《equence・ 

10 
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Fig ・ 3-4@Schematic@view@of@virtual@array@antenna@and@incident@wave 
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3.3.2R 化Ⅰ は tio れ S ね甲み化 iw8 を れ SN  川 fMo  使れは れノ打 ? ゐ びりⅠ s ば打 W ⅡⅡ 83 

The@proposed@method@calibrated@the@phase@difference@with@Eq ， (10)@ by@a@parallel@shift@of@the 

T@shaped@antenna@and@oStimated@the@DoA@of@the@3 ㌃㌃     v8@   waves@uSng@the@data@obt ㏄     ned ， Thus ， it 

Ⅰ   posSb@@   that@the@es Ⅰ     maton@errors@will@increase@when@the@SN@ra Ⅰ     o@or@the@number@of@samplings 

@@   smal ， Therefore,@ the@ characteri   tcs@ of@ these@ inFuences@ were@ evauated@ by@ performing 

Smu Ⅰ   ti   ns ・ 

The@speci@cations@of@the@simulation@were@the@same@as@those@in@Sec ， 3.3.1@ with@the@exception@of 

the@ SN@ ra Ⅰ     o@ and@the@ number@of@samplings ， All@ the@ arriv@@   waves@ C     ， e ， ， the@ Sx@ waves)@ were 

estimated@using@PN@sequences@1@and@2.@and@their@estimation@errors@were@computed ・ The@averages 

of@the@es Ⅰ     maton@errors@were@ev8uated@by@changi   g@the@number@of@sampl*   gs@and@SN@ratio;@the 

number@of@trials@was@50.@An@estimation@error@@@is@de@ned@as@follows       ( Ⅰ ヰ ) 

where@L@is@the@number@of@arrival@waves ， K@is@the@number@of@trials 。 0.@ is@the@direction@of@the@/-th 

  

arriv8@   wave,@and@ @@ @@   the@estimation@resu Ⅰ   of@the@/-th@arFv8@   wave   

Fig ・ 3-6@shows@the@simulation@results ， When@the@S1SI@ratio@was@small ， the@DoA@was@estimated 

with@ 1500@or@more@samplings ・ These@results@confirmed@that@the@proposed@system@can@estimate 

the@DoA@accurately@by@increasing@the@number@of@samplings@when@the@SN@ratio@is@small   

J.J.3R9 丁Ⅱ ガ 0 れ s ね中み竹 けピヒ れ P のご 田 0 竹せァ巧 ひば は れ ば ㏄ ガ 川町ガ 0 れ Ⅰ ノ ア ひズガ 

The@influences@of@the@position@errors@that@occurred@while@shifting@the@array@were@evaluated@by 

performing@s Ⅰ     ulations ， The@specifications@of@the@simulations@were@the@same@as@those@described 

in@Sec ・ 3.3.1.@All@the@arrival@waves@(i ， e ， ， the@six@waves)@were@est Ⅰ     ated@using@ PN@sequences@ 1 

and@2.@ and@the Ⅰ   estmaTon@ errors@were@ computed ・ The@averages@of@the@estma Ⅰ     on@errors@were 

evaluated@ by@ changing@the@ ranges@ of@the@ position@ errors;@ the@ number@of@trials@ was@ 50.@ The 

definition@of@the@estimation@error@is@given@by@Bq ， (11)   

Fig.3-7  sl]owsthes@@ Ⅲ atjon  resu は s.TheDoA  co Ⅲ d  beestimated  acc Ⅲ， ate け whe Ⅲ therange 

of@ the@ poSton@ errors@ was@ sm8@   r@ than@ 0.01@ wavCengths ・ These@ resUts@ indi   ate@ that 

high-prec Ⅰ   ion@equipment@@@   not@requied@for@sHf Ⅰ     ng@the@T-shaped@array;@therefore ， the@proposed 

system@isuncomplicated‖nd…an｜e（mplemented‖t〕ow…ost   
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3.3.4R 召此 Iff のれタ九 %  ゐ ピ コ ルを ピれ f 古ぜ れ 甘 竹 Ⅰ ゐ e Ⅱ O Ⅰ ど 丹祈ぱれ g  OP ヒァはガ 0 れ S Ⅱ れば ピ コ ガ打 ? ⅡがけれⅠ rro 「 

The@ relationship@ between@ the@ number@ of@shifting@ operations@ and@ the@ estimation@ error@ was 

evaluated@ by@ performing@simulations ， Table@ 3-2@ lists@the@simulation@ specifications ・ Six@ arrival 

waves@with@the@same@power@level@were@considered ・ All@the@arrival@waves-#1-#6-included@the 

same@ p*ot@ Sgnal@ (     ・ e ・ ,@ 8l@ the@ ar Ⅱ     val@ waves@ were@ corrCa Ⅰ     on@ waves Ⅰ   When@ the@ number@ of 

shifting@operations@is@0@(T ・ shaped@array)@and@ 1@ (5@x@2@virtual@planar@array) ， all@the@arrival@waves 

cannot@be@estimated@theoreti   3   Ⅰ   ， The@array@sho@d@be@sh*ted@two@times@or@more@to@estimate@the 

DOA ， Thus ， we@consider@a@case@ in@which@the@number@of@shifting@operations@is@greater@than@or   

equal@to@two ・ In@general ， the@number@of@shifting@operations@ is@decided@by@the@number@of@arrival 

waves@and@of@the@e Ⅰ   ments@in@the@T-shaped@array ・ The@number@ofsubarray@antenna@el   ments@was 

3@ x@3@(9@elements) ， The@chip@rate@was@ 1.23@Mcps ， sampling@frequency@of@the@ADC@was@5@MHz ， 

and@ sampling@number@was@2000.@The@number@of@other@channels@was@ 10.@The@ averages@of@the 

estimation@errors@were@evaluated@by@changing@the@number@of@shifting@operations;@the@number@of 

trials@was@50.@The@definition@of@the@estimation@error@is@given@by@Eq （ Ⅰ l ll Ⅰ ） 

Table@3-2@Simulation@specifications 

Array@from T-shaped@array@antenna@(5@+@1@elements) 

Number@ofsubarray@antenna@elements 3@ x@3@(9@elements) 

Interv8@   between@e Ⅰ   ments 0.4@wavelengths 

Number@of@arrival@waves 6  ( 一 140 。 ， 目 0 。 ， 一 10 。 ， 70 。 r  100 。 ， 160 。 ) 

SN@ ratio 10@dB 

  Pilot@signal@for@waves@#1-@6   PN@sequence@ 1   

Number｛f｛ther…hannels 10 
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2 3 4 5 6 7 

Number@of@shifting@operaTons@ Ⅰ   imo   

Fi   ， 3-8@R0ationship@between@number@of@shi   Ⅰ     ng@opera Ⅰ     ons@and@es Ⅰ     maTon@error 

Fig ・ 3-8@shows@the@si     ulation@results ， A@5@x@3@(=   5)@array@antenna@is@required@for@the@DoA 

estimation@with@ MUSIC@and@forward/backward@spatial@ smoothing@method@ in@the@ case@of@the 

conventional@planar@array ， On@the@other@hand ， a@5@+@ 1@ (=6)@T-shaped@array@antenna@and@three 

shifting@operations@are@required@for@the@proposed@method ， In@fact ， the@cost ， size ， and@weight@of 

the@system@can@be@reduced@by@using@the@proposed@system ， Additionally,@an@improvement@in@the 

estimation@error@is@expected@by@increasing@the@number@of@shifting@operations@by@four@times ・ The 

estima Ⅰ     on@errors@worsened@moderatCy@due@to@the@errors@of@syntheSZng@data@ofT-shaped@arrays 

when@the@number@of@shifting@operations@was@greater@than@or@equal@to@H Ⅰ ve ， The@solution@to@this 

oroblem@is@a@part@of@future@work ， The@results@of@these@simulations@con Ⅰ rmed@the@effectiveness@of 

the  proposed  system   

3 

E Ⅹ Penn]entS@  ね口 aneCh0lC  Cll ㎝Ⅱ b 引 ・Ⅵ ， e Ⅱ e  CO Ⅲ d Ⅱ Cted  斤 Ⅱ   CO 円円 rll]@S  the  e Ⅰ heCt@ve  a け d  l@l1] 旺 ed 

C け れ r は CteI.@S 竹 CS  O Ⅰ the  以 ・ OPOSed  Ⅲ e Ⅱ lod. F@ ・ St,the  e Ⅹ Pe@.lme 口え Ⅲ C ひ S 妃 0r0ne  a@    lv ぬ l Ⅵ ave  tv   色 S 

car Ⅱ     ed@ out@ for@ baSc@ conSderaton ， Then ・ the@ expeLment@ in@ case@ of@two@ ar Ⅱ     val@ waves@ was 
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conducted@for@confir Ⅲ     ng@DoA@esti     ation@when@several@waves@arrive   

ヨ ・ イ ・Ⅰ E よ xcp ヒ n 打 Ⅰ と れぬ ア 0 ァす ねせ c4% 色ひ /0 れ ぜばァガノロ Ⅰ waIv 化 

The@ performance@ of@the@ proposed@ system@ dur Ⅰ   g@ the@ DOA@ estimati   n@ was@ ev3uated@ by 

several@experiments ， First ， we@conducted@experiments@in@an@anechoic@chamber,@as@shown@in@Fig   

3-9.@T@ble@3-3@shows@the@specifications@of@the@experiments@in@which@the@number@of@arrival@waves 

was@equ8@   to@one ・ A@transm*   Ⅰ     ng@antenna@was@shited@to@decrease@the@estima Ⅰ     on@errors@caused@by 

the@influence@of@cable@twisting ・ The@ area@swept@by@shifting@the@T ， shaped@receiving@antenna@is 

equivalent@to@the@size@of@a@planar@antenna@with@5x4@elements ， which@is@equal@to@the@size@of@the 

Ⅴ     rtu@@   Panar@array ・ The@4stance@moved ， Ax ， was@def Ⅰ   ed@by@Eq ・ (11)@ such@that@it@became 

equjvalentto  thetheory  presented  in  Sec.3.2: 

A を二ム @xcos み ( Ⅰ 2) 

where@ Ax@ is@the@interval@between@the@elements ， A@3@x@3@planar@array@was@used@as@a@subarray@for 

spatial@smoothing ・ The@radio@frequency@varied@over@a@900@MHz@band ， the@chip@rate@was@ 1.23 

Mcps ， sampling@ frequency@ of@the@ ADC@ was@ 5@ MHz ， number@ of@samplings@ was@ 2000 ， and 

MUS@@   was@used@for@the@DoA@esti   ation ・ The@est Ⅰ   ation@errors@are@summarized@in@Fig ・ 3-10.@It 

shows@that@the@DoA@was@esti   ated@accurately   

Table@3-3@Experimental@speciTcations@(one@arrival@wave) 

Array@form T ・ shaped@array@antenna@(5@+@1@elements) 

Number@of@shifting@operations 3 

Number@of@virtual@planar@array@elements 5@x@4@(20@elements) 

Number@ofsubarray@antenna@Cements 3@x@3@(9@elements) 

Interval@between@elements 0 ・ 4  waveleng Ⅲ s 

Radio@frequency 900@MHz@band 

Chip@rate 1.23  Mcps 

Sampling@frequency@ofADC 5@ MHz 
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Fig ・ 3-9@Schematic@view@of@experiments@(one@arrival@wave) 
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Fig ・ 3-10@ Esti   ation@errors@of@experi   ental@results@(one@arrival@wave) 
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メ ・ 7.2  E Ⅰタ色 ァ J 加召 れぬ   月 0 ァ 7 ヵ 召 C はダ を ひ /  fwo  は Ⅱ ァ 1 ノ坑 Ⅰ ルのノせタ 

We@ conducted@ experiments@ for@the@ case@ of@two@ arFv3@   waves@ in@ the@ anecho@@   chamber,@ as 

shown@ in@Fig ・ 3-11.@Table@3-4@lists@the@experimental@speciHcations ・ In@contrast@to@the@previous 

experiment ， the@5 x4@virtual@ planar@array@was@obtained@by@shifting@the@5@ +@ 1@ T-shaped@array 

antenna ・ One@ of@the@ waves@ was@ a@ Plot@ Sgn3@   and@ the@ other@ was@ a@ Snusoid8@   wavC@     thCr 

transmitting@powers@were@identical ， The@radio@frequency@varied@over@a@900@MHz@band ， chip@rate 

of@the@pilot@signal@was@1.23@Mcps ， number@of@samplings@was@2000 ， and@MUSIC@was@used@for@the 

DOA@esti     at Ⅰ   n   

Fi   ， 3-   2@shows@the@MUSIC@spectrum ， As@shown@@@   th*@   f Ⅰ   ure ， the@ ㎏     recti   n@of@the@Plot@Sgna   

was@estimated@accurately@because@the@sinusoidal@wave@was@spread@and@equated@with@noise ， Since 

the@trans Ⅲ     tting@powers@of@the@two@waves@including@the@pilot@signals@were@the@same ， they@can@be 

esti   ated@ by@ the@ proposed@ method ， This@ result@ confirmed@ that@ the@ proposed@ method@ was 

effect*   e@for@the@DoA@est*   ation   

Table@3-4@Experimental@specifications@(two@waves) 

Array@type T ・ shaped@array@antenna@(5@+@1@elements) 

Number@of@shifting@operations 3 

Number@of@virtual@planar@array@elements 5@x@4@(28@elements) 

Number@ofsubarray@antenna@elements 3@x@3@(9@elements) 

Interval@between@elements 0.4@wavelengths 

Radio  丘 eq ℡ ency 900@ MHz 
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Fig ・ 3-11@Schematic@view@of@experiment@(two@arrival@waves) 
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Fg ， 3-12@Res Ⅱ   ts@ofDoA@estimati   n@(two@arri   al@waves) 

OOreXPe ㌃ imemt lme Ⅱ S 

  

7  「 

  

 
 

 
 



estimation@ by@ the@ proposed@ method@ in@ actual@ environments ， First ， the@ experiment@ at@ the 

line-of-Sght@was@carFed@out,@then@the@expe Ⅱ     ment@at@the@non-ine-of-Sght@was@conducted   

3.5. Ⅰ E Ⅹタビ ア ⅠⅢ ピれ は は f エイ れビ 0 Ⅰ s Ⅲ カゴ 

We@ conducted@ an@ expeTment@ for@ the@ line-of-Sght@ case@ in@ an@ outdoor@ envionment@ and 

measured@the@arrival@ waves@trans Ⅲ     tted@from@ base@stations@ currently@ used@ in@ cellular@systems   

Fig ・ 3-13@shows@a@schematic@view@of@the@experiment ， The@specifications@of@the@receiver@were@the 

same@as@those@described@in@subsection@3.4.2:@the@ number@of@elements@was@six@(5@+@ 1@ T ， shaped 

array) ， and@the@number@of@shifting@operations@was@three ・ As@evident@from@the@results@of@the@pilot 

signal@analysis ， a@wave@of@approximately@ 12@dB ， which@is@stronger@than@those@transmitted@from 

other@base@stations ， was@transmitted@from@a@base@station@in@the@vicinity@of@the@measurement@point ， 

At@this@ point ， the@ base@ station@was@ located@ at@an@ angle@ of-88o ・ Figure@ Fig ・ 3-14@ shows@ the 

experiment8@   res ℡   ts@that@confirmed@that@the@DoA@estimat*   n@resUts@were@accurate   

(a)@The@situation@(Line-of-sight) 

The  direction  of 
the  base  station 

(b)The  photograph  (L ㎞ e-o Ⅱ sig@ 止り 

Fjg.3-13  Schematicvie Ⅱ， ofolltd0oreXpc ア iment(L;neofsight) 
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Fig ・ 3-14@Results@ofDoA@est Ⅰ   ation@(Line@of@sight) 

/. Ⅰ・ 2E Ⅹタピ ァ Ⅰ 打 i 召 れぬ aI ゴ NO れ ， H 竹ゼ -0 が㎡ 9 ルプ 

We@conducted@ an@expe Ⅰ     ment@for@the@non-ine-of-Sght@case@ in@an@outdoor@envionment@and 

measured@ the@ arFv3@   waves@ from@ base@ staTons@ currenty@ used@ in@ cClUar@ systems ・ The 

propagation@environment@is@shown@in@Fig ・ 3-15(a) ・ It@is@impossible@to@accurately@determine@the 

DOA@from@base@stations ・ Therefore ， we@examined@the@accuracy@of@the@results@by@changing@the 

direction@of@shift@of@the@T-shaped@array ， as@shown@in@Fig ・ 3-15@(b)@and@(c) ， The@specifications@of 

the@receiver@were@the@ same@as@those@ described@ in@subsection@ 3.4.2:@the@ number@of@elements@was 

six@(5@+@1@T-shaped@array)@and@the@number@of@shifting@operations@was@three   

The@experiment3@   resUts@are@shown@@@   Fg ， 3-16.@The@estimati   n@error@was@appro Ⅹ     matCy@9@o 

Snce@the@SN@raTo@was@sm8ler@than@that@in@the@line-of-Sght@case@because@the@base@sta Ⅰ     ons@were 

not@8ong@the@li   e@of@Sght ・ However,@the@DoA@was@estimated@@@   Ⅰ   most@the@same@diecti   n ， Ⅰ   

order@ to@ reduce@ the@ estimaton@ error ・ @@   was@ essenti     l@ to@ increase@ the@ samP@     g@ number,@ as 

desc Ⅱ bed  ㎞ S Ⅱ bsectl0 円 3.3.2.E Ⅹ pe ⅢⅢ e Ⅱ tsW    Ⅱ h  芭 re 卸 t0 Ⅱ s Ⅲ np Ⅱ n 巳 ⅡⅡ @lbel.s Ⅵ   @@  be  pel.for Ⅲ ed  @ ロ 

ド Ⅱ t Ⅲ， e  stUdles. T ト es8  l.esU@ts  c0nnL Ⅲ ed  the  pel.h0@. Ⅲ れ Ⅱ ce  0 ト the  pr0posed  @ne Ⅱ lod  l@l  DOA 

est@ln 盆 tlon  expe@.l@leniall¥     
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(a)@Measurement@locations (c)@Diection@2 

Fig ・ 3-15@Schematic@view@of@outdoor@experiment@(Non ・ line ・ of ・ sight@case) 
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Fig ・ 3-16@Experimental@results@ofDoA@est@   ation@(Non-line ， of ， sight@case) 
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3 

In@ th@@   chapter 「 we@ proposed@ a@ method@ for@ estimati     g@ the@ DOA@ uSng@ Plot@ Sgna@@   @@   the 

CDMA@ system ・ when@ the@ ar Ⅱ     v3@   waves@ are@ modul   ted@ by@ random@ Sgnas ， the@ method@ i   

Chapter@2@cannot@ es Ⅰ     mate@the@ DOA ， However ， *@   @@   assumed@ that@the@ arFv8@   waves@are@ only 

e Ⅲ     tted@by@the@trans Ⅲ     tters@ofCDMA@systems@such@as@IS-95@and@CDMA2000 ， we@developed@the 

method@ described@ in@ Chapter@ 2 ， and@ proposed@ a@ method@ for@ the@ DOA@ estimation@ with@ a 

synthesized@vitual@planar@array@using@pilot@signals@of@the@CDMA@systems   

We@evaluated@the@proposed@method@by@perfor Ⅲ     ng@s@     ulations@and@exper Ⅰ     ents@in@an@anechoic 

chamber@and@outdoor@en Ⅴ     ronment ・ In@the@simulat Ⅰ   ns 「 the@DoA@was@esti     ated@accurate Ⅰ   ， and 

the@effectiveness@of@the@proposed@method@was@con@rmed ， Moreover ， we@evaluated@the@average 

esTmaTon@errors@to@be@approximatCy@ 1@@in@the@anecho Ⅰ   chamber,@and@found@that@arLv8@   waves 

from@ base@stat Ⅰ   ns@cou Ⅰ   be@estimated@ Ⅰ   the@outdoor@en Ⅴ     ronment ， These@resuts@confirmed@that 

the@ proposed@ method@ provides@ an@ effective@ DOA@ esti   ati   n ・ Further@ studies@ are@ required@ to 

improve@the@accuracy@of@DoA@est*     ation@and@esti       ate@the@arrival@waves@simultaneously@from 

cert3n@base@stations   
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4. Ⅰ Ⅰ n 士拍 Od ℡ Ct 玉 On 

Chapter・ planar‖rray 

antenna ， and@discussed@demonstration@of@the@utility@of@the@proposed@method@by@simulations@and 

expeTments（n‖n anechoic…hamber‖ssuming》hat‖r Ⅱ     v8   waves‖re｛nly Snusoid8   waves   

Then ， Chapter・ introduced》he method’or《ynthesizing‥ata〉eceived｜y》he」irtual planar 

array@ antenna@ using@ pilot@ signals ， and@ discussed@ the@ effectiveness@ of@the@ proposed@ method 

demonstrated by simulations and experiments in an anechoic chamber and in an outdoor 

environment ， assuming@that@arrival@waves@included@pilot@signals ・ These@methods@use@the@known 

signals（n‖rrival『aves ， and》hus》hese［ethods…annot‘st Ⅰ     ate．oA『hen「nknown《ignals 

arrive ， Although（t（s（mportant’or‖rea‥esigns（n「rban‖reas》o‥iscover（llegal〉epeaters》hat 

trans ㎝     t@ interference@ waves ， and@ the@ waves@ from@the@ illegal@ repeaters@ are@ s Ⅰ   usoidal@ due@ to 

osCl Ⅰ   ti   n｛r『*   e｜andヾgn2s『 Ⅰ   hout‾     Ⅰ   tヾgn2s ， In’act ， these［ethods…annot‥ Ⅰ   t Ⅰ   gu*   h 

the@illegal@repeaters   

To‖ddress》hese｝roblems ， this…hapter‥escribes‖［ethod｛f《ynthesizing‥ata〉eceived｜y 

the@ virtual@ planar@ array@ using@ eigenvectors@ of@correlation@ matrices ， This@ method@ uses@ the 

characteristic》hat‘igenvectors｛f…orrelation［atrices”ave｝hase（nformation｛f［ode」ectors 

corresponding》o．oA ， Thus ， this［ethod…an‘stimate．oA『hen‖rrival『aves‖re〉andom 

signals ・ This@chapter@describes@the@utility@of@the@proposed@method@demonstrated@by@simulations 

and exper Ⅰ     ents in an anechoic chamber ・ The proposed method can be applied to superior 

resolution@methods ， such@as@MUS Ⅰ   and@ESPRIT ， In@the@present@study ， the@MUSIC@method@was 

used‖s》he．oA‘sti       ation‖lgorithm ， On》he other”and ， this［ethod…annot‘stimate DOA 

when arFving waves i     Cude non-coherent『aves ・ Th@   probl   m rem8ns》o be addressed in 

future@studies   

78 



In@th@@   secTon,@we@descFbe@the@method@of@syntheSzing@data@of@the@virtu@@   Panar@array@antenna 

uSng@ Ogenvectors ・Ⅰ   @@   assumed@ that@ ar ㌃     v8@   waves@ are@ random@ and@ coherent@ waves ， The 

proposed@ method@ adopts@ a@ novel@ approach@ to@ solve@ the@ problem@ of@data@ acquisition;@ this 

approach@uses@the@T ・ shaped@array@antenna@shifted@parallel ， instead@of@a@conventional@planar@array 

antenna@to@estmate@DoA ・ SyntheSzng@data@recCved@by@the@virtu@@   Panar@array@antenna@imply 

that@the@T-shaped@array@antenna@@@   used@to@recove@ar Ⅱ     v8@   waves,@and@the@rec0ved@data@are@used 

to@ re8i   e@ the@ same@ data@ as@ those@ recCved@ by@ the@ conventon8@   Panar@ array@ antenna@ by 

synthesizing@the@received@data ， T0@provide@a@brief@description@in@this@subsection ， it@is@assumed 

that@the@number@of@arrival@waves@is@only@one@and@that@N@is@odd   

We@describe@the@method@of@synthesizing@data@received@by@the@virtual@planar@array@and@realized 

by@shifting@the@(N+1)@T ， shaped@arrays@as@shown@in@Fig ・ 4-5   

The@data@ X,@ received@by@a@T-shaped@array@antenna@at@its@first@position@are@given@by     

xl(0) 二口Ⅹ l@(0), 石 2(0),. ‥ ，ズ ⅡⅣ +l)VJ)J'   

=A,(6?)F(Q+N,(Q 

where@the@superscript@ /@ denotes@a@transposition ， t@is@time 。 9@ is@DoA ， F{t}@is@a@random@signal 

of@a@base@point ， and@A]@(<9)@ and@ N]@(/)@ can@be@expanded@as     

Al(6)=[el% 碑 ， e7 め 、 ㈹ ,...)9l め、 Ⅱ㈹ ].' 

N,( 「 ) 二 [ 巧 10), り 2(0),. ‥， 何 ， W,+,(f)]' 

wl]ere  九 ， ( 日 ) ⑦ =  Ⅱ 2,. ‥ ， Ⅳ +  D  is  a  pj]ase  di 廿乙 rence  introduced  by  り to  a  base  e@e@ent, 

and@ ?7i ， ， (/)@ is@thermal@noise ・ A@correlation@matrix@ R,@ of@ X|(t)@ is@given@by     

R ・ @X.@X/@)] 

where@the@superscLpts@ E ， Ⅱ   ]and@ H@denote@an@ensemb@@   average@and@a@co Ⅱ     ugate@transpoS     Ⅰ     on ， 

respecTvely ， Eigenvalues@ ㌦ @@ of@ R|@ and@ the@ eigenvectors@ e,,,@ to@ the@ 0genvalues@ can@ be 

calculated ， When@the@ number@of@arrival@ waves@ is@ 1.@ the@ relationships@between@eigenvalues@are 

given@by     

ノ Ⅱ ノ右， =, ‥二九 い +l 

and@the@Cgenvector@of@ e,,@ @@   expressed@by     
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( Ⅰ 3)                                                 ， 叫 9  / ぬけ ),                                 
｜ l 

where@ cn@@ is@a@constant ， 

The@T-shaped@array@antenna@is@shifted@parallel@by@the@distance@of@the@element@interval@(see@Fig   

4-1) ， and@an@eigenvector@ e,,@ can@be@obtained@from@data@at@the@position@as@well@as@by@the@above 

procedures: 

e2@=  併 ， A  ,( 日 )  二りアダ 帖 ㈹ ， ㏄ ヮ 87<hZ( タ )         ，ぱ， e   ( Ⅰ 4) 

The@ Cements@ of@the@ Cgenvectors@ e@1@l2 and@ e'@'@@ are@ the@ same@ data,@ because@ the 

dlementsof  色川   い，ぃ ・ 2  and  e/ め ・ い @ are@located@at@the@same@position@at@two@different@times@before 

and@after@shifting@of@the@T-shaped@antenna ， respectively ・ Hence ， by@comparing@ a,e                     with 

  ， it@is@possible@to@obtain@the@different@phases@ ¥f/@@ between@first@and@second@positions@as 

follows     

一 北 @     
ぱ， 

Therefore ， the@different@phases@between@first@and@second@positions@can@be@calibrated@and@data@of 

a@2@x@N@virtual@planar@array@can@be@synthesized@as@follows     

  
=[ 比ド / かけ )ｶ ぱ ド川， (B),         

， ㍗は 移 2e/ め ， (6),..., 灼 2%29  庇 、 ( の ]7 
  e ゆ 2h(")]'   =  al[ 6%  l(6),e 呵 2(8), ゆ ( ) Ⅰ 9 う ,l( ひ ) 

        二け，ピ庵 ㈹ ， ・‥， 穏 ， e 柄 、 ㈹ ア 

By@ repeating@the@above@procedures@ (M-1)@times ， virtual@ data@ Y@@ 「 received@by@ an@ M@ x@N 

planar@array@antenna@by@a@parallel@shift@of@the@T ・ shaped@antenna@can@be@synthesized@as@follows     

    

e l 
  

@,@1 
Y",", 二 

  

  ㍗。 ・ t/ 一 l)..¥/e.l/l   

=[ 援ド怖 Ⅲ， 叫 e/ め， (#f)       /@W@/@ @5) 
，ぱ le 回 、 け )                                                   Ⅴ /@7 目 ). りは   Ⅱ ピ 

二 %l ト叫 [ ん >)                                 
  c ノ "ll¥['ll' 

丘 // 何 ¥1 ヲ )                               
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Using Y@@ as‖n（nput」ector ， we…an｝erform‖nalysis｛fDoA‘st*       ation｜y》he｀USIC 

and@ESPRIT@methods ， In@fact,@there@are@sever@@   correl   ted@waves@transm*ted@from@a@base@station, 

and@thus@the@ogenvectors@at@each@poStion@become@degenerate 、 However,@data@at@each@poSti   n 

can@be@syntheSzed@as@wol@as@by@Eq ， (15 Ⅰ   and@the@proposed@method@can@es Ⅰ     mate@DoA@uSng 

F/B@spatial@smoothing ・ Fig ， 4-2@shows@a@Towchart@of@the@proposed@method@using@eigenvectors   

The@number@of@sh Ⅰ   ting@operat Ⅰ   ns@ Ⅰ   deCded@by@the@number@of@el   ments@@@   the@vitu8@   p@   nar 

array@required@for@the@DoA@esti     ations@and@T 。 shaped@array@antenna ， For@example ， when@an@N@x 

TV@p Ⅰ   nar@array@ Ⅰ   used@for@the@DoA@estimaton,@the@number@of@shiti   g@operaTons@@@   TV-@1@tmes 

those@of@an@N@+@ 1@ T ・ shaped@array@antenna ・ In@fact ， the@proposed@method@can@replace@the@N@x@N 

planar@array@with@the@N@+@ 1@T-shaped@array   

sh 田 

Comparison@of@phases 

  

て l, 

T ・ shaped@array@antennas 
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The@ proposed@ method@ is@ applicable@ to@ a@ linear@ array@ with@ a@ fixed@ element@ instead@ of@a 

T-shaped@array ， as@illustrated@in@Fig ， 4-3.@In@this@case ， the@phase@difference@ e@   /l/ ， n@ generated@by 

different@ sampling@ start@ times@ can@ be@ estimated@ using@the@ data@of@the@ fixed@ element@ at@each 

poStion@of@the@linear@antenna@in@the@same@manner@as@in@Eq ・ (15 Ⅰ   Therefore,@we@can@obt8n@the 

despread@ data@ Y@@ ， that@virtually@ represents@the@data@received@ by@the@M@ X@ N@planar@array 

antenna ， 

The  a 汀 ay  sh 血 ng  speed  is  arbitrary if    DOA  does  notcl]a@e  and  sLl 伍 c わ口 treceived  s 宅 na@s 

are@ obtained@ to@ despread@ the@ pilot@ signals ， because@ the@ phase@ difference@ due@to@ errors@ in@ the 

sampling@points@caused@by@shifting@time@can@be@calibrated@by@Eq ， (15) ， Although@the@proposed 

system@requi     es@a@un@@   for@array@shif@ng ・ @@     the@cost@of@the@un@@   @@   the@same@as@that@of@a@receiver 

and  a@  A  DC, the  cost  o ゲ t 卜 e  p ド oposed  systeln  reduces  YV Ⅱ e 円山 e  @ Ⅲ nbe Ⅱ of  s 卜 Ⅱ、 ts  req Ⅱ hed 
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becomes@greater@than@or@equal@to@three ， The@un@@   for@the@shif Ⅰ     ng@of@the@array@antenna@for@the 

experiments@described@here@was@practically@>100.@Therefore ， the@proposed@method@is@effective@in 

reducing@the@system@cost ， In@ urban@districts ， it@is@easier@for@individuals@to@ measure@the@ DOA 

wH     Ⅰ   w Ⅰ   k Ⅰ   g@Snce@the@es Ⅰ     mati   n@system@ Ⅰ   sm8l@and@lightwCght   

  DOA‘sti   ation・ 

 
 

Fig ・ 4-2@ Flowchart@of@the@proposed@method@using@eigenvectors 

Fixed@element 

    

且
 
 
 
h
 
S
 

Fig ・ 4-3@Method@using@linear@array@antenna 

8 つ 



3 

In@th@@   sec Ⅰ     on,@ it@@@   presented@that@the@res Ⅱ   ts@of@the@Smulatons@performed@for@ev8uating@the 

effecTveness@of@the@virtual@ planar@arrays ， In@the@proposed@ methods,@the@es Ⅰ     ma Ⅰ     on@accuracy@ i   

thought@to@ be@ in@uenced@ by@ the@synthet@@   accuracy@ of@the@ data@recoved@ by@the@virtu@@   Panar 

array@antenna@to@use@data@with@different@measurement@times ・ In@addition ， there@is@a@possibility@of 

position@errors@due@to@parallel@shifting@of@the@T ・ shaped@array@antenna ， Therefore ， the@influences 

ofSN@ratio ， position@errors ， etc ， on@estimation@errors@were@evaluated@by@carrying@out@simulations   

First 「 the@proposed@method@was@compared@with@the@conventional@method@using@the@planar@array ・ 

Next,@ the@ rCatonships@ between@ the@ SN@ raTo,@ poSTon@ errors,@ and@ estimation@ errors@ were 

determined   

イ ・ づ ・Ⅰ Co Ⅲ けフ a パ So れ 0/ ゴ 月色 ノ正ァ f Ⅱ ぱ Ⅰ ノワ Ⅰ 仰 れば ァは Ⅴ ぼ ノル正正 血ゴ A 召ァヒは 7P Ⅰばれ 4 ァ a 打 ばり ノ 

The｝erformance｛f》he｝roposed《ystem in DOA‘stimation『as‘valuated｜y…omparison 

w*h@the@conventon8@   method@uSng@the@Panar@array ， Tab@@   4-1@ shows@the@speCficatons@of@the 

Smul   ton ・ There@were@6@arFv@@   waves,@8l@of@wh Ⅰ   h@had@the@same@power@l   v0   ・ All@arriv@@   waves 

were@correlation@waves ， Twenty 。 eight@(7@x@4)@elements@were@included@in@the@virtual@planar@array ， 

and@ the@ subarrays@ were@ 3 x 3@ planar@arrays@ for@ spatial@ smoothing ， The@ interval@ between@ the 

elements@was@0.4@wavelengths ・ The@number@of@sampling@times@was@2000.@We@used@the@MUSIC 

method@as@the@DoA@estimation@algorithm   

Fig ・ 4-4《hows》he〉esults’or》he〉eal‖nd」irtual｝lanar‖rrays ， The‖verage‘stimation‘rrors 

of@both@the@ p4   nar@array@ and@the@ Ⅴ     rtu@@   Panar@array@ were@ 0o ， Based@ on@ the@ res Ⅶ   ts@ of@these 

simulations ， it@was@evident@that@the@virtual@ planar@array@of@the@proposed@system@could@estimate 

the@DoA@w Ⅰ   h@3most@the@same@accuracy@as@the@re8@   planar@array ，   

Tab Ⅰ   4-1ヾimu Ⅰ   *on《pecifications 

Array  竹川 n The@T-shaped@array@antenna@(7+1@elements) 

N Ⅲ nberofshi Ⅲ ng  opel.at@0ns 3 

Number@of@virtual@planar@array@elements 4 7 (28  elements) 

Number@ofsubarray@antenna@Cements 3@ x@3@(9@Cements) 

Interval between‘l   ments 

N Ⅲ nbero Ⅰ a 庁 iv 引 Waves 

SN ratio 

0.4  wave@ength 

6( 一 l40 。 ・ 一 40", 一 l0",70 。 ・ l00 。 ， l60 。 ) 

i0dB 

8" 

  

  
  

  

  

  

  
  

  
  

  

  
  

  

  

  

  
  

  



イ ・ 3.2  R ピ Ⅰ affo れ醸古 中ゐ 召ど w な せれ SN  ァはゴ Ⅰ 0  ぱ刀 はれ u 沖みⅠ ゲ q Ⅰ ガ ぱ打 WAi れ g ガ 

The@proposed@method@calibrates@the@phase@difference@due@to@a@parallel@shift@of@a@T 。 shaped 

antenna 。 and@esti     ates@DoA@of@arrival@waves@using@the@data@thus@obtained ・ Thus 「 it@is@possible 

that@the@esTmaton@errors@increases@when@the@SN@ ratio@or@number@of@samPings@ @@   sm8l ， Thi   

subsec Ⅰ     on@di   cusses@the@characterisTcs@of@these@in Ⅰ uences@evauated@by@performing@Smulatons   

Specifications｛f》he《imulation『ere》he《ame‖s（nヾec ， 4.3.1‘xcept’orヾN〉atio‖nd》he 

number@ of@samplings ・ Averages@ of@estimation@ errors@ were@ evaluated@ when@ the@ number@ of 

samplings@and@SN@ratio@were@changed ， The@number@of@trials@was@500.@The@estimation@error@@@is 

defined@as@follows     

( Ⅰ 6)   

where@L@is@the@number@of@arrival@waves ， K@is@the@number@of@trials ， 6.@ is@the@direction@of@the@/-th 

  

arrival@wave,@and@ 9@   is@the@estimation@result@of@the@/-th@arrival@wave   

Fig ・ 4-5@shows@the@results@of@s Ⅰ     ulations ・ When@SN@ratio@was@small ， DOA@could@be@estimated 

correctly ， These@results@confirmed@that@the@proposed@system@can@esti     ate@DoA@Wth@accuracy@by 

increasing@the@number@of@samplings@when@SN@ratio@is@small   
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Fi   ・ 4-5@The@influence@of@SN@ra Ⅰ     o 

4.3.3 Ⅰ竹刀 甘召れ 。 せが Pos 田 。 れ ピアノ。 だ 仰 す 化ぱ。 古戸 。 ガ加 。 竹 

The@influence@of@position@errors@was@evaluated@by@performing@simulations@of@methods@using 

0genvectors ， PoSton@ errors@ at@ each@ poSti   n@ were@ gi   en@ by@ uHform@ random@ numbers   

Simulations@ were@ conducted@ while@ the@ ranges@ of@ position@ errors@ were@ varied ， The@ other 

specincah0nsofthe  siluula Ⅱ on  weretl]e  sal 円 eas  in  Sec.4.3.1.Thedenni ㎡ 0n  ofthe  esth Ⅱ a 佃 on 

error@is@given@by@Eq ・ (16) ・ 

Fig ， 4-6@shows@the@results@of@the@si     ulations ， When@the@range@of@errors@was@small ， DOA@could 

be@estimated@correctly ・ On@the@other@hand ， DOA@estimation@error@was@within@3@@when@the@range 

of@position@errors@was@large ， These@results@con@rmed@that@the@method@using@eigenvectors@is@much 

l   ss@ senSti   e@to@ poSti   n@ errors@ than@that@assumi   g@that@arri   @@   waves@ are@si   usod3@   waves ． 

These@results@indicate@that@high-precision@equipment@is@not@required@for@shifting@the@T-shaped 

array;@therefore ， the@proposed@system@is@uncomplicated@and@can@be@implemented@at@low@cost   
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イ ・ J. イ 化せⅠ ば fao れガ A 中 5%tW せせ 竹れ 甘杓わ名ァ 0 ダダ 舌如 Ⅱ れど OPe ァ孔 fro れタ ばれれ 召鮭ん 川ぱ ガ 0 れ ピアノ @0 「 ガ 

The@relationship@between@the@number@of@shifting@operations@and@the@estimation@errors@was 
evaluated@by@performing@simulations ・ The@averages@of@the@estimation@errors@were@evaluated@by 

changing@the@number@of@shifting@operations ， The@other@simulation@specifications@were@the@same 

as  in  Sec.4.3.1   

Fig ・ 4-7@shows@the@simulation@results ， DOA@estimations@degraded@when@SN@ratio@was@poor ， 

although@the@estimation@error@was@within@3o ・ These@results@confirmed@that@the@proposed@system 

can@esti   ate@DoAwith@accuracy@when@the@number@of@shifting@operations@increases   
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Number@of@Shifting@opera Ⅰ     ons 

Fig ， 4-7@ Rela Ⅰ     onship@between@number@of@shiting@opera*ons@and@estima Ⅰ     on@error 

4 。 4 e Ⅱ t  S . 且 Ⅱ aneC 

Experiments@in@an@anechoic@chamber@were@conducted@for@confirming@the@effective@and@limited 

characte Ⅱ     sTcs@of@the@proposed@method ， F Ⅰ   st,@the@expe Ⅴ     ment@in@one@arLv@@   wave@was@car Ⅱ     ed@out 

for@ baSc@ conSderaTon ， Then,@ the@ experiment@ in@ two@ arFv3@   waves@ was@ conducted@ for 

confir Ⅲ     ng@DoA@esti   ation@when@several@waves@arrive   

イ ・ イ ・Ⅰ E よクせア正打 Ⅰ と れぬ w ヤ百 0 れせ仰ノアル 仰 Ⅰ w 血ノゼ由 ばれれれ 名 c 古 o ん cc ん a 用ゐ ヒァ 

The@performance@of@the@proposed@system@ in@DoA@estimation@was@evaluated@by@experiment   

First ， we@conducted@experiments@in@an@anechoic@chamber@as@shown@in@Fig ， 4-8.@Table@4-2@shows 

the@speCf@   ations@of@the@ expeLment ， @@   whi   h@ a@transmitting@antenna@was@sHfted@to@decrease 

es Ⅰ     ma Ⅰ     on@ errors@ caused@ by@ the@ in Ⅰ uence@ of@cab@@   twit ， The@ area@ swept@ out@ by@ shifTng@the 

T-shaped@recCving@antenna@was@equiv Ⅰ   ent@to@the@Sze@of@a@5@x@4-el   ment@pl   nar@antenna,@wh Ⅰ   h 

was@the@Sze@of@the@vitual@planar@array ， The@ditance@moved@ AT@ @@   de Ⅰ ned@by@Eq ， (17)@ such 

that@it@becomes@eqUvaent@to@the@theory@presented@in@Sec ， 4.2     

ぬを 二氏 YXcoS, り (17) 
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where@ Ax@ is@the@interval@between@elements ， The@subarray@for@spatial@smoothing@was@a@3@ x@3 

planar@array ・ The@radio@frequency@was@900@MHz@band ， the@transmitted@signal@was@random 

modulted@w ㍉   h@the@QPSK@method ， the@sampl ㍉   g@frequency@ofADC@was@40@MHz ， the@number@of 

samplings@was@2000 ， and@the@method@used@for@DoA@est Ⅰ     ation@was@MUSIC   

The‖verage｛f．oA‘st Ⅰ     ation‘rror『as・ ・ The‘st*     ation‘rrors‖re《ummarized（n：g   

4-9.@which@shows@that@DoA@was@estimated@accurately   

Table@4-2@Specifications@of@experiments@(one@arrival@wave) 

Array  飴 rln The@T ・ shaped@array@antenna@(5+1@elements) 

Number@of@shif Ⅰ     ng@opera@ons J Ⅰ 

Number@of@virtual@planar@array@elements 5x4@(20@elements) 

Number@ofsubarray@antenna@oements ） n り 3 ⅠⅡ 9 l 田 t 

Interval@between@elements 0.4  wavelength 

Radio@frequency 900@MHz@band 

Chip@rate 1,23  Mcps 

Sampling@frequency@ofADC 40MHz 

    

一 "' 

SaI 田 p Ⅱ n 色 h.equency 
40MHz 

Fig ・ 4-8@Schematic@view@of@experiment@(Case@of@1@arrival@wave) 
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Fig ・ 4-9@Estimation@errors@of@experimental@results@(Case@of@1@arrival wave) 

7.7.2E エ タ色 ァ ん川名れ コカ WI ゴ百 fWWo Ⅰ アァ Ⅳ ぱ Ⅰ W は ノ 8% 田れ 4%  ばれ ヒ C ね OICC 百 ぱ打Ⅰ み化ア 

The@ experiment@ with@ two@ arrival@ waves@ was@ carried@ out@ in@ anecholc@ chamber ・ In@ the 

experiment ， a@T-shaped@array@antenna@was@shifted@parallel@to@allow@synthesis@o@the@virtual@planar 

array 。 because@transmitters@cannot@be@moved@in@the@manner@described@in@the@experiment@with@one 

arrival@wave ， The@difference@in@direction@was@30o ・ The@other@specifications@of@number@of@arrival 

waves@were@the@same@as@in@the@case@of@one@arrival@wave ・ Fig ， 4-10@shows@the@MUSIC@spectrum 

of@the@ experiment@ results ・ The@ average@ of@estimation@ errors@ was@ 1.25o ， and@ DOA@ could@ be 

estimated@with@accuracy ， These@results@confirmed@that@the@proposed@method@using@eigenvectors 

cou Ⅰ   estimate@DoA@correctl     
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Fig ・ 4-10@MUSIC@spectrum@(two@arrival@waves) 

4 。 5  Summary 

In@this@chapter ， we@proposed@a@method@of@DoA@estimation@using@eigenvectors@and@described 

evaluation@of@the@proposed@method@by@simulations@and@experiments@in@an@anechoic@chamber ・ The 

methods@in@Chapter@2@and@Chapter@3@cannot@est*   ate@DoA@when@arrival@waves@are@random 

signals@without@pilot@signals ・ To@address@these@ problems ， this@ chapter@describes@ a@method@of 

synthesizing@data@received@by@the@virtual@planar@array@using@eigenvectors@of@correlation@matrices ， 

This@ method@ uses@ the@ characteristic@ that@ eigenvectors@ of@ correlation@ matrices@ have@ phase 

information@of@mode@vectors@corresponding@to@DoA ， Thus ， this@method@can@estimate@DoA@when 

arrival@waves@are@random@signals ・ 

S*   ulation@results@indicated@that@DoA@was@estimated@correctly@within@3@@despite@the@influence 

of@pos*ion@errors@and@the@poor@SN@rato ・ On@the@other@hand ， th@@   method@was@confirmed@to@be 

much@ less@sensitive@to@SN@ratio@than@the@other@methods ・ The@performance@of@the@ method@ was 

ev8uated@by@performi   g@expe Ⅱ     ments@ @@   an@anecho*@   chamber,@and@the@average@of@estimaTon 

errors@was@about@ L4o ， The@proposed@method@could@estimate@DoA@of@two@arriv Ⅰ   waves ， These 

results@con@rmed@that@the@proposed@method@is@effective@for@DoA@estimation ・ Further@studies@are 

to@esTmate@DoA@when@ar Ⅴ     val@waves@are@non-coherence@waves@wih@accuracy   
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Ⅱ ℡ 

This dissertation presented a method for est@     ating DOA with a virtual planar array 

synthesized@by@shifting@the@T-shaped@array@antenna ， The@advantages@of@this@method@are@low@cost 

because@ of@the@ reduc Ⅰ     on@ in@ number@of@recCvers@and@ antennas@ requied,@ reducTon@ of@mutua   

coupling@ between@ elements ， and@ weight@ saving ・ In@ the@ proposed@ system ， it@ is@ important@ to 

synthesize@ the@ data@ of@the@ virtual@ planar@ array@ by@ shifting@ the@ T-shaped@ array ， Thus ， this 

dissertation@ proposed@three@methods@for@synthesizing@the@data@received@by@the@virtual@ planar 

array ， The@resuls@of@Smu ⅠⅠ     ons@and@expe Ⅴ     ments@confirmed@that@the@proposed@methods@were 

effective@for@DoA@esti   ation ・ 

Chapter@2@introduced@the@method@for@syntheS@ng@virtu@@   planar@arrays@and@base@characteriti   s 

of@the@virtual@planar@array@by@shifting@the@T-shaped@array@antenna@in@DoA@estimations ， when@it 

was@assumed@that@arFv@@   waves@were@Snuso*   8   ， In@Smu Ⅰ   ti   ns,@the@average@of@estmat Ⅰ   n@errors 

was@within@3@@when@the@SN@ratio@was@within@5@dB@when@there@were@influences ， such@as@position 

errors ， frequency@fluctuations ， etc ， Then ， DOA@esti   ation@error@was@2.06@@@@   the@experiments 

with@one@arrival@wave ， and@the@proposed@method@could@est Ⅰ   ate@DoA@of@two@arrival@waves@in@the 

anechoic@chamber ・ These@basic@evaluations@confirmed@the@effectiveness@of@the@system@using@data 

rec0ved@by@the@virtu8@   planar@array   

Chapter@ 3@ described@ a@method@ for@estimating@the@ DOA@using@ pilot@ signals@ in@the@ CDMA 

system ， We@evaluated@the@proposed@method@by@perfor Ⅲ     ng@simulations@and@experiments@in@an 

anechoic@ chamber@ and@ outdoor@ environment 、 In@ the@ simulations ， the@ DOA@ was@ estimated 

accurately ， and@ the@ effectiveness@ of@ the@ proposed@ method@ was@ confirmed ， Moreover ， we 

evaluated@the@average@estimation@errors@to@be@approximately@ 1@@in@the@anechoic@chamber ， and 

found@ that@ arrival@ waves@ from@ base@ stations@ could@ be@ estimated@ in@ the@ outdoor@ environment   

These@ results@ confirmed@ that@ the@ proposed@ method@ provides@ an@ effective@ means@ of@ DOA 

estimation ・ 

Chapter@4@proposed@a@method@ofDoA@esti   ation@using@eigenvectors@and@discussed@evaluation 

of@the@ proposed@ method@ by@ si     ulations@ and@ experi     ents@ performed@ in@ an@anechoic@ chamber ， 

S@   ulation@results@indicated@that@DoA@was@esti     ated@correctly@within@3@@despite@the@influence@of 

poSTon@errors@and@the@poor@SN@ratio ， On@the@other@hand ， th@@   method@was@confirmed@to@be@much 

less@sensitive@to@SN@ratio@than@the@other@methods ・ The@performance@of@the@method@was@evaluated 

by@performing@experiments@ in@an@anechoic@chamber ， and@the@average@of@estimation@errors@was 

about@ 1.4o ， The@ proposed@ method@ could@ esti     ate@ DOA@ of@two@ arrival@ waves ， These@ results 

conf@     med@that@the@proposed@method@@@   effectve@for@DoA@es Ⅰ     ma Ⅰ     on   
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Radio@waves@from@base@stations@in@ urban@areas@ar Ⅱ     ve@from@sever ㏄   di   ec Ⅰ     ons@in@the@hoLzont8   

plane ， Further ， the@directions@of@arrival@of@these@waves@may@ be@proximate ・ Therefore ， systems 

based@on@super-resolution@methods 。 such@as@MUSIC@and@ESPRIT ， using@the@array@antenna@are 

usef@@   for@ measurement@ of@m@Tpath@ propaga@on ， In@ th@@   case,@ there@ are@ mutu3@   couP*   gs 

between@antenna@elements@and@differences@in@phase@and@amplitude@between@channels@in@radio 

frequency@(RF)@parts ， Therefore ， the@ accuracy@of@DoA@estimation@is@reduced ， To@resolve@this 

problem ， calibration@methods@ for@RF@ parts@ have@ been@proposed@ [139]-[148] ， A@method@was 

proposed@previously@in@which@measured@mode@vectors@are@applied@to@MUSIC@for@calibration@of 

RF@parts@[139] ， Although@this@method@can@correctly@calibrate@RF@parts@because@the@influences@of 

mutual@coupling@and@phase@differences@between@channels@can@be@considered ， it@has@a@number@of 

faults ， such@as@the@requirement@for@the@mode@vector@to@be@measured@in@all@directions ， and@the@non ・ 

applicability@ to@ ESPRIT ・ Moreover ， this@ method@ cannot@ estimate@ DOA@ of@ coherent@ waves 

because@the@forward/backward@spatial@smoothing@method@cannot@be@applied ， On@the@other@hand ， 

another@ method@ to@ estimate@ mutual@ coupling@ and@ fluctuations@ between@ elements@ by@ known 

sources@has@been@proposed@[140]@[141] ， This@method@calibrates@received@data@without@ mutual 

couplings@by@applying@reverse@specifications@to@received@data ， assuming@that@antennas@ have@a 

single@mode ・ This@method@can@esti     ate@DoAwith@F/B@spatial@smoothing ， MUSIC ， and@ESPRIT ， 

However,@th*@   method@cannot@conSder@influences,@such@as@fab Ⅱ     ca Ⅰ     on@errors,@poSton@errors@of 

antenna@elements ， and@infinite@ground@plane ， Therefore ， DOA@cannot@be@esti   ated@correctly@due 

to@defective@calibrations ， A@method@was@reported@in@which@the@calibration@is@carried@out@using 

mutual@impedance@measured@with@a@network@analyzer@[142][143] ・ This@method@is@not@better@than 

that@using@known@sources ， although@it@can@be@applied@to@the@F/B@spatial@smoothing@method@[144]   

A@method@using@the@moment@method@has@been@proposed 。 which@can@calibrate@errors@in@the@case@of 

multimode@ antennas@ and@ with@ influence@ from@ the@ infinite@ and@ reflector@ planes@ [145]-[148]   

A Ⅰ   hough@th ㍉   method@can@c8ibrate@array@antennas@wih@arb Ⅱ   rary@geometry,@es Ⅰ     ma Ⅰ     ng@coherent 

waves@is@difficult@because@the@F/B@spatial@smoothing@method@cannot@be@applied   

To address》hese problems ， this appendix introduces a［odi Ⅰ ed calibration method that（s 

more@ accurate@ than@ the@ convenTon@@   methods ・ The@ resUts@ of@ Smul   tions@ and@ expe ㌃     ments 

9 つ 



carried@ out@to@confirm@ efficiency@ are@described ， The@ proposed@method@ uses@the@ method@ with 

known@sources@ [140][141]@to@obtain@calibrated@data ， which@are@applied@to@mode@vectors ， This 

method@can@caibrate@errors@that@cannot@be@caibrated@by@the@method@using@known@sources,@and 

ca れ est Ⅱ nate  D0A  Ⅵ ，れト は Cc Ⅲ・ acy. This  lneth0d  can  be  app Ⅱ ed  to  the  F/B  spa Ⅱ al s Ⅲ o0t Ⅲ n は 

lnethod  w Ⅱ h  con 引 deratio@]  o Ⅰ the  ㎞ れ Ⅱ ence  o ダ Ⅰ enector  and  ㎞ 何 n Ⅰ e  planes  because  れ is 

equiv3ent@to@uSng@measured@mode@vectors,@and@thus@coherent@waves@can@be@es Ⅰ     mated ， On@the 

other@hand,@8though@arFv3@   waves@with@low@Ceva Ⅰ     on@are@conSdered@@@   the@conventon@@   system, 

ar Ⅱ     v8@   waves@ wih@ Hgh@ Ceva Ⅰ     on@ cannot@ be@ ignored@ because@ of@the@ recent@ dev0opment@ of 

rn Ⅰ   rocClUar@systems ・ Further,@ DOA@estmaton@ Ⅰ   carri   d@out@around@base@sta Ⅰ     ons@that@are@set 

up@ on@ the@ rooftops@ of@buildings@to@ find@ wave@ sources ・ Arrival@ waves@ at@ high@ elevation@ and 

depresSon@angles@cannot@be@esTmated@with@accuracy@because@antenna@patterns@in@the@hoFzont8   

p Ⅰ   ne@are@Gfferent@at@ Ⅰ     fferent@e Ⅰ   vaTons@and@depresSon@ang Ⅰ   s ・ Thus ， accurate@DoA@estimati   n 

at@ Hgh@ Ceva Ⅰ     ons@ and@ depresSon@ angl   s@ may@ be@ car ㍗     ed@ out@with@ apP   Ⅰ   ation@ of@c3ibraton 

tables@measured@at@each@elevation@angle   

In@this@appendix ， the@theory@of@the@proposed@method@for@calibration@ofRF@parts@is@introduced ， 

and@ the@ effectveness@ of@the@ proposed@ method@ conf Ⅰ   med@ by@Smula@ons@ and@ expeFments@ Ⅰ   

described   

forp Ⅰ a Ⅱ a ダ 8 丁 rayante ⅡⅡ a 

In》his《ection ， a［odified…alibration［ethod’or》he｀USIC［ethod『ith‖〉ectangular‖rray 

is@described ・ The@method@using@known@sources@was@combined@with@the@mode@vector@measured@in 

the@proposed@method ， This@method@i   proves@errors ， which@cannot@be@calibrated@by@the@method 

using@ known@ sources ， due@ to@ the@ use@ of@ measured@ mode@ vectors ， The@ accuracy@ of@ DOA 

estimat Ⅰ   n@is@ Ⅰ   creased@ because@of@the@ use@ of@more@ orthogonal@ mode@vectors@to@the@ subspace 

correlation@matrix ， obtained@from@measured@data   

A.2. Ⅰ Mood ピ んれ ま げ イ れ村 ゴ仰は Ⅰ couprW れ 甘 b 召 tw 色色ればれ 招 れれ ば召佗坤召 れね 

The@ reasons@ for@DoA@estimation@errors@are@the@ differences@ in@ phase@and@ amplitude@ between 

channe@@   in@a@receive ⅡⅠ fabLca Ⅰ     on@and@poSton@errors@of@antennas,@and@mutu@@   coupling@between 

anienna@elements ， The@mutu8@   couplings@may@change@because@they@are@de Ⅰ ned@by@the@shapes@and 

poS     Ⅰ     ons@of@antennas ・Ⅰ   @@   assumed@that@the@characteri   tcs@of@the@recCver ， such@ as@ phase@and 

ampliude ， do@ not@ change@ at@ the@ Ⅰ     me@ points@ of@ measu Ⅱ     ng@ data@ for@ c3ibra Ⅰ     on@ and@ DOA 

estimatl   ns,althon 接 Ⅱ these…haracte Ⅱ     s Ⅰ     cs［ay  e 卜 an ピ eover〕ong｝eriods   

9" 



The@shape@of@the@array@antenna@is@an@M@ x@N@planar@array,@as@shown@in@Fig ， A-1.@It@is@assumed 

that@ the@ number@ of@ arrival@ waves@ is@ one ， and@ the@ direction@ from@ each@ arrival@ wave@ is 

6 ， (/@==@1 。 @@@@. ， L} ・ In@this@case ， the@received@data@are@given@by     

x/(Q=Cra(@)s/(0+n(0 

  
C l け Ⅳ 

c== 

  

(18) 

Ⅰ。 加 ⅣⅡ           
  

C Ⅲ，八州」 

T  =  diag  Ⅰ 2%  ラ @22,,,., れ 川 ) 

a( り ， ) 二 [ 緒 ,(p,), 絡 2( 乞 )'...'p@ 八 ， ( り ， ),22l(p,), 絡 ， ( ワ ， ),..., の 榊 Wp,)]1   

W,,,M,(6,) 二 "., 仔 ( ゆ (,,-,),; 。 ", 。 庶 (,,,-,) 。 。 ， ",) ( 珂二 1,2,. ‥， M, れ二 1,2,, ‥，Ⅳ ) 

where@the@ superscript@ /@   denotes@transposition ， s/(/)@ is@the@complex@amplitude@ of@the@ Z ， th 

incident@wave ， C@and@r@express@mutual@ couplings@and@differences@in@amplitude@and@phase@of 

channels ， respectively ， a(@)@ is@a@mode@vector ， and@ <?@ ， @@@(<9/)@ is@the@phase@difference@relative 

to@a@base@point ・ If@ C ， F@ are@calculated@by@a@given@method ， the@received@data@can@be@calibrated 

as № llows   

x,G) こ (Cr)- 。 女 /( 「 ) ( Ⅰ 9) 

In@the@method@using@known@sources ， C,@F@are@computed@using@orthogonal@eigenvectors@of@the 

correlation@matrix@in@the@noise@subspace@and@mode@vectors ， and@the@received@data@are@calibrated 

as@shown@in@Eq ・ (19)   
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Fig ， A-1‾lanar‖rray‖ntenna 

力 ・ 2.2MOo Ⅲ 刀ピは c 仰んうァ Ⅰ ffo れ打Ⅰ 召ゴヵ 0 は /0 ァ沖 US Ⅰ nC  打 2 せ ゴ化 0 は 

Although［utu@   coupli   gs‖re…a Ⅰ   Mated｜y［odC@   g ， e ・ g ， ,｜y》he‘quat Ⅰ   n　   the［ethod 

using@known@sources ， there@are@errors@due@to@the@influence@of@scattering@from@the@edges@of@the 

infinite@plane@and@actual@ antenna@elements@without@on ， mi@ ・ pattern ， Thus ， the@accuracy@of@DoA 

esti   ation@is@degraded@because@these@errors@are@not@modeled@in@the@method@using@known@sources 

and@ calibrated@ correctly ， On@ the@ other@ hand ， the@ method@ using@ measured@ mode@ vectors@ can 

calibrate@these@errors ・ However ， this@ method@cannot@be@applied@to@the@F/B@ spatial@ smoothing 

procedure ， and@ therefore@ DOA@ cannot@ be@ esti   ated ・ This@ chapter@ proposes@ a@ modified 

calibration@ method@ to@ resolve@ these@ problems ， The@ proposed@ method@ uses@ the@ method@ with 

known@sources@to@obtain@calibrated@data ， and@these@calibrated@data@are@used@as@mode@vectors ， The 

proposed@ method@ computes@ more@ orthogonal@ mode@ vectors@ to@ noise@ eigenvectors@ of@ the 

correlation@ matrix@than@ the@ method@ using@ known@ sources ， and@ thus@the@ accuracy@ of@DoA@ is 

improved ・ Moreover ， the@proposed@method@can@use@the@F/B@spatial@smoothing@method   

In@the@method@using@known@sources ， C@and@F@are@computed@from@data@received@from@several 

known@sources ， Then,@data@in@DoA@estimation@are@multiplied@by@the@inverse@characteristics@ofC 

and@r ， and@DoA@can@be@esTmated@assuming@that@mode@vectors@a(9)@are@i   ea   ・ On@the@other@hand   

th@@   method@uses@mode@vectors@a(6 Ⅰ   whi   h@are@computed@as@fol   ws   

C‖nd〉‖re‘stmated｜y》he［ethod「Sng〔nown《ources ・ These［at Ⅱ     ces‖re‘xpressed‖s 

リー 

 
 

 
 

 
 



  
， respectively ， C is@ not@equal@toCT ， because@of@the@ influences@of@irregular 

antenna@ patterns@ and@ scatte Ⅱ     ng@ from@ the@ edges@ of@the@ in@nie@ p Ⅰ   ne ・Ⅰ   @@   assumed@that@the 

number@of@arFv8@   waves@@@   one,@uSng@the@same@data@when  八八 Cris…alculated ， and》he 

correlation@matrix@R@is@given@by     

R,=E[x,(/)x 「 ( 「 )-l=E[/ む亡 ¥ 月支， (0) 宝 Ⅰ ( 「 )(( 七十 ) Ⅱ 、 1     コ 

X/( 「 ) 二 ("")-l Cr  犬 /(f) 

where@the@superscript@ H@ denotes@conjugate@transposition ， The@eigenvector@corresponding@to@the 

maximal@value@of@the@correlation@matrix@is e ） （ （ ll ） t H d t l ・ g t e （ @ @ つ Ⅰ In  this 

case ， the@relationship@between             and                isas № I@ows     

e e （ （ l 上 Ⅰ 玉 / (/) ヘ ' 

From@these@specifications,             is「sed‖s‖…alibration》able‖s《hown（n・q ， (3)『hen｀USIC 

A 

spectra@ P@(J9. 、 )@ are@ calculated ， This@ improves@ the@ orthogonality@ of@noise@ eigenvectors 

obtained@to@use@the@eigenvector             and．oA（s‘stimated［ore‖ccurately     

月 リグ l ッ ( り /)= 
合 " くり， 肪会 ( ワ， Ⅱ 

令 H( ワ， )E",E 温 a(6H 

会 ( ワ， ) 二円 /) 

where@ E/@@ Ⅱ   a@matLx@composed@of@Cgenvectors@ Ⅱ   the@no Ⅰ   e@subspace@of@the@corroaTon 

  
matrix ， which@is@computed@from@the@data@calibrated@using@the@inverse@matrix@of@CT@ ， Therefore   

further@ orthogon8@   mode@ vectors@ to@ noie@ subspace@ cac Ⅱ   ated@ from@ the@ measured@ data@ are 

appli   d@to@es Ⅰ     mate@DoA@because@the@mode@vectors@inCude@errors@that@cannot@be@c8ibrated ， and 

the@accuracy@of@DoA@can@ be@estmated@ @@   advance ， When@the@ number@of@known@ sources@ i   

insuf Ⅰ Cent@@@   the@requied@resolu Ⅰ     on@ot 、 DOA@esTmati   n,@mode@vectors@among@the@above@mode 

vectors@ are@ subjected@ to@ spline@ interpolation ， and@the@calibration@table@ corresponding@to@ the 
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necessary@resolu Ⅰ     on@ Ⅰ   ca Ⅰ   u Ⅰ   ted   

When@the@F/B@spatial@smoothing@procedure@is@applied@to@the@proposed@method 。 the@correlation 

m  at 円 X  が O ド CalC Ⅱ @atm 巳 m  Ode  veCtol.S  a( り 7)  @s  rep@ace 己 wltll  a  coI.reIatlo ⅡⅢ at Ⅱ X  tvIth  F/B 

spatial@smoothing@as@follows ， Subarray@antennas@are@an@ M ， x@N;@ planar@array@antenna     

， K 二 ( ノ 一灯 ' 十 1)(W 一 Ⅳ ' 十 ])   く 2 Ⅰ 下 

( 必 '=1,,,.,M, Ⅳ '=L 。 ・・・ J Ⅳ ，材 'xN' 主 2) 

R ㌦ =E[X/A(0)X 仔 (/)] 

J 一 一         
        0  0   

Xl( 「 ) 二 て "")-l Cr  女 /(f) 

where@ X@(?)@ *@   the@ recCved@ Sgn Ⅰ   vector@ of@ the@ k-ih@ subarray@ antenna ， Eigenvaue 

decompoS?on@of@the@corroaTon@matFx@ R@@ @@   carFed@out,@and@a@c8ibration@taUe@@@   computed 

with@ the@eigenvectors@ corresponding@to@the@ maximal@ eigenvalues 、 Then ， the@ received@ data@for 

DOA@estimation@are@applied@to@the@F/B@spatial@smoothing@procedure ， and@DoA@is@estimated@by 

computing@the@MUSIC@spectrum@in@the@same@way@as@described@for@the@case@without@using@the 

F/B@ spatial@ smoothing@ procedure ・ When@ the@ number@ of@known@ sources@ is@ insufficient@ in@ the 

required@resolution@ofDoA@esti   ation ， the@same@processing@as@described@above@is@performed   

In@ urban@ areas,@ arFv3@   waves@ have@ vaTous@ e Ⅰ   vaton@ ang Ⅰ   s@ because@ the@ antennas@ of@base 

stations@and@repeaters@are@set@up@on@high@buildings ・ In@addition ， arrival@waves@exit@at@a@certain 

depression@ angle ・ The@ accuracy@ of@ DOA@ estimation@ may@ degrade@ when@ arrival@ waves@ have 

different@ elevations@ from@ the@ angle@ of@measurements@ for@ the@ calibration@ table ， because@ the 

antenna@patterns@of@a@DoA@estimation@system@change@at@several@elevations@and@depression@angles   

Therefore ， these@errors@are@reduced@by@preparing@calibration@tables@computed@at@each@elevation 

a 円安 le   
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方 ， 3. Ⅰ Co 竹巴 p はァ ヱガ 0 れ s ル な乃 甘 A ゼ co れ Ⅴ 8 れ ffo れ打ⅠⅢ e クカ 0 は 

The@ performance@ of@the@ proposed@ method@ during@calibration@ was@ evaluated@ by@ comparison 

Wth@the@method@using@known@sources ・ To@deter Ⅲ     ne@the@influences@of@mutual@coupling 。 infinite 

pl   ne,@ and@ diferent@ angl   s@ in@ Cevation@ or@ depresSon,@ the@ recCved@ Sgn8@   vectors@ were 

cacul   ted@uSng@antenna@patterns@at@each@Ceva Ⅰ     on@that@are@the@resu@@   of@the@method@of@moments   

Antenna@models@were@monopole@antennas,@the@interval@between@elements@was@0.45@wavelengths, 

the@ array@ form@ was@ a@ 2@ x@ 2@ planar@ array ， and@ the@ size@ of@the@ ground@ plane@ was@ 0.9@ x@ 0.9 

wavelengths ， Fig ・ A-2@shows@the@radiation@patterns@of@array@antennas@at@elevations@of0@@and@40o 

from@ the@ horizontal@ plane@ by@ MoM ， If@there@ is@ one@ element ， the@ radiation@ pattern@ is@ omni ・ 

However ， the@ radiation@ patterns@ are@ illegal@ due@to@mutual@ couplings@ and@the@ influence@ of@the 

infinite@plane ， In@addition ， the@radiation@patterns@change@due@to@differences@in@elevation@angle ， 

and@thus@the@performance@ofDoA@estimation@may@be@degraded   

First ， simulations@with@an@elevation@angle@of@arrival@waves@of@0@@was@carried@out ・ Table@A-1 

shows@the@simulation@specifications ， SNR@was@20@dB@and@the@sampling@number@was@2000.@The 

calibration@table@was@computed@by@each@method@using@the@known@sources@at@an@elevation@of@0o ・ 

The@known@ sources@ incidence@from@ all@ directions@ at@intervals@ of@5Q 。 and@the@ number@of@known 

sources@was@ 120.@The@resolution@of@MUSIC@was@0.5o ， In@this@simulation ， RMSE@was@evaluated 

by     

  (22) 

where@N@is@the@number@of@trials ， 0 ， is@the@estimation@result ， and@ 6 ， is@the@true@value ， The 

results@ obtained@ with@ the@ conventional@ method@ was@ 0.0053o ， while@ that@ obtained@ with@ the 

proposed@method@was@0.046Q ・ These@results@showed@that@the@accuracy@of@the@proposed@method@is 

the@same@as@that@of@the@conventional@ method   
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270 90 

( は )  押 (1.l)elCl]]Cnt (b)@ #(1.2)@element 

270 90 

(c)@ #(2,1)@element く d)  ナナ (2    2)elem  enl 

Fig ， A-2@Radiation@patterns@(2x2@array@antennas) 

Table@A-1@Simulation@specifications 

A  rra Ⅴが 0 Ⅱ ln 2X2@Panar@array 

  Interval@ between@elements   0.45@wavelengths 
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Then ， the@proposed@method@was@ev3uated@by@SmulTon@wih@an@0evation@ang@@   of@arUva   

waves@of@400.@The@known@waves@@   Cdent@with@an@el   vati   n@ang@@   of@40@@were@used@to@c8cul   te 

the@ calibraton@tab Ⅰ   ， Parameters@ other@than@the@e Ⅰ   vati   n@were@the@same ・ Fig ・ A-3@ shows@the 

results ・ RMSE@ for@the@ conventional@ method@ was@ 2.00@ and@ the@ accuracy@ of@DoA@ esti   ation 

became@poorer ・ On@the@other@hand ， the@proposed@method@yielded@a@good@estimate@because@RMSB 

was@0.05o ， These@results@confirmed@that@the@proposed@method@is@effective@for@calibration@when 

eT   vaton@ ang@   s@ are@ changed ， In@ outdoor@env Ⅰ   onments,@ the@ Ceva Ⅰ     ons@ of@ar Ⅱ     v@@   waves@ are 

known ・ Thus ， two@or@more@calibration@tables@that@change@the@elevation@are@prepared 。 and@DoA@is 

esti   ated@ by@ applying@ MUSIC@ to@ these@ calibration@ tables ， For@ this@ method ， DOA@ can@ be 

estimated@with@accuracy   
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力 ・ 3.2  C 舌口 アは cf ピア 尽 frc ガ l れ Ⅰ A ピ c は Ⅰ 化 0/7%co 古せ ァピれゴ wv はノピガ 

The@characteriti   s@of@the@proposed@method@were@ev8uated@by@performing@Sm Ⅱ   ation@@@   the 

case@ of@2@ i     coherent@waves ． RMSE@ was@ cal   Ⅱ   ated@ by@ estimating@ DOA@wih@ changing               

from・ Ⅰ   powers『as　xed 

to@40o ・ The@other@Sm Ⅰ   a Ⅰ     on@speC@cations@were@the@same@as@in@Sec ， A ・ 3.@The@resu Ⅰ   s@of@the 
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MUSIC@spectrum@are@shown@in@Fig ・ A-4.@As@shown@ in@th@@   Ⅰ gure ， the@proposed@ method@was 

conf@med@to@be@aUe@to@di?ngui   h@two@waves@wih@accuracy ， RMSE@was@0.28o ， These@resu Ⅰ   s 

indi   ated@that@the@proposed@method@can@esTmate@DoA@in@the@case@of@two@incoherent@waves   
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100.  140  [degree] 
  

  

-180@ -120@ -60@ 0@ 60@ 120@ 180 

Angle@[degree] 

Eg ・ A-4@Smulation@results@of@the@MUSIC@spectrum@(Incoherent@waves) 

A. ヌ ・ コ C 化仏 ァ仰 ct ビ ア はガ cs  m れ t 百ピ c 仰タ Ⅰ o/coh ビ アせれ ィ w はノピ J 

The@characteristics@of@the@proposed@method@were@evaluated@ by@ performing@simulation@ in@the 

case@of@two@coherent@waves ・ The@array@form@was@a@3@ x@3@ planar@array ， antenna@elements@were 

monopole@antennas ， the@ interval@ between@elements@ was@0.45@ wavelengths ， and@the@size@of@the 

infinite@ground@plane@was@ 1.35@x@ 1.35@wavelengths ・ The@subarray@form@was@a@2@x@2@planar@array   

RMSE@ was@ c8culated@ by@ es Ⅰ     mating@ DOA@ with@ changing@ ang@@   from@ 0@@ to@ 360@@ where@ the 

difference@ between@two@ coherent@waves@ with@equal@ powers@ was@ Ⅰ xed@to@40o ， The@ calibration 

tab@@   was@computed@uSng@Eq ， (22)@ with@the@F/B@spa Ⅰ     @@   smoothing@procedure ・ El   vaton@angl   s 

were@0o ・ The@other@Smula Ⅰ     on@speC@ca Ⅰ     ons@were@the@same@as@ in@ Sec ， A ・ 3.@The@ resuls@of@the 

MUSIC@ spectrum@ are@ shown@ @@     Fig ， A-5.@ As@shown@ in@ th@@   Tgure ， it@ was@ confl     med@that@the 

proposed@ method@ can@ dl   tingui   h@ two@ waves@ with@ accuracy ， RMSE@ was@ 0.   3o ・ These@ resuls 

indi   ated@that@the@proposed@method@can@esTmate@DoA@in@the@case@of@two@incoherent@waves   
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-180  -120  -60  0  60  120  180 

Angle@[degree] 

Fig ・ A-5@MUSIC@spectrum@(Coherent@waves) 

A ・ 4@Evaluation@of@the@prototype@system 

The@ performance@ of@the@ proposed@ method@ during@ calibration@ was@ evaluated@ by@ several 

experiments ， First ， a@comparison@with@the@conventional@method@was@performed ， Then ， the@results 

with@changing@elevation@were@determined ， Finally ， experiments@with@two@incoherent@waves@were 

pen № rmed   

力 ・ 4. Ⅰ Co 仰がれ ァた 0 れ sw ガ カフカ ピ co れ W れ fi の れ a Ⅰ 打 ㎎ ゴ百 0 は 

The@performance@of@the@proposed@method@was@evaluated@by@conducting@experiments@in@the 
case@ of@one@wave@ @@   an@ anechoc@ chamber ， Antennas@were@ adjusted@ to@the@ same@ hCght ， The 

elevation@angle@was@0o ・ The@radio@frequency@was@a@sinusoidal@wave@of@900@MHz@that@was@not 

modulated ， In@this@experi     ent ， IF@of@a@receiver@was@about@20@MHz ・ The@data@were@sampled@at@80 

MHz ， and@baseband@signals@were@calculated@by@a@digital@down@convert;@these@data@were@used@for 

DOA@es Ⅰ     maton ・ The@SNR@computed@by@applying@output@Sgna@@   from@ADC@to@FouLer@transform 

10 つ - 



was@ about@30@ dB ・ The@ array@ form@ was@a@2@ x@ 2@ planar@array ， of@which@ the@ interval@ was@0.45 

wavelengths ・ Data@were@measured@twice@@the@Frst@were@used@for@calibration ， and@the@second@for 

evauaTng@DoA@ estima Ⅰ     on ・ The@performance@of@the@proposed@method@was@ev3uated@based@on 

these@resu@s ・ RMSE@was@cacul   ted@uSng@Eq ， (22)   

Fig ・ A-6@ shows@ the@ estima Ⅰ     on@ errors@ when@ the@ inCdent@ ang@@   was@ changed ・ In@ these 

expeLments,@RMSE@wihout@c8ibraton ， w*h@the@conven Ⅰ     on@@   method ， and@wih@the@proposed 

method@were@3.7o ， 2.4o ， and@0.5o ， respectively ・ Although@estimation@errors@were@large@in@the@case 

Wthout@the@ calibration ， the@ accuracy@ of@DoA@ esti     ations@ was@ better@using@the@ method@ Wth 

known@ sources ・ Moreover,@ improvements@ in@ accuracy@ of@about@ 2@@ were@ obt8ned@ uSng@ the 

proposed@method ， Th@@   expeFment@was@performed@to@examine@the@case@in@whi   h@the@e Ⅰ   vaton@of 

ar Ⅱ     v8@   waves@@@   0o ・ However,@the@res Ⅶ   ts@w Ⅰ   h@the@conven Ⅰ     on3@   and@proposed@methods@were@the 

same@in@the@simulation ， Although@the@conventional@method@cannot@consider@fabrication@errors@or 

differences@ in@ each@antenna@element@ in@real@ systems ， the@proposed@method@can@calibrate@these 

errors@because@they@are@included@in@the@mode@vectors@used@by@the@proposed@method ・ Thus ， the 

proposed@ method@ can@ estimate@ DOA@ without@ increasing@ the@ errors ， The@ results@ of@ these 

experiments@confirmed@the@effectiveness@of@the@proposed@method   
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ズ ・ 4.2E Ⅰ ピノ在 tfo れ Ⅰ 乃 d ァ仰 cte ァむ ticso/ ク 丹ど pro は 0 Ⅰ名 は 仰 せ f 古 o は 

The@performance@of@the@proposed@method@was@evaluated@by@conducting@experiments@at@several 

e Ⅰ   vaton@ang Ⅰ   s ， The@number@of@arTv3@   waves@was@one,@and@th@@   expeFment@@@   conduced@@@   an 

anechoic@ chamber ・ The@ heights@ of@the@ antennas@ were@ adjusted@ such@ that@ the@ elevation@ of@the 

arrival@waves@was@-20 ， 0 ， 20 ， or@40o   

Data@were@measured@twice@at@each@elevation@angle-the@first@were@used@for@calibration ， and@the 

second@for@evaluating@DoA@estimation ・ The@performance@of@the@proposed@method@was@evaluated 

based@on@these@results ・ RMSB@was@calculated@ by@ Eq ， (22) ・ The@ other@specifications@were@the 

same@as@ in@Sec ・ A ・ 4.1.@ Fig ， A-7@shows@examples@ of@radiation@patterns@of@antenna@elements@at 

-20o ， O0 ， and@20o ・ As@ shown@ in@ this@ figure ， the@ radiation@ patterns@ are@ illegal@ because@ of@the 

in Ⅰ uence@of@mutu8@   couPings,@infin*e@ground@Pane,@and@fabricaton@errors ・ Moreover,@antenna 

patterns@ changed@when@the@ elevation@ angles@ were@varied ・ Thus ， DOA@ may@ not@ be@ estimated 

accurately  at  several  elevations  when  only  one  calibration  table  is  prepared   

270 

く a)  ナナ て l,l Ⅰ elelnent     ......・levation・ -・ 0‥eg ，   

90 

90 

      引
 

）
 

neni 
 
  

 

 
 

 
 

 
 

p
 

(
E
x
 

 
 

ア
 
n
 

 
 

4
 

 
  

 

0
 

 
 

 
 

p
 

 
 

 
 
 
  

 

 
 

I
 
t
 

A
n
 

 
 

7
 

 
 

 
 ｜

 

g
 

 
 



ぽ abIeA.2Elevat;o Ⅱ speci Ⅱ cati0ns 

Elevation@for Elevation@for@evaluating 
Calibration@method 

c はⅡ bratlon[deg@.ee]  es 白 lnatto 口 err.ol,s[degree] 

Case@ 1 0 20 Refel,e@ce  si 芭 Ⅱ㎡ s 

Case@2 20 20 Reference@signals 

Case@3 20 20 Proposed@method 

Case@4 0 40 Reference@signals 

Case@5 40 40 Re 俺 re れ ce  s 墳 na@s 

Case@6 40 40 Proposed@method   

Case@7 0 一 2o 良 e 騰 rence  s 培 na]s 

Case・ 一 20 一 20 Reference@signals 

Case@9 一 20 一 20 Proposed@method 

Fig ， A-8@shows@the@results@from@Case@ 1@ to@Case@3.@ In@these@experiments ， RMSE@of@Case@ 1 ， 

Case@2 ， and@Case@3@ were@ 2.7o ， 2.4o ， and@0.27o ， respectively ・ Although@the@accuracy@of@DoA 

estmaton@was@not@improved@by@changing@the@Cevation@for@the@c8ibra@on@wih@the@convention8   

method,@the@accuracy@at@each@0eva Ⅰ     on@was@the@same@as@that@wih@an@Cevation@ang Ⅰ   of@0@@uSng 

the@proposed@method ， 

Fig ・ A-9@shows@the@results@from@Case@4@to@Case@6.@ In@these@experiments ， RMSE@of@Case@4 。 

Case@5 ， and@Case@6@were@4.0o ， 3.8o ， and@0.9o ， respectively ， The@errors@were@greater@than@with@an 

elevation@of@20o ， This@was@due@to@the@increased@influence@of@scattering@waves@from@the@edge@of 

the@infinie@ground@plane@and@because@antenna@mode@cannot@be@assumed@as@Sng Ⅰ   modQ@     thus, 

errors@increased@in@the@case@of@the@conven Ⅰ     on8@   method ・ On@the@other@hand,@the@proposed@method 

could@ estimate@accurately@ because@these@ influence@were@ included@ in@the@ calibration@ table ， The 

exper*     ental@results@confirmed@that@the@proposed@method@is@useful@in@the@case@of@high@elevations ， 

Fnal Ⅰ   ， Fg ， A-10@shows@the@res Ⅵ   ts@from@Case@7@to@Case@9.@ Ⅰ   these@experi     ents ， RMSE@of 

Case@7 ， Case@8 ， and@Case@9@were@3.3o 「 2.3o ， and@0.6o ， respectively ， These@results@showed@that@the 

proposed@method@can@c8ibrate@the@errors@accuratCy@when@ar Ⅱ     v3@   waves@have@depresSon@ang@   s   

These@ results@ confirmed@ that@ arrival@ waves@ with@ high@ elevation@ and@ depression@ angles@ can@ be 

estimated@ with@ the@ proposed@ method@ by@ preparing@ and@ using@ calibration@ tables@ of@ several 

el   vaTon@ang@   s   
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Fig ・ A-8@Estimation@errors@(elevation@20o) 
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Fig ・ A-9@Estimation@errors@(elevation@40o) 
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-180@ -120@ -60@ 0@ 60@ 120@ 180 

Angle@[degree] 

Fig ・ A-10@Estimation@errors@(elevation@-20o) 

力 ・ 7.3  C 古ば ァは C ブせアだガ c ガ イ打 f んヒ c 仰ご召り ⅠⅠ れ coh 召ァピれ tw 仰 v せ $ 

The@performance@of@the@proposed@method@was@evaluated@by@conducting@experiments@in@the 

case@ of@two@ incoherent@ waves ， Th@@   experiment@was@ conduced@ in@ an@ anecho Ⅰ   chamber ・ The 

antennas@were@adjusted@to@the@same@height ， Incident@waves@were@sinusoidal@waves@of@900@MHz 

that@were@not@modulated ・ The@frequencies@of@two@waves@were@different@by@7@MHz ， and@thus@the 

ar Ⅰ     v8@   waves@were@incoherent@waves ・ Transmi   Son@ powers@were@equ8   、 The@ang Ⅰ   d*ference 

was@fixed@to@40o ， and@arrival@waves@were@measured@with@rotation@of@the@array@antenna@by@360o   

In@ this@ experi   ent ， the@ SNR@ computed@ by@ applying@ output@ signals@ from@ ADC@ to@ Fourier 

transform@was@about@30@dB ・ The@other@speCficatons@were@the@same@as@in@Sec ， A ， 4.1.@RMSE@was 

calculated@by@Eq ・ (22)   

Fig ， A-   1@shows@examp Ⅰ   s@ofMUSC@spectra@at@sever@@   ang@   s 、 The@resu Ⅲ   s@shown@in@th@@   Ⅰ gure 

confirmed@that@the@system@with@the@ proposed@method@can@distinguish@two@waves ， and@est@     ate 

DOA ， These@resu@s@con@rmed@the@useful@of@the@proposed@method   
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Fig ， A-11@Experiment@resuts@(two@arrival@waves) 

A.5 CO ℡ C! ℡ S 且 0 Ⅱ S 

This@appendix@described@the@modified@calibration@method@for@the@MUSIC@method@with@a@planar 

array ・ The@ proposed@ method@ can@ calibrate@ including@ the@ errors@ due@ to@ position@ errors@ and 

differences@ between@ antenna@ elements ． Thus ， this@ method@ is@ effective@ for@ DOA@ estimation ， In 

addition ， the@proposed@method@can@be@applied@to@the@F/B@spatial@smoothing@method ， and@thus@can 

be@used@for@estimation@of@coherent@ waves ， The@effectiveness@ in@the@case@of@high@elevation@was 

confirmed@by@Smula Ⅰ     ons ・ Moreover,@experiments@were@conduced@with@the@tF8@   system ， and@the 

results@confirmed@that@arrival@waves@with@high@elevation@or@depression@angles@can@be@estimated 

more@accuratCy@uSng@the@proposed@method@in@compar*   on@wih@the@convenTon8@   method ， These 

resu Ⅱ   s@confirmed@that@the@proposed@method@provides@effecTve@c3ibration   
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Ⅱ Ⅱ 

Ⅱ ℡ 

The〈uaity｛f［obi Ⅰ   commun*   aTon［ust｜e（mproved ， part Ⅰ   u Ⅰ   r@   Ⅰ   urban‖reas ， Thus ， it 

is@i       portant@to@esti     ate@DoA@from@base@stations@and@repeaters ， and@a@planar@array@is@effect*   e@for 

obtaining《uch［easurements ・ However ， systems『ith｝lanar‖rrays〉equire［any‘lements’or 

F/B@SSP ・ This@results@in@a@high@expenditure@on@receivers@with@a@corresponding@increase@in@the 

weight‖nd《ize｛f》he‘stimation《ystem ・ This‥issertation｝resented‖．oA‘stimation《ystem 

with@ a@ T-shaped@ array@ antenna@to@ reduce@ the@ cost ， and@ described@ the@ results@ of@experiments 

confirming》he‘ffectiveness｛f》he｝roposed［ethod ・ Theゝ ， shaped‖rray〉emains‖t〉est（n》he 

proposed［ethod『hen‥ata｛f‖rrival『aves‖re［easured ， On》he｛ther”and ， if［easurements 

of@arrival@waves@are@conducted@while@moving@the@T ， shaped@array ， the@usefulness@of@measurement 

of‖rrival waves was improved ・ Therefore ， this appendix discusses evaluation of》he DOA 

estimation@method@while@moving@the@T-shaped@array@ antenna ・ It@is@possible@that@there@ may@be 

errors when measurements are obtained while moving the T-shaped array ， Errors in 

measurement@positi   ns@as@shown@ @@   Eg ， B-1@ may@ i   crease@when@ arri   al@waves@are@ measured 

continuouSy ・ These‘rrors‖re〉eferred》o‖s｝oSton‘rrors in》h@   appendix ， Moreover, ㍉   the 

T-shaped@array@antenna@@@   moving@when@data@of@arTv8@   waves@ are@obt3ned,@th Ⅰ   removes@the 

cause｛f‘sti     ation‘rrors ・ These‘rrors‖re〉eferred》o‖s《hifting‘rrors（n》his‖ppendix ・ 

The@ influences@ of@position@ and@ shifting@ errors@ were@ evaluated@ during@ DOA@ estimation@ by 

simulations‖nd‘xperiments ， Although》he［ethod｛f《hifting》heゝ ・ shaped‖rray…ontinuously 

can@be@applied@to@the@three@methods@proposed@in@this@dissertation ， the@method@using@eigenvectors 

was「sed’or《ynthesiZng‥ata｛f》he」irtu ㏄   pl   nar‖rray   
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(a)@Conventi   n3@   method (b)@Proposed@method 

Fig ， B-1@Measurement@methods 

B.2 S 五 mula せ五 0ns 

This@ section@ presents@ the@ results@ of@simulation@ of@the@ proposed@ method@ with@ sequential 

measurements@during@DoA@est Ⅰ   at Ⅰ   n ・ Ta      e@B-1@ shows@the@s*     ulat Ⅰ   n@speciications ・ Arr Ⅰ   al 

waves@were@measured@continuously@with@a@T-shaped@array@as@shown@in@Fig ， B-1 ， and@then@DoA 

was@ estimated@from@the@ data@of@the@virtual@ planar@array@ synthesized@ using@ eigenvectors ， The 

estima Ⅰ     on@ Ⅰ   go Ⅱ     thm@used@was@MUSIC,@the@number@of@arriv8@   waves@was@6.@and@the@averages@of 

estmaton@errors@were@computed ・ In@th Ⅰ   case,@there@were@errors@ due@to@measurement@wh*e 

shifting@and@position@errors@as@shown@in@Fig ・ B-1.@The@array@form@was@a@7@+@ 1@ T ， shaped@array 

antenna ， and@a@7@x@4@virtual@planar@array@was@synthesized@by@shifting@3@times ， 

Fig ・ B-2@shows@the@simulation@results ， It@was@con@rmed@that@the@in@uence@of@these@errors@on 

DOA@ estma Ⅰ     on@was@sm Ⅰ   l ・ For@exampl   ， poSTon@errors@were@about@0.004@ wavel   ngths@and 

shi@ng@errors@were@about@ 3x10@5@ wavelngths@in@the@t Ⅰ     @@system@desc Ⅱ     bed@in@Sec ・ B ・ 3.@Thus ， 

there@ were@no@errors@ duLng@DoA@estimation@ due@to@ sequent@   l@ measurements ， These@ results 

c0 円 n Ⅱ med  t Ⅱ e  possib@ity  0 ア seq Ⅱ e 口 h 臼 l Ⅲ e Ⅱ s Ⅲ r.elnentsusi Ⅱ 巳 t Ⅲ s Ⅲ et ト od   
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TabI0 Ⅱ - Ⅰ S;m  ulat;0nSpeci Ⅱ cat!oms 

A  は ay  Ⅲ O Ⅱ n T-shaped@array@antenna@(7@+@1@elements) 

Number@of@virtual@planar@array@elements 7  X  4  (28  elements) 

Number@ofsubarray@Cements 3@x@3@(9@elements) 

Interv8@   between@e4   ments 0.4 % 

Number@of@arrival@waves 6  ( 一 140 。 ， -40 。 ， 一 10 。 ， 70 。 ， 100 。 ， 160 。 ヵ 

SN@ratio 20@dB 

Number@of@snapshots 2000 
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cuts（n‖n‖necho@   c 

The@performance@of@the@proposed@method@duFng@DoA@es Ⅰ     ma Ⅰ     on@was@ev3uated@by@severa   

expeFments ， The@expeLments Ⅵ・ e@ ， e  co ぃ duC Ⅰ ed  l 口 al 「は neCholc  e ト alnbe@. Ⅱ Sln 巳 the  t 「 lalSysteln   

Tab@@     B-2@ shows@ the@ expe Ⅱ     ment@@   speCfi   ations ・ The@ i     terv@@   between@ Cements@ was@ 0.45 

I l l 

 
 



wavelengths ， and@a@5@x@4@virtual@planar@array@was@synthesized@by@shifting@5@+@1@T ， shaped@array 

antenna@3@ Ⅰ     mes ・ RF@was@2@GHz ， DOA@was@changed@every@30@@from@0@to@ 180o ， and@esTmated   

Fig ・ B-3@shows@a@schematic@view@of@the@experiment ・ In@the@trial@system ， terminals@were@set@up@at 

measurement@points,@the@other@terminals@were@set@up@at@the@shifted@array@antenna 「 and@terminals 

were@ connected@to@ SG@ and@ AD@ as@ shown@ in@ Fig ， B-3.@ When@ the@ array@ antenna@ reached@ the 

measurement@points,@signals@from@SG@were@transmitted@to@ADC@because@of@the@contacts@between 
terminals@at@measurement@points@and@the@array@antenna ・ The@ADC@samples@data@received@by@the 

T ， shaped@array@antenna@when@the@input@is@received@at@the@ADC ， The@velocity@of@shifting@the 

T-shaped@array@was@about@ 10@[cm/S,@and@the@measurement@tme@was@about@2@seconds ・ Under 

these@con6tins ， positin@errors@were@0.004@wavelengths ， and@sHftig@errors@were@ 3x10       

wave Ⅱ   ngths ・ The@Smuati   n@res@ts@ Ⅰ   di   ated@that@there@were@no@poSt*   n@or@shiti   g@errors ， F Ⅰ     

B-4@shows@the@experiment@results ， The@average@error@of@this@experiment@was@1.5.@The@results@of 

th@@   expeFment@con@rmed@the@effecTveness@of@sequen Ⅰ     8@   measurement   

Table@B-2@Experimental@specifications@(one@arrival@wave) 

Array №㎝ T ， shaped@array@antenna@(5@+@1@elements) 

N は mberofvl れ ualplanara 汀 ay  eIements 5@ X@ 4@(28@elements) 

N Ⅱ Inberofsubarray  eIements 3@x@3@(9@elements) 

Interval@between@elements 0  .45  人 

Number@of@arrival@waves   

Sampling@frequency@ofADC 20@dB 

Radio@frequency 2@GHz 

Intermediate@Frequency 40MHz 

Number@of@snapshots 2000 

l l つ - 



  
Sampl2ng 丘 equency 

40MHz 

Fig ・ B-3@Schematic@viCW@of@experiment@(one@arrival@wave) 
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Then ， experiments@ were@ conducted@ to@ exa Ⅲ     ne@ the@ case@ of@two@ arrival@ waves ・ The@ angle 

difference@between@the@two@arrival@waves@was@30o ・ The@other@specifications@were@the@same@as@in 

the@above@experiments ・ F Ⅰ   ， B-5@shows@the@experiment@res Ⅵ   ts ， It@was@confirmed@that@two@arri   a   

waves@ could@ be@ distinguished@ and@ estimated ・ These@ results@ confirmed@ the@ effectiveness@ of 

sequental@measurement   
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Fig ， B-5@Results@ofDoA@estimation@(two@arrival@waves) 

B ・ 4@ Conclusions 

This@appendix@described@evaluation@of@the@influences@of@position@and@shifting@errors@during@DoA 

estimati   n@determi   ed@by@Smu Ⅰ   t Ⅰ   ns@and@expeLments ， These@res ℡   ts@conf@med@that@DoA@can 

be@esti     ated@using@a@virtual@planar@array@Wth@sequential@measurements   
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