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ABSTRACT

This thesis presents performance evaluation of the JADE-MUSIC estimation based on
the indoor channel model. Estimating direction of arrival (DOA) and propagation delay of each
path is necessary for many applications in wireless communications, especially, mobile
localization for emergency services and advance hand-over scheme. By means of the JADE-
MUSIC method, DOA and time delay can be obtained simultaneously. In the JADE-MUSIC
method, the channel impulse response is estimated first from the received samples and then this
impulse response is employed to estimate DOAs and time delays of the multipaths. Moreover, the
JADE-MUSIC can work in cases when the number of paths is more than the number of antennas,
unlike the traditional parametric subspace-based method. Therefore, this thesis proposes
performance evaluation of the JADE-MUSIC estimation via the indoor channel model. The
estimated results are demonstrated in terms of the result comparison between the simulated

channel model and the experimental channel model.
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v v au

'
= =

' ' ¥
nszinsan lavodvauyaguiniveuiinszhinudeyahn ldunnnmsdauna ualurided

9

=1

= | o o 3 w Y A g o T
wnanduisawuiaesisih lldluideass h ileduresnseguuszuny xy aw
191 2.1 udrvzwud
T

k= (x! y!)

Taoldaunsi (2.11) uag 2.14) Miialdvinduaes 7 ilesvnunassuiiaimnny 6

A

flo

E(l’,t) — S(t)e[jwl—k(x, cos 6+ y;sin 0) | (2.15)

) “ a 4 o o A )
DIHARDUAUDIANUDLDVLUUIIL £ (8) INAYH W IFUHEDT [ LHUDAIUNIIDUVD

Ay vanda ldezaoandoafuauiui r INeANUAZAINIWARIAAUNINE e/e' BN

B r

a wa o @ P = @ e [} o da
Aumadjidudrdgananinezgaudasnay lufanuiuaugiuvesmsdndiedie) vadwin

g g U

Idvzgnuagianiay

X, (t) =g, (g)e—jk{x,c058+yrsin9)s(t) = a',S(f) (216)

= =1 1 = 1 ' o w 1
MNAUMSIN (2.11) WHUNAUMIN (2.16) Apams IReaienwluneadidy ruvuiams

v § S " v 2
muamgnialuzlanuennaw) udenissniidmnduvesnnunhauoy (f/B8) duily
auyATIuveIR NNt DLAYINMINa 1 Nluunanuineinumsdssuladyans dmy

o a d 4 w o o a EY
AWDIMALVULOIRIAVIUIA M aenlsznen l?ﬂl@]ﬂ'ﬁHﬁﬁW'ﬁuﬂULm?ﬁWﬂUﬂ$1ﬂL‘ﬂu
x(t)=a(0)s(r) (2.7

Ed
=

4 T do a a . ar A
e a(0)=[a,(0),....a,, (6)] AonMADTAUTIUID (steering vector) HONIINTIH TR
A a 9 4 a a ' J o . 4 1
1’]1![11]1‘]511!ﬂ1ﬂ5t]ﬂl1]9’|5ﬂ 2(9) DAFULINIADINTEN (action vector) INFMBDINTTUNINTE V1Y

o w " e o . o Y A A
VDIUDINAY (array propagation vector) LALIINADIAUUI (replica vector) Wuau well

o P 9/ w = Aa P 9 @ o 3 o Y a I~

dyanunnndyasuavaniayuinoesdyaoatu 0 warzimlnfadunagu
o o o a adg =] o o o w o or o @ a
I,HJUﬁlﬂfﬂ‘i"U?Nnﬂmﬂ'.iﬂ'll‘ll‘u']ﬂqﬁLUUHﬁﬁW’ﬁLLUULm?ﬁVﬂU ﬁTWﬁULLﬂ?ﬁTﬂU!‘UQEﬁ{HLLBU

' ¥ '
111630 (uniform linear array:ULA) Wl WeooIman gl 2.2 uazez 1

r :((m—l)Ax O)T

m
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4 i ] L4
Lﬁ'ﬂ Ax UNUITZUZUNUDIT W IMIALAADIAYTZAO

s

al o o
t,{']ﬁiligﬁ’ll'm‘(l‘ﬂ“] 29U 5ENPUVDITIwDIN AL oy 'l‘élqlk‘[J'I!JTl"lﬂ']iJﬂJLﬂU’J (ll.lﬂ&i]'lﬂ

¥
a "W =] ar
wasaNdyy I uszuin) dufe
g(0)=...=g,(0)=¢g(0)

do A ao o @ a 3 o =

L’JﬂLﬁlﬂiﬂ'lL'LI‘H’Jﬂ"U'fNﬁ'IU'E)1ﬂ']?fLL“JJ‘lJLLﬂ’.lﬁ1ﬂ‘iJL‘HQLﬂNlLUUﬁﬂﬂLﬁUB%QLﬂu
ay. (6)= g(@)[l g ktxsing e‘f{”“)"‘l“i"ﬂ (2.18)

A A 1 o o a o a 1 ] Y 2 o
we & ﬂ'f]ﬂ'lﬁlﬂﬁ??“l.lﬂﬁﬂ'lu']uiliﬁﬂgﬂ‘h‘inifu'llﬁuﬂWHNWLﬂﬂﬂﬂ‘UEN UM

Y

rYyY - v _,

Ax 2Ax (M -1)Ax X

‘lj‘ﬁ 2.2 LSﬂlTﬂmWUE]QfﬂtlﬂWﬂTﬁlLﬂ'm'lﬂlli‘NLﬂuu‘U‘Uﬁiﬂlﬁﬁﬂ (ULA)

Fait1&na1n 1 3ud lunoudy ﬂ;}msw‘ucﬁau“1ﬂﬁuum1w'1=u'lﬂnmwuumssmmum

Y a

idu Mdyamsou D ﬁ'ﬁUuﬂJu'lmL‘ll'Iiﬂﬂiz‘}"l‘]J‘l‘]ﬁ"IU’t]”lmﬁu‘lJ‘lJLm’JE’I’I@]‘U M osfilsznenly

. { ! ¢ @ :
Ayunda DOAs 71 6,...,6, udd nmmeskadnsszagluzilves

D
x(t)=>a(8,)s,(t) (2.19)
d=1
A A [ a = v
e s, (1) unugdaduvesdyanaunnuduaugvlaen d =1,...,D quniswaawiaIuisg
w Y Av 9 :3' ° 9 a o a adA o A o
talveglugUidudousu lavimualdminduindtuaznmesvesglaiuvesdaa o

A(0)=[a(8)..-»a(6,)],, (2.20)

s(t)=[s, 1| —— (t):IT (oo
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1
ar =

v Y ' ]
Taglunilszuandadyanasunauiimudu (additive noise) 30 n(¢) A2 waiildfie

L1

uuuapsvesdyanaiiineeldlumsdszinadyais1dun
x(t)=A(6)s(r)+n(r) (2.22)

ad - v o dyg 9/ 9 a = 9 = o 9 1
'315ﬂ'\'j‘VI(l‘D'L!.'U‘Ui]']'ﬁﬂﬂu“l"l{l‘ﬂuﬂﬁﬂﬂﬂ'lﬁclﬂﬁiU‘iU"lﬂl“ﬂHJ'l'lJ’lﬂJ%'lu'JuuﬂUﬂ'}l'l

o o

'
— 14 o

L4 oy i L) a ) o de
pensgnovvesmweima Wuiiaulandmsulunsan lulidyaasunuudmaansn

]

9 o w A o o o as 1 .3’ P d'd. 1 o
Tdvewardrdunnmna liamunnnesdwiuitzeg luveuwavesiuidesiivuiamii
o o 3 o e o 1 @ o o a >
SuudyasuuiuiFidounivnaminuiviuesndszneuvesanseinia Fatinuiena
A A & & < & = &4 i & -
WundosuesdyInnazmsaunall flu;ﬁuukugmmmaﬁmsmguuwugmﬂumwuﬂ
oy (subspace-based method)

s el 9 =1 '3 [] i o Y] g ) 1 -

HAANTN AN D3 vzrIunTEUIUMInowIi lUUssuanauazsaf ud 00199

a d 9 a P 1. e

naneh szmu 1 wansiszuaa x(1) gﬂwmmnﬂummuNamsﬂ'ﬁxmaNaquunu
L s ﬂ'. 73 Qa9 -7 C; é Q Qr i ‘§

NPT YA UNTINITOMIRUANYUSINNANWADATIAUNH HIUaz R UNaoId 1A

NNFYIMIAETYYIVIUAIU ATTUIUMIIIIInUlsTuIaravesdyamlinnszi iy

wwameidayanasuniuly x(r) Wudygrasuniuen (white noise)

23 mIdneesdyadnsumsazinamyumazmilseIwnarsiunu

2.3.1 yuudieeanadiamans
4 ) fdl. o 1 4 3 =
o ld Idsduuumandiasmaas nenuisasiaesmsunsnszawyeanan Idiudoad
a @ ar 2 d'( :i 9 as 3 9 9 @ o @ 1
msauyAvIelsgms ouduusnonaui laTusiulsznenludruduniandng fnsnfustis
o 9 ar é Y dl A o Qs 0’: n' Qs Y] cl Yo
wu lddFadauswinimissiudyana TasduusnziSunaasnndyaraundni ldsy

@ dﬁ d& 3 @ s
danmnils Taodle Indaanadaniy
x(t)y=s{r)e"™™ (2.23)

s = " a z = d‘ = a
(TaudyIununINIZIUeaNNINTI HUAD real{x(t)}) o s(¢) AedwaMUIUIIY

a 3| = y al 3

139U (baseband complex signal) Uag f, WuanudueInaunIne AUYANTANNISUU

Usznoudlundunnszwegesianinuie uardygiuniulaie lilidyaiausuniu
v

g o

ar v oA 1 g A o £
(noiseless) AowasTIMvoIdyanaInu luusazidune Taslivuauazaudnnanaeny 4

v ) A ) oA A < A
VUIALUNHAIY Rn HAMHAIIUINAAU 1 mummum‘smaummnma,ﬂu 7, Ao

r(t)=4) R (I—T”)eflﬂj;'("r") (2.24)
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o 4 unugUuUUYOINARDUAUDA (response) BATIVUY (gain) MaiWe (phase) VD3
1 [V a 9 Ai o w A Y Y =
meoma R, udmveandsnuiidunnandudwui n A9 4 unuszoemad

' Y P Y Y
HATNTENUUDIUTUNINN 1 umn:"lmw

r,=d, /c (2.25)

dio ¢ unuanusuas Taof 1asa59AMILLLLLNA03T (multipath intensive profile)
1 _ s A U ar ar H

139 1n99319M3U52TING0U (power delay profile) Han1ldaninsndsuvesdyauman
] " d

(mean signal power) nlasundeudumulsedaludiuiinu (fractional excess delay) HUD19929)

g/ d'i a1 A‘l Y o @ 19 9 o " k) = Qs

adeadunideiiosiumszuinduvewaudldmsesassig MWidumieutugaves

v d A T A "

Waduuuuaui luAeiiieq (discrete narrow pulse) LN

9 ' A o o & A a1y < Y o o Y = =

MAEOINAN (M705D) MdundeUNegAILAMEY v udrdyanuisy ldwnlasuanud
; =t 1 o y

Tde UsingmiseifigniSoniidsingmsaiaetinany (Doppler effect) wazn1siiouvea

anvaesouaaslaity
o, =veosy,/c

4 ' 48 @ A - v o o . io o
!ﬁ'ﬂ v !lﬂuﬂalﬂéﬂ‘llﬂﬁﬂﬁuﬂ'lﬂ n o INYUNUNINRADIVDIANNLIT v AdUHULUUIADIVDY

n

=& A

Tyanadaudiou lalniily

r(£) =AY Rys(t—7,)e Ve fork-fe] (2.26)

B [} 1 1
Mes 4,R,,7,, uaz £, uuls ldawnaniiesnnuvasduiia uag/mse fafavnedug
P ] A a ] o J ' d’ A 4 = = =1 9
negluaniizindeuned msudsduvesaumarfivzfedndumsnlasunlasiivadnies
4 7= = A a 1 o
3o ilimsnldsunlasdiennsanlugisnardug
4 L3 a @ 1
e 1A ldwanulsingmissimsgadennszesmanazmsgails luudazidumais
] ¥
Apsgamnan p, W1l swnardewsaauydldmideunulundazduniald dimsnszae
" & A P 3 ) i
YDITLHENWNITUNTATENW (Ad)  Falldmwaunmsh 2.27) dudesndiszoznianis
unsnszatw d, laq lunsaildilussuzmafeadudmiuudazaau e ldiedald p,

v
a [ a 4
mwummﬂuuamﬂumﬂaﬂym

Ad :=max,, (d,-d,) (2.27)
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= =) ) 4 4 1 1 = o s 1 dy
auuAgIudnetniluie Iddiwaensissaniomsdmualddygrounarfiidiu
UAUUAY (narrow  band)  AINFUAVOITOITYYIM AIUUAIUANTVUDIANUAIAUOY
w d 3 T a
(bandwidth) 1/ B #5oanuniawad (pulsewidth) HUADINNNIIAINITATLIWVDINTY 52T

1781 (time delay spread) WUAD1/ B> A7 Taohn1minszawvednslseIanaine

Ar:=max,, (7, -7,)

o
@ o

3 "
NAAUMIHNAAIN s(f—7,)~s(t—7) o1 e[ min, 7, max,z, | Aniudednunse

=S o Ao 3/ ]
AWonaumsvosdyananduldlmiiy

r(l) = As(t—f)[ZRﬂeM(’)Jeﬂ”ﬁ‘ (2.28)

n

Tauii ¢, (1) =27 (fp,t - fiz,) fmuald B(1)=3 R wazunu 7 & 7 (il

unuanuromiiowday) duiudyananiulan idyamsunuunuanuddiiiui

Moy
r(t)=Aps(t-r) (2.29)

b4 1 ]
MINANMS (2.29) HunaasteresdgaImduNARsINAs LA U IAD TN s(f) aldn
a v d do 1 ) %
HANDUAUBIVDIDUNAAUUUANIDMN UL UIF oY (complex low-pass impulse response)

vpevsdyaaniy
c(t)=4p5(t-7) (2.30)

iile &() UNUAIAFY Dirac delta

¥
ar

ABUMONIITUINITADUAUDIVDIT WD INMANUNUAIY 4 o189 IMATUNAIATY

3 &

wa a o . F '3 taro
ANAUTARNIE (BA19018 1Wa 1aEN151eA47 (polarization)) NUUBYNUAIYUNGINIVD
Qs P A A @ o w 1 ar o 9,
FyI LazANNAVRINAUNANNTENY HAANTVBITIBIMATY (BULsIau IWATA1d) v
=~ a o & [ A 3 1o =) [T~
Wulfaanusasversdaasiuanud wazmsuendivesuvast udamusounu 1oy

[ 1 -

G(9) Tashauidita @ ensesiunauiifuazyuon

Y o YA o o o Y a gy ' - -]

imua lliaeomasuiman M eenilsznou uazdauyadisiumassuiiany

arfunseglusynumeaiu uazuasiuilaeg ludumisauinssos Inadlofounudasy
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hldndunnnsznudiuadussnuunmuiizidiuniunsinaw) udrnzlimoasnuiidibe o

uanadnyazdmrisvewmasiuila Tavnanouausuesaveimen m Wudagiuiy
4,(8)=G, (0)e /> (2.31)

A o A :l. 1 o v W W
ile G, (0) Wuvmadadou niedasivnsveadifuddui m Aldoyy 0 (GmSuaasy

wunlelamsednuds G()=1) wez 7,(0) Wuanuardrlumsunsnszaosening

@ 0w

=y r ol i o el 4 ‘:{ o ] a o s ‘é
10819897 uA UGN m dmSuaduinsgnunaye 6 MG uMdsvesiT Rl

Y o v o W Y o e W o Y o Y a 3/ =t
(ﬂ’]ﬂﬁgu‘lﬂlﬂutﬂqiﬂﬂjlﬁﬂ) ﬂ’]ﬂ'flﬁ‘uﬁ'J113ﬂ'Qﬂﬂ‘lﬁu@iﬁ!ﬂu?ﬂﬂ’mﬂﬁ“ﬂ?ﬂgl."UU‘H

Nﬁﬂﬁ]‘]_lﬁuﬂﬁ‘llﬂﬂﬁwﬂ1ﬂ1ﬂllﬂiﬁ°’lﬁm“ﬂu

- G(9)

(o ~i2z f5,(8)
a(0)= : )e: (2.32)

GM (9) e‘ﬂ”fcfu(‘g)—‘

"]:j a g T 1o & W & A
Tuaanzmuanuusiuds unasduianu luduiudeaiiugalaganiiaiioann
3 a 5 as = . 3 A A 3/ '
N13N3E18NDIDU (local scattering) TaotfoveuFaoIna (spatial) a7 AAUNIVINIINATYY
@ 3 o ' n’.:iy = ' ad
nantiulyuveIMInsEaInang sguda Usingnisaiilgniseniidsingmsaivaisiauuy
' ~ & a 4 v 4 & Vo 4
LWINTE1Y (diffuse multipath) DaiimsasaruyAgiuie Ieiud DOA 1udes lideiios 39
£
pnvauyANMsnsznevesyyluumazidumananiuiod il
] 1 v
Weguiisadun1andng maded ileennnsunsnszaeiiudinaraiuihudunss
ar :_: o a ] Ao = 1 o
aatumsiugousetuiwldi nansuaussvesssuuiiidonasmFuduvesa iy
HASIITUFUVDIHARDUAUDITIMNITAUYRIAIN Foaduyanaudunasiuvousday

iduns auy@adfindu Q 7l urazaiua1ali DOA 6,, TOA 7,, nazamsaaneunnduma

q

o a

. ar Yt ] 9 4 a o d
(path attenuation) B, ¥eau MTAIY M @md7 NnBsUDINARDUAUDIDUNATVDY

v [ o3|
FoIdya oy

Y
)=>a(6)Bs(t-1,) (2.33)

i=1

P
as o w 3 s

' 8
Foadauurndigniasaliiiudinseusudu ldusunaidle dmsuseunatneIniiil

1 @ ! " ! o = o as a - g @ a a
Foadnya s legdui uazes ldnuuiinesiiludnseuFuduivusunaideaunish

o a

(2.34)
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c(tg,t) =" a(6,(1)) B.(0)8 (1, ~7,(1)) (2.34)

& - ¥ ' @ ~ = v o
PITUNITN (2.34) ﬁllﬁﬂﬁﬁﬁﬂﬁﬁﬂﬂﬁuﬂﬂﬂlﬂa‘ﬁﬁﬂ UWIUNIAT £ ADDUNATNU U 1D

t—t,

23.2 uuudaevesdaauuunui-narlineiies (Discrete  Space-Time Channel

Model)

w Y .::‘ U ¥ a 9 n:i 9 A4 Y ¥ o ] @ P A
Turadeiinardeniniidenuauie i lduusiassresdaanauuy lideitio

0 . ' ¥ '
uuuhassesdyanauuy lideresamsom lAdledygui 1d5ugadadetemuium
by

w Y A 1o A & = : 1 A e 1a o
LAagATuLIaN ﬁ')ﬂ]ﬂu‘lilﬂ'I‘LNEN'j'IU'EIHE]Uﬂ‘UENﬂ']‘iMW‘Jﬂiziﬂﬂﬂﬁuﬂﬂquﬁl%ﬁ'ﬁmnﬂu

3 v
ATZUIUMSNNTYRILDUAUN-DAUNY

'
ar =

3 H
TuusninsanlunsdniigldauRordidygrufiveqranuuvataealuanizuuy

g o

nawid MsueqgranuuuaIaeaduiiums lnsIidyanauougumuudiaeagaudauily

o o

o a o ar 1 0o w Aaa S aw =1 w o
dyanadngdmivmsds ddvataea {s,} gnueqanlasilanduidagiduiad (ulse

[l
= 1

shaping function) g(¢) wazivelihedsauydldiduiudu dyaraidslunougiufensy

T1g%u (convolution) vesdyamATnvanuzUafunNogan
s(£)=> s,g(¢t-IT) (2.35)
!

s

y A o W o @ aa a o
i 7 Aemunamiadyanal (symbol period) uazdyamatnoagnetiielasldddy

YDINA ’c’ﬂﬂuiﬂ (Dirac pulse)

>5,6(t-IT) (2.36)

qm’faya 5, M1INUNUAITRYy I (signal constellation) ﬂ?ﬂ‘gﬂmmnﬂma{gﬂ—k

o a

¥
Aoty Tugduuumsueguanuuy BPSK (Binary phase shift keying) [7] inildaydny

1

=1 4

Foyaiullldegaeuvie {1}  jUaduiveqanmduiledduiisaglifuiad

Ry QU W 9

b4 ]
aregaruluszuy GsM tulddyanluuiiiivegandis GMSK (Gaussian Minimum

. . A Y o 4 o yya o w o . '
Shift Keying) [8] i l¥dyanaudeiyldnuardwumeninmensaaglugdvoainaos x(1)

o o

=

as a 1 4 o =
e M x 1 udrdganai ldsuuuunmaeiissainsasiass Idiiy

x(f)=§|;a(a,) Bus(t-7,)+n() 237)
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3 ' ¥
Taud n(¢) Aodyanasunimiidiin (unnmsia wisgungi) ludddvsamuuiaes

o o

'
a

o~ A 1
iWuwiiananyaile (quasi-stationary model) @1 {6, 4,7} Tnasezuyshlaumar &1
Fosdaymn c(r) Aeiidmualiluauns@33) Wuuoyhivdsawnar @wiutaa

¥
o/ o d o o o
U9 )LLEAIJ']NﬁﬁW'ﬁ‘Uﬂ\‘lLLﬂ?ﬂ’]ﬂ‘Uﬁ’]UEﬂﬂ?ﬂlﬂﬁﬂ'ﬁﬂﬂuI']Q‘]!‘Ll

x(t)=s(t)*c(t)+n(r) (2.38)

x(1)=>Y sh(t=IT)+n(r) (2.39)

1

o 1 I o T @ 1
TﬂUﬂ]ﬁﬂﬁwﬂﬂﬂ‘ljﬁuﬂmE)Wﬁﬁ‘tli]ﬂ‘lﬁ’)x‘iﬁqjq}“lfu (channel pulse response) (U HOADUTUD

Fesdygrunenad g(r) Wy

h(t)=3"2(6,) 8,2 (t7,) (2.40)

d=1

v E
[ =t

auydahflandundagiiluiad g(r) Tulidugariufes: ifuguddeiile

k1) ¥
te[O,LgT) M1 (9] AANUAINANNTT (2.40) DTHUIBANNUNANVLIIFoIFUY (DU
=

u o

o =4 ' H
sy dandh L Taof

LT:=LT+Az Jui (2.41)

@ 1

3
Beagu1dd1 h(r) asifiandugudinmzlugae r € [0, L7) winiu
Foyavzgninulugamunm N dydnsel Tasldisznoumssndeciailu P

1
Y o e '

' L o W o o o 1 1 a
rufeluudasmunmmidydnuairindloiiaves x(¢) 1 P a1 auyadiinisdndedi
v
ar >

o o | ! 1 L4 1 o v o ' {
Wdtamiutuinsesdsedsauysaiuuy Iae ilnmsgadelan uagiimsdndaodian

¥
(a1 ¢ = kT (M3001NNATINTUAY £ =4, + kT LAZINAUMS (2.39) 92 147

x(kT)=Y sh((k-1)T)+n(kT), k= 0,%,...,N—% (2.42)
!
wiarmualisesdyananiluuuy FIR
[4] 1 1
x(kT)= > sh((k-0)T)+n(kT), k=0,—,.,N-— (2.43)
I=[k-L+1] P P



firinneayanate  wszooundaranses -

v g L4 ] @ < a
dusdanunnmesussresdyaalutuuwasAYUIR M x PL

ofey] s

¥
uazAeAugIUIINUUUS mesTeedyg ez a0

~ N

Hz[h(o) h[

g 0]€)
H=[a(g) - a(6,)] | =A(0)DG"(r) (249
0 B gT(TD)

A d 4 o od o
) g(r,.)=[g(kT—r,.)]kzo‘w‘_"_bw Hunnmesvuia LP Apauinussgaiedaues

gt-7),

8=[4...6,].
¥ =g ety |4
D& diag[B]

uns BT =[B...5;]

[l o
Tavh 0,7 uag P ruus luaunm

2.3.3 u‘u11ﬁmaa&’a‘;m‘,mamuﬁuﬁnaflaieimﬁm ( Discrete Space-Time Signal Model)
Fadofiosuiedunuiiassdoyadmivnszuaunisini-ne auydifuaiddu
YoImoINIAIA M slsznon madndaniiea i (Space sampling) H1107197153A
AR uNoaNUIINLIARLB9AUTENOUVBIA188INIA HATNISFNEI0619A1NIA1 (Time
sampling) HUWINMIIAALTIAUMUAILYBIIAT MIFNAIBHURUNIWAWIAIUIA1TTN
FegnaiisnTisasvesdydnyel

r

Wesnndyaauauiuisvinnnmeememae x(r) feneuligFuvesdauid s}

1 [

Vv
Auseadygia A(t) datuazldn

x(t)=> sh(t-IT)+n(t) (2.46)

mawanuuuinesdygauuuna luastisauwuy 125 UNUDUTIA0IDUNA
= < . o a
1REAZI0IANAIAYY (Single-Input Single-Output:SISO) Tvudanuiinesnarvdunauas

WAL 1AM (Multi-Input Multi-Output: MIMO)

49565
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° Aa & a = d o Tay o e 1 .
2.3.3.1 !l'lJ’U‘ﬂ'l'Clﬂ\Tﬂilﬁ‘uQEI’LW!FIL!fl:’;ﬂ'l—!\ilf’]1ﬂ7!ﬂﬂlluuﬂ'l‘5'ﬂﬂﬂ?'aﬂ1q (Single Input

Single Output: SISO)

o s

o 1 Y @ w J 4 o al
MNIENA9619N8AT 1y anHal (symbol rate) Tnalda 1910 1AnTlan7 Lagauyd

" ar q’: 3| as a o {a:;qy . .
‘lfi)\‘lﬁ’iy,w’lmuuL‘ﬂ‘uSi-'l’Jﬂ'iENmJ‘UNﬁﬁmJﬁuﬂd’ah?‘lﬂ’d‘ﬂﬂ‘HQﬂ (finite impulse response :FIR

o

J o o Ao ow "
filter) 18 A IANAVRIFUIANU NG04 IR TY

k
x(kT)= 3 sh((k-1)T)+n(kT), k=0,1,...N (2.47)
(kT)= 2. sih((k=0)T)+n(kT)

I=k—=L+]

A g w ' 1 1 2 o d 1 os ) 1
Wienudnie N aluirmimudaydnyel sesdaygna iannsousneonuinn x(k7)

9
=

Y 4 9 v g | A Ao 99 = v w ' a
Tadiedsnnanuiinuadudeya {5} Tilumguanieiivhlddeddimstnaiediany

s d4 & a = d Ay e o w1 .
2.3.3.2 lﬂ]1|Q1ﬁ9@ﬂuﬂuqauwﬂ!li\$uﬂﬁ1ﬂlﬂ'lﬂ‘l‘!ﬂ"ﬂlluﬂﬂ'lﬁ'ﬂﬂﬂ']@ﬂ'lq (Single

Input Multiple Output: SIMO)

o a

Y w  a ] o d Y
DITNATDYNNDATIAY ﬂ}Jﬂ.H]Zvlﬂ

x,(kT) -
x(kT)=| ¢ |= > sh((k-0)T)+n(kT), k=0.,N (248
xM (kT) I=k-=L+1

wuHavsresdyanuannsadouiumainld

X=HS+N (2.49)

=h.

Tay
X=[x(0) x(7) - x((N-)7)],

H=[h(0) b(i7) - h((V-1)T)]

-L+2 SN*.’_ LxN
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druwasn N thusnusuieaduuain X guwadn H liflvuiaouisawsuazan
SrduTu TR (ot full rank) udaee Wiamsausnniwnin H eonuneinwedn X 7514
Tavl¥msiszanamuuadasisufianauy Blind (S1U5anesEuIUL Non-blind Yuun
vouuadn H lisuiudeawadld) Simsnilafiveildiunin H fvunaslddaeriinmg

v W l} Y ' P a ow w ' =
Fnset IrunnNANUvesladyy M Asnszna1te 1

= = v '

., e .
2333 wwudrasaninilduyauazivaieeinyaniinisinaaeda (Single Input

Multiple Output: SIMO)

v 1
= 1 a [

Yar 9/ N 1 A s s ar ¢ o [
Wedndetadyanun laTu x(¢) Awdas P dentlsdasidydnval iwudmiulu
' * ¥
usazmudydnuainnng a k=0,Z,..(N-3)T dohdanv’ld NP dredraezld
LUVSIA0IAINEUNTT (2.49) Tash
x(0) x(1I7) - x((N-1)T)

o] @ s (wre)

s(0-3) s3] = s(w-p) |,

h(0) h(17) - h((L-1)T)
. h(Z) h((l+l)T) h((L—lﬁ T)

w(i-27) we-2) - en) L,

Tuvazhn S Tauniounuluidenudn

@ Qs

o aa a ) ¢ e ' .
2334  HUUARINUHAILDUNA HASUHAYLDIAWANUNITTNAIDYI (Multiple

Input Multiple Output: MIMO)

= a 3

= 3q 3 a a o 24 = &
1uﬂimﬂlﬁ‘]ﬂ10&ﬂ‘ﬁ (ﬂu“f_‘l‘ﬁ) wasnauasIy X quﬂuummmummmmﬂu BN

[T U

@eoulnalaily

D
X=>HS,+N (2.50)

i=l

- a 1 o a o yq 9 | i o
Tavh H, uaz S, unumasngesdyn o uazwasndeyamudwuved 195100 i uaziiy

sinuuRsatuiulunsdives SIMO 913du
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& a

Bnasnileanenusafounuuiaesdyanauuy liaoissvesnaed 4 lugdunu@odiuiy

H v a a [~
UM (2.49) lauauasn H uazmnsn S azilu

h(0) h(17) - h((Z-1)T)
n(z)  a((+3)7) o n{(Ete)T)

u(( ) w{e-gr) - (-2

Sy 5 S -1
S S S,
-1 0 N=-2
S= X A
S-L+l S—L+2 SN—L DLxN

Taot X Wuguuidy Taeluiia
H(kT)=[h,(kT) h,(kT) ... h,(kT)]

4 o 31
o h, (1) Aevosdaymnmuuna M x1 vosdld d uae
T
Sk =|:Sl,k Sag v SDJ:]

Tavh s, , Aodydnuaideyavesdldsien d wna kT

2.3.4 mydszinamyesdyann
w 9 dy [ = U i} s dli ; b ] T A
luvdetisznandenlssunvesrosdygiondon Toav U (uplink) 981969 ¥4
g/ o o = z L] ar a e o @
wAanseiian1iigIu (ase station) MsUszaaresdaanauiudsiududimiums
a o ag 4 4o o o &
Uszinawisiliwesuuunalndn danimlimsdsznamyesdygrouldouuasio as
Y ' ' @ S ad . . .
lJﬁ‘lJm'l‘UfJ\‘l'iﬁ)\‘lﬁﬂluiyﬂﬂJ (channel equalization) A13590 1ADs TA (diversity combining) LD
MIUNINADANINTOITYNY 1NN (co-channel interference) INANANTTUTE MMM TOIT QYR 10U
¥ 4
wWuennsoule I8 uaesisvan 18uAuY Blind AULUD Non-blind 143F4U Blind 111

o 2 Yo o @ Ay va 9 o Y — 1 ¥
ﬁ’uﬂ'5ﬂ‘anlﬂTﬂﬂﬂ’!ﬁi“ﬁa’]ﬂﬂﬂ]aﬁﬂmﬂﬂg’]mﬂzhlﬂ“nll’lWﬁﬂllﬂU"Uﬂua R 'jzﬂ‘l_llch'ﬁij‘a'lﬁll'i

QU

g ¥ a ! |5 Y a a .. . o a o s a o 1
o livsmsadmInguuldtamsuiis (raining bi dmsunsdin lulifamsuiis erulu

¥
a A

M3 lFaumanms) azlematiauuy Blind dmsumsszanumasosdaan desaimnsai

o o

A

i " ar {0 1 A S Y g 1
18Tav1ddoyadug Negludyaunivuusulassadmvesdoyandunndiniuedisls

u u
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2.3.4.1  mM3Uszanamuuy Non-blind

v
=

&3 {5} v i=-L+L. N-1A N2L udrdnlszinaidiaeswiosnge

ve1 H fe
H_ =HS' (2.51)

4 T s = . o =] o a a
o [ wnumsulasunfuiion (pseudo inverse) Tasna i A, Wudwoudamsuiialy
Y Yy v =] o 1 ' Y
AYDYUAINBUNVAIBEIUDY x(-) DUUDY

u

.n&

N=N,-L+1 (2.52)

' ] ¥ v
Fafapedtlatuauenonives X =HS wu'lidesnswasanlseneudivmainy
[ ar g o a Aa
ou (low rank) IHifivaus row (X) crow(S) duiu H Teduiludeutlumasniliviia
Y
A4
= =) ] a 3) é ] = T =
Tuszuy GSM Himmsuiiseg 26 Ualudeyanieya doulu1s-54 fieg 28 Ua lu

g 1 a w a 4 @ w  d '
GSM uu‘nmﬁtgmuwmgﬂﬂ'izmmmnaﬂﬁgmmsuuﬂﬂﬂwm?maﬂﬁuwumnmaw (simple

o o A

1y Yo ] Y = @ o as a
correlator) Taoduanmmsuil ‘Ylvlﬂ'i‘l_l%$N1Hﬂ3ﬂ§ﬂ\1ﬂﬂ'§\‘lﬂ‘lJﬁ']ﬁ’UL‘ViiuuQLLllU GMSK

v g

2.3.4.2  m3dszanaeuuy Blind

4'1 o Y ] [ 9/ 1 £ o ) = ] ]
et Iensadsymnagosdyaald annzunesnisuiuuazdesiiogodis

M o s g

@ =S 0 w [ = o [~ =Y i
Woawe dudedllsznovves X=HS zdostidrduaintes aevirld H thuuasnihi

o s

A o 1 [V d g =y as = 3/ = 9 A o 1
YUIAYD LASUAIAUAIVOIADANUIAN YUZAUINUILUATN S ADIUUYUIANI RS UAIAUA

-—

” a w D q ol ° Y & o ' 9 ' 9
YoaunURY TAITUUMAINdaaiudoizf muadunuAted1 Aieawe (A1 N doq
1 3 o 9. 3 @
1) a1 H ez diivuiaeiiu tudedesld MP > DL [10]
24 ayg
v ¥ SNy 1 = ° P ° 9/ A ' A Y A
luradeil ldnanduwuiiassiszi 14 lumsUszuanamamayundinives
o ' a ' 2 S v e & 8 o ™ Ad0 Yo ad
Faanaazanlszialuunae ld daluunildndndaauwuiaesdmivnsdinleiuisms
' L 9 2 A ' ° a o o ' Py
Uszanaayuiidhfafiveediudor vazuuudiaesilivdyei aansodssunamyuin
Y =R " a 3 g LY ‘é ad w U =) 1 A :; =)
Whnaazadsziuran landounu $935051U5uIMAINa1ITUN717T JADE Tagnogialsn
¥ 1 a -:; 9 3 =1 1 = o a w 3 P =1 Y o — Yl
NueazdyaendniulyuuasalszIuiainneny gaiusuniu lduuudiaoan 1ava
" w 3 A g o a 1o = = o 3 ; 4 o W
aanuneg Mdluduanuidannnaumassutdamoany neiiwe muzaudmivns

¥
Yszanam lundaznuutiumee davznandaluseazdealuunaeli
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3.1 A
v Y e? 1 = a1 g Vo s U a Y R
cluﬁ’J“Uﬂui]$ﬂﬁ'|’.lﬂ\1ﬂ'l"ﬂiﬂtl'i"Jll‘UfN'J‘ﬁG'IN“'] ‘VICl“tfﬁ']‘H'iUﬂ’}’iﬂ'izﬂJ’]ﬂlﬂ'llgﬂJ‘ﬂﬁﬂﬂ\‘Hl?N

[

¥

yana lavldmoermauuuddiwy Tasmadanistszanaiuaunsanasan ldilu 4
= o 9 v
wiianan laun

1. ANAMULLUTITUA (conventional techniques)

[l ¥ ¥ [
2. MATANDYUUNUTIUVBINUTLDY (subspace based techniques)
3. wailamsdsyinuauuuanuihazilugega (maximum likelihood techniques)
a & @ = 3 ' o ’ .
4. INAUALIDINUNAUANY TIUNU (integrated techniques)
Tagluaden 3.2 szaaniddudingmhunldlumsdszuadyaianiufe uuud
TWad (manifold) uvadeh 3.3 aznandunaiansdszunamuuuusssuaildimaiia
- o, A 3 e A ax 4 0 & 4l
wasuzldrnau 11nuezna1fIiuIuYeIITMINBYUUNUTIUVINUNYBY (subspace-
based method) ﬁ’JU’Q}‘ﬁﬂHLLUﬂﬁ)iUutgﬂmﬁmﬁﬁt}}Eg‘liuﬁ?ﬂ MUSIC  (Multiple  Signal
I . o ¥ A @ 3 ' =3 w as ! a Y &
Classification) 1U¥2999 3.4 MAI9INUUIZNAIDIMANNITVBIITUszImANAIDULAE
a | aor a o i o a o' @ a

UsgIanarswniunieds JADE Turiaded 3.5 udnine13s MUsIC wiszynd 19035 JADE
Tuiaden 3.6 drwluiden 3.7 dunandunaianismliSoulwFeszoy (Spatial
Smoothing Techniques) NeN13n1INIFIWAUMsUszanalunuuaias ey v amise

[N Sfcasg ) @ 9 A:E e = u’: t:ll. Y ' =
Llﬁlﬂﬁtlu!ﬂ]u']mvlﬂﬂ‘ﬂu UAZTAMUHIVDN 3.8 %?Jﬁ'a:ﬂﬂﬂmﬂuﬂ‘ﬂﬁﬂiﬁﬁﬂﬂﬂﬂﬂ'ﬂﬂﬂ

32 unutInda (manifold)

]
1 o o A ]

" duny 2 &odn g 3
Tumsdszanauwuiiasan lduiudumianaendududidanaziin s lunsg

a

[ e e o e ¢ o w 0 @ U
Uszuradgaiuaouuuillvas laguuuillddandingdimsumslssuianiuy JADE-

& a J g = 2 i A A o 9 1w
MUSIC ﬂasgmuumammuwuﬂ—nm (space-tlme manifold) !.I.ﬁZLWE]‘YH]SM"IL‘U'IQWﬁﬂﬂ']'i"llf’N
=Y o« g P R a a o o w 1 Y 2 a a o
!Lll‘l—!‘hlI‘V\lﬂﬂLL‘U‘leuﬂ-L’]ﬁ']%\‘lw‘i]']‘iill']LLll‘L!‘LlI?‘]ﬁﬂllﬂﬂllﬂ'&ﬂ']ﬂﬁﬂ@u ummmmmuuiﬂm

wuprandn ) (2]

3.2.1 unuilvaduuuue s 1@ (Array manifold)

al A o ) ar ) 4 o o A
AUYANNDINYTLNOVVOITIDINIATINIU M 772 LLNHUIT‘JﬂﬂLL'}JULLﬂ')ﬁTﬂU (3D

q

ke v v
puuiun) gmit T e mdnyuzvesguanianisniyueIa e IMALL DU ITIAY 1LY
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= 4 o o o ar 1 4 a {
HWaduvuuardwuiduflaiduneiiioaveayy (DOA) 6 funudes a(@) Tesiiorvvy
= :1‘ =) 3 L) :j a o -
Wuldnaniayuis uazyyen lszunamauimazyuenud IS WU A0 1IN AR
=} o
99 (WI9TU) UA
,_-? =Y o ) [ ar I~ o @ c;v 3
wanNNHLYUN INaAuUUU IR 1A DI UHINFUVDIANVDAUNISHEAYIVD S
' o = 4 4 o o
UMAIAUNA D AUIUAAY (wavefield) LUUANANT (scalar) NIz MluusInilsznouves
, A s A A a4 P P d 4
AW01NF 1Y auuAau Tasu1s vieauiuaaudsInulanFuLu AN  veIRuLa
Y =Y o o a o J Al d =Y o e 1
a1 uanuut Iaduuuuardvuilluanuaeiio U UNNAeS 19U LUl IMaaaeaia (i
a 9 o P A A & o '
Fadu) Aegui 3.1 Wemuuaduuuunnees lUnsznuuuendssnouvesd1ueInIa 15w
A a A & ) a 7w P A 4 y
ﬁmuﬂamwqmﬂﬂumaammman"lvlﬁmtﬂu:ﬂaﬂqmumJnﬂmawmwummxnm 1aa
=Y o o w ' 4 d 3 a0 aan
LmuuTvlaﬂuuuLm'm1ﬂus‘i'flummmmﬁmsmunﬂmeﬁ1«;} (Wungesuuuaeala) lag “any
1 4 3 9/ o ar =Y ] o r =3 d'd ]
Aoiiloe” Hurmedady (dmSumwizyuie) vioudy (fnsoyunimazyuen) NReUHY
; x:lﬁ o a A [ w ) 9/ [ =1 i 9/ 1= 3
AU uanguves 6 Werunaundaisuauual @ sznauuiiluausuauluidnass
a o o ari i o Y o
uuuil Iaduuuuaadvuiummsoswun ldilegadeyaves Q <M nmesh

o a o‘g “1'3 1w = 9 a o o w 9 o 3 A 9
mummmuu‘lﬂaﬂuu VYUADNULUDIYILTU Lmuumammuummﬂummmuuﬂ"lﬂma'iﬂ

wisnimesuuumyuildnyuzmwzaeny

a() a(f)

o a P &4 4 a 5w A & P
31]‘“ 3.1 lluuuiﬂﬁﬂllﬂﬂwu‘n (lﬂw"lgl‘.‘m‘ﬂﬁ) FIHIUTHIUAAUTLNDTITUASIINAD T

3 3 c;d. 1 as = Y
Tumsnansniudnsom a(@) 1dvnmsnanssiiGoniimsdiuiivuuaady
» . . 1 3 o @ Ao a
(array calibration) Taoin3adeazgnaIn A lusuuszes lnavewnadrduini Idyuiruazyy
¢ w g @ v AN Vo 2 &
Uﬂﬁ‘lugummamum M NRBIUBILTIAUTN 1ATY a(0,0) Tasmisnansaiuagig Ay
[ A [l = ar 3 =Y o o w =1 9
msdomiesds lmuuurvesyuiisazyuon duiuuuut Iasuuuuoadwoezguiny 13
= Y o o = o @ 4 = @
WUYAVDILTIAULVVINADITVOITIUINDTI (A IMTUAAMTY)  HIDYAVDINTIAULU
o o a9 o @ 4 1 d o ]
namesvoaduFedou (fmsuaauuiman iy §13Tassadwunrdiay wuldyn
o =1 v o ] 4 2 2 ]
penszneuveImEnIMATENANYal (1FUANBIIATUAT WU TaTwa) BguuszuIL

1IN (coplanar) 1AZ3z8EH19IN10TUINIAY (equidistant) HAIVLAINITORIUINH LT
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o o o Y o - o 1 @ Q’: -1 1
Taduuuualdduld NwanauaneInNUIYRINBIAlsTnoULAnA1IA WY luifvaua
1 Aﬂ' A "o < o 1 o a0 w o ar
MWIEANULANA laRvvesnduuadasu TUdsdumusvossInlsenoundurus nu
o A
9nlsenavudu
= o o =] o 1 o w
Tavagudunutd Inaduuuun @ duAUHANTENUIINAIUNHIYD RIS 1A
1 A o A [ o
sUuuuMINNINIEIEAAUVDIBIAYIENOUVDIAIYDINIA MsiFouapInlsEABUMY Y
" v
ANVDLRLMSLENT VAt aIn WA tazmMsnseawluusnulndnuuniddy
"§ 3 = a0 1 ) =Y 1 o T d' =% ar ) s o 3
e Idwdsauyahuvasdudasgludumusauin Inadaiounuunadiay aeiu
'd 2 @ ow = = & 3
ENmlszﬂﬁmmaaﬁwmmﬁmmamuapmrﬂusxmmmuwmﬂmqﬂau (spherical wave)

'
ar =

iw a as o { o o 4 o w an
u9ﬂi]1ﬂﬁﬂﬁﬁuﬂﬂ?’]’CT'CHQ.Jnm’V'Iﬁ'Uhlﬁuul‘ﬂullﬂUllﬂUﬁﬂﬁqﬂUﬂziWﬂimE]'i‘UENHﬂ'Jﬁ1ﬂ'1.] ANUU

a
]

= o = = dq 3 o w = 1 & A 1 [ 9
puuil Iaauuuiaedvegnilszynaldriiunnldiny dnedranilsindiunauyeeniuniig
o { 3o 3 1 o [ 3
uovvesdgya i 185y s () WudeswnahvuavewnIdIdy x @iNvIaNn1anenIn
" v ¥
yoaunIdduaeaialugianuenniu) tude £ /B> x/ A wwuiiassiauyAdluinseu
voadayanar s ()] Tunfdenulannmin s nafiunsnsyoeimueadidy
ADUINIITUINT HUDIDIT A UFUF UV UaUD (uniform linear array:ULA) Wi
1 =] 4 = o o W =
srogriameludly Ax uagsLUARUNTENUNINNIIYLNA @ NsunuLIRIRUAIUN 3.2
q:f 1 " o [ o
lunsaifinaimsunsnszae 7, (6) sznivesndszaouvosmoeimmisniuesnlsznoy

VDAMWDIMAAIN m 7D

rm(e):(m—l)AxsTi“g, m=1,..M G.D

o o o AVe @ o o a a I’
HAZINAUNIT (2.32) INNDINDUTUDILAIAIAY (ﬂi%ﬂﬂuiuu’lnnﬂlﬂﬂ‘jﬂ’lluuqa (steering

=
vector) A9

1

e—szzmsinB/,l

a (9) ” G(g) e~J2;z'2Arsin 72 (32)

eij a{M-1)Axsin g/ A

c‘ = 3| ' ' < 5w =
MNauMsn (3.2) Auaaudumilszmmmsiziluanuiussaiusasivew G(0)
WY o w o w A " 9/ o = w o v d
Tilaminulunnesdlsenevvesmoeimedsiinanuudl Taena ldainei 1Wnnmes

o w o Y a o o w o 3/ [
naneuaus I uIuuIsiagIulae G(0) wwuilldaduuunoidwunaeandoniy
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o w a g o 3 ¥ o ' ! 4
pordwugadunuvaiuauodunaas iy 1d Tavdw e 6 e [O,JT] e x<A/2 uagi

o [ " ﬂy = s | o
penlsznovvesdieoimaliszozriamnnniudieziguesyy 6, fu 6, Amld

g dy o w 1 ar o w 1:‘ 1
a(6,) = a6, ) MumaiinardiduneuauesedyyIuIn 6, LazuaIdvuinoUaUDIRD

o
@ Vv

o LT = 4 -ﬂy ‘i'd' ] ar 9
duanuan 6, mldmmsiliwesuuuiuii ldun hisunsousnendnual 1

o g

A 4 v
FAAUNIUVTIUN

Y. YYYY

517 3.2 dygrannnsynuiumeomandrudaduiuumitaye

3.2.2 wuiilvladuuual (time manifold)
o = Y] = o o oA a L A d’ P =Y

Tumussderduunui IMaduuuia I IAUFUN VT YA A UINATUNIIHUT UNUT

¢ ' a g 4 o o @ #ad o '
TWaduuuna Misnuumilsziunal) smnudeyasndugdiadniana Heiduiiulasen
1 ' a o a A o 1 a =% = ' 4
NNFveeaszianel © @GwmaTewan) Mialumiteiunn luiugadesveainmes
o a | 1 ar d w v d [
$mame5e RY iile L unuanuonvesdygia (anvenvesilandugdwad g (1) vandu
msnszaeveansissianm A7) uaz P iludnlszneudidndediuiu uaauveans
£ £ "

s o w L ' 1a " U LY
wegraniinazgniinauny aadudeliar lddugalulamuna uailessnavesiuszanas
é.l = o 9t qy A 1 a 1 Y @ @
(7989 2egndaneuliianueuganiveu ey luiinaneanugndsainin Taenal

v Y 7w o dAad  w v o . . .
wavz ladensugUnadniuanyazuoawad raised cosine 111 IdaInauns

5l [sin(m)/TJ cos(axt/T) -

zt/T )\ 1-(2a1/T)

1o @ AeAunIauaudIUAY (excess bandwidth) Taofidesnmsanunauaudige z/T

i1

e lmsdaluiimsunsnaensznitadaydnyel (inter-symbol-interference :ISI) 317 3.3

@ o 1

qy 2 a o . 4 1 ' @ e 6’3 a0 g
amatnaanaIngan ol Nyquist e lilinsunsnaeasennadayanusitiudeiianiy

v
L4 v W ' a

W

a A < o g4 A ' ' L4 YV 1 = o w
AUl w MR k7 e & Wudnuaun lilagud anunhaunuanunuiuiing
uoveyluaa |w‘§(l+a)7r/T e 11 T una o U NIZAAN D UAIA NN N VA TN

¥
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1 i

— 0% e.b. 0.81

--- 50% e.b '

== 100% e.b. 5
o Eos
=) [+4] At
3 © E
= =]
ey = "
£ S :
© E 0.4t i,", '.7‘.

) — 0% e.b. il
# ] --- 50% e.b !
0.2 oy --100% e.g. N
-04 ' ' : : s Q< ‘ —
=3 -2 -1 Q 1 2 3 =1 -0.5 0 0.5 1
time [T] frequency [1/T]
(n) (v)

§ a . . o as ' a ) P
51/ 3.3 Wad raise cosine dmSuaNuAM VTR (0) Tamural () Tawuanud

= 4 3 LY ' 1 = o w w
wuuii Taduuunaniuilugavesietiaazanlsz e lugdvesiladdugiiad

g(7)= {g e R with elements g (k7 - 7)

k=01, L5l ] (3.4)

] ] " 4 [ s =Y o w =Y c;
a9l ldilusrderiios wwRoanununid WaduuuuaId ey Asengiii 3.4 Uszney

g(7)

R

4 a a
31N 3.4 suuil Idauuunm

a d A A
323 uuuuiﬂammnwuw-nm

i) =1 ) o o o [ 3 = o
HUHIRAUINUINIABD TUDIATADUTUDILDINIAU 2(6’) QMH%QE‘T’]MTEQ’E]‘FU'IUL‘QF!LWE}S

¥ '
YOIHARDUAUDUDUNUR-anTu

u(6,7)=g(r)oa(0) (3.5)

: . 4 g . 4
o o UNUWARY  Khatri-Rao  HINAD column-wise VDIWARM  Kronccker  Iauhl

AoB=[a, ®b,a,®b,,..| Tavi ® unudIAUINMINM Kronnecker [MAWUIN 1]
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y & A 0w p
NNMBTUYUIR MPL 11!L{IuﬂﬁﬂﬁlUﬂuﬂﬂ‘ﬂ’l&ﬂuﬂ-nﬁ']‘uﬂ\um'Jﬂ'lﬂ']JE]Qﬂ‘]JSSﬂE]U‘UBQ
I ad & et 1 a 3 3 .::’ a 1
AW IMARDINHUINUAIYY 6 tuazmiseIana 7 Al 0 war 7 Yuudsmununyoe

a

= ' a o 3 o 3 a = a
yuidhaeealsziua auiunnnes MPLx1 veq u(@,r) e T awnuuii Tvlas

a

|

HUUNUN-NIDINUHDOUA LUATNVYDIHAADUTUDUUUNUN-LINTIMTY O 107D
U(0,7)=[G(c)=A(0)]=[u(8,7).....u(0p.7,) ] (3.6)

4 a 3 o w = o Ao
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7. Uszmnmmyuithtavesdyanuen

91 =sin™' ci%f:k)) (3.52)

o ¥ [ 3 L] 4 1 a a [ {
wiu 1d91 ESPRIT Tdudadunsumsdumiaiogtiuluismsszmasyuidhb

damlng ESPRIT Taadean)szummyuidhtalaoaselugduossunzas

3.4.2.1 ©anpeany Unitary ESPRIT

A [ a L 3 o = 9 :l'. [~
111099INMIUNNIATTIUYRITANDTHN ESPRIT tiuduidumsvudoyauaugiuiiu
v v ¥ "
ANHULIFIFDUA N UADININITAMUIULU LT IFOUAADANIDANDSTY 1NN L anAY
@ 9 [ = Y a =) A .3 dyu a8 t:iyv
FuFoulun1sAIuIuT IANmUUNATIA Unitary ESPRIT U uonvIniioanesnuiiss

Antiumsluanyazuuumsmiauade lUd1anii-8oundy (forward-backward averaging) i

'
s s w 3

1 o o o o o 3 "y o a4 -esy Y
walunisuendyaanianvauztluanduiusiu nmsdszanamaldanesiuil ke

¥ '
= o =

NADY ESPRIT 5350a1 Tagdanesnudvzimsudauuainifedouvesdoyai ldsuann
b4
[~ a o = o s o =
oo mtumnsndmIuese udatesiiudoyanmua lugdvessiuiunia
@ :j o L4 o w = A
dwlas 7 (-) dudszgnamnanesddszneuuaddauvesmeeimaiauga e X

= = = Y] a o a e ' ow
WUNAT UL centro-hermitian HAAzmIToLdas X Lflummﬂmmu%sa Z NngumIny

14 Tae

r(x)=z2=Q;[Xx m,Xm,]Q,, e R** (3.53)

Taowasn 11 uaziwasn Q Muuamudeiimualuninwuan v
1 = @ A ~ = = sy ¥ o '
1UIALINUAT ESPRIT tuusssumnwainlanGeuni ldezgni liuenaunzs

3 a = 4
LAZIAMDTI1ea "U']ﬂlllﬂ'iﬂiﬂ'l'lﬁﬂuw

r(xX)r(x)" er"" (3.54)

o [ =1 a =Y @ @ o
HazI5M AN D 11U ESPRIT HUUTITUAIEWUA NN TUNYT



42
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Performance Evaluation of JADE-MUSIC Estimation for Indoor Environment
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Abstract: In this paper, the performance evaluation of the JADE-MUSIC estimation based on the indoor channel is presented. By
means of the JADE-MUSIC algorithm, DOA and time delay can be obtained simultaneously. In the JADE-MUSIC method, the
channel impulse response is first estimated from the received samples and then this impulse response is employed to estimate
DOAs and time delays of multipath waves. Moreover, according to the JADE-MUSIC characteristics, it can work in cases when
the number of impinging waves is more than the number of antenna elements, unlike the traditional parametric subspace-based
method, such a case is not true. Therefore, we employ the JADE-MUSIC algorithm applying for the real indoor environment
where is rich of the multipath propagation waves and can imply that the number of waves is very possibly higher than that of the
array element. The experiment is carried out in our laboratory considered to be the real indoor environment. The performance of
the JADE-MUSIC algorithm is evaluated in terms of the comparison between the simulation and experiment results by using the
simulated channel model and the real indoor channel model, respectively. It is clear that the joint angle and delay estimation using
the simulated channel model are in good agreement with the estimation using the real indoor channel model. Therefore, we can say
that the JADE-MUSIC algorithm accomplishes the high performance to jointly estimate the angle and delay of the arriving signal

for the indoor environment.

Keywords: JADE, MUSIC, DOA, Time delay, Indoor environment

1. INTRODUCTION

Recently, the source localization is one of the most
interested issues among the researchers in signal processing. It
generally involves the joint estimation of Doppler shifts,
frequencies, direction-of-arrival and time/time-difference of
arrival (TOA/TDOA), thereby it is the major issue in many
radar and sonar applications. In addition, it can be applied for
other applications such as emergency services and advance
hand-over schemes in wireless communication systems as
well as the source positioning or tracking for mobile robots. In
the cnvironment of multipath  propagation, the source
localization involves the estimation of the direction-of-arrival
(DOA) and the time delay and their estimation is expected to
be more effective and closely related to the physics of the
propagating wave. To estimate the DOAs and delays of the
signals arriving at the antenna array that is always in the
receiving part, various approaches have been proposed in the
literature [1]-[3].

This paper focuses on the joint estimation of angles and
coincident delays of the multipath propagation signals
spreaded from a single source and received by the antenna
array by means of JADE (Joint Angle and Delay Estimation)

algorithm [4]-[5). Compared with the classical MUSIC
(Multiple Signal Classification) technique [1], which can
estimate the angle only, the estimation with JADE has an
advantage in cases when multiple signals have almost same
angles. Moreover, the estimation of DOAs with JADE can be
solved when the number of waves exceeds the number of
antennas [6]. Therefore, we employ the JADE-MUSIC
algorithm applying for the real indoor environment where is
rich of the multipath propagation waves. The experiment is
carried out in our laboratory considered to be the real indoor
environment. The cight-clement array antenna is sel as a
receiving antenna and the microstrip-patch antenna is a
transmitting antenna. The frequency transfer function between
transmitting and receiving antenna is measured via Vector
Network Analyzer (VNA). Then, the channel impulse
response is post-processed from the measured transfer
function and subsequently used to estimate the DOAs and
corresponding time delays by means of the JADE-MUSIC
algorithm. The performance of the JADE-MUSIC algorithm is
evaluated in terms of the comparison between the simulation
and experiment results by using the simulated channel model

and the real indoor channel model, respectively.
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2. DATA MODEL

In wireless communication systems, the radio channel is

often characterized by a multipath propagation model.

Assume that a digital sequence {sk} is transmitted over a

channel. The received data at 7" element of an M -element

antenna array is given by [4]-[5]

I(t)—Za

where () is the number of multipath waves,

)8, (O (t—7,) +n,(2), M

a, (6, ) is the response of the i receiving antenna to

the ¢ path arriving from angle Oy »
B, is the time-varying amplitude of the RF signal
passing through the g™ path,

T, is the time delay of ¢ path,

q
n, is the additive noise, and

7 () is the transmitted signal which can be expressed

as
N
r(t) = s(i)g(t—iT), @)

i=1

where {5, } is the sequence bit data,
g(t) is the modulation pulse shape and

T is the symbol period

After sampling by the rate of T'/P (P samples), the

th

received signal during the n™ time burst can be written as

X(m(i) — ZS;mh(m(tﬁlT)-i-nm)(t), 3)
!

where h is the channel,
Q
W™ (t) =Y a(6,)B, gt —1,). @)

9=1
It is reasonable to assume that g(¢) has finite support on
t € [0,L,T). With maximum delay T,y from all paths,
the channel length is LT = LT | Ty so AM(2) is
nonzero from ¢ € [0,LT). If we stack each set of P
samples of z{™)() and collect the samples in Eq. (3), this
leads to

X(n) — I,—I(u)g('u) e N(u)) (5)

wheren = 1,...,5 slots,

H™isan MP x L matrix of samples of h(-) and

S™isan L x N Toeplitz matrix of the sequence bit
data.

3. ESTIMATION ALGORITHMS
3.1 Joint Angle and Delay Estimation
In this paper, the radio channel from the mobile to the
antenna array is time-slot modeled after the TDMA standard.
Therefore, the channel H from the mobile to the antenna

array can be assumed to be constant over each time slot from

training sequence. Then a least-square estimate of H™ can

be obtained asH( M = X("

inverse operation. Thus, the noisy channel estimation is [7]

t
, where () is the pseudo-

B = 5 4 v, (6)

where \_fe(;;) is the estimated noise.

At this point, it will be convenient to rearrange the noisy

channel estimation into M x PL matrix,

() _ [pm (n) Z) (n)(( _E) ”
Hest [ (O)1h (P ,---,h L P T . (7)

From Eq. (3), the channel H can rewrite into
H" = A(6)diag[B8(n)]G" ¢, ®)
where A(0) = [a(0,),...,a(d,)],
n) = [B,(n),...,B,(n)] and
G(7) = [g(ry) -, ()]
With relation vec[Adiag(b)C] = (CT o A)b where

o is the Khatri-Rao product, which is a column-wise
Kronecker product: AoB=[a ® b,a, ® bl,...]

where & denotes the Kronecker product, we get

vec[H" | = [G (7> 0 A(8)]8(n) = U(6,7)B(n), (9)

where U(8,7) is called the space-time manifold matrix and
is parameterized by the DOAs and the path delays.

Let y(n> = vec[He | and ven> = vec[V;';’] with
Eq. (6), we get
y(n) = U(8,7)B(n) + v(n), (10)
andlet Y = [y(1),...,¥(S)], thus
Y=U(07)B+ V. (1)

For given channel estimates Y , the joint angle and delay
estimation (JADE) problem is to find the angles & and delays
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7 using the model in Eq. (11). As an aside, not the
rescmblance of the JADE model to the familiar DOA model,

which can be written as
X=A(0)S+N, (12)

where X is the array output measurements,
S is the matrix of signal,
N is the additive noise.

The difference with Eq. (11) is that the data are the channel
estimates and not the array outputs, the manifold matrix is
parameterized by both angles and delays, and the path fadings
play the part of the signals.

Therefore, the next and last steps of the method consist of
jointly estimating parameters that satisfy the model Eq. (8).
The well-known method MUSIC has been developed for the
DOA, and model Eq. (12) are applicable to the JADE

algorithm.

3.2 MUSIC
In terms of the signal model in Eq. (11), the @ X @ array

output covariance matrix can be written as [8]-[9]
R = E[x(t)x" (t)] = APA" + 0’1, (13)

where A is the steering matrix,

P is the source covariance matix,

()" is the complex conjugate, and

o?I is the noise covariance matrix that reflects the

noise being uncorrelated among all sensors and having a
common variance o at all sensors.

The structure of the covariance matrix with the spatial

white noise assumption implies that its spectral decomposition

can be expressed as
R = U,A U + U,A, U, (14)

where U, is the matrix containing the signal eigenvectors and
U, is the matrix containing the noise eigenvectors.

Since the steering vectors corresponding to signal

components are orthogonal to the noise subspace

eigenvectors, namely,

Ufa(9) =0, (15)
where @ corresponds to the DOA of the multiple incident
signals, then the DOA can be estimated by locating the peaks
of the MUSIC spatial spectrum given by

%
Piusic (0) = |alt

R (16)
(0)U,|

If there are () signals impinged on the M -element array

(@ < M) from individual DOAs 0,,6,,..6,, the Q

largest peaks in the MUSIC spectrum cormresponding to the
directions of arrival of the signals impinged on the M -

element array.

3.3 JADE-MUSIC Algorithm

From the channel estimation, we can find the covariance

matrix according to Eq. (11), which is
R = E[YY"]. a7

Assume that the noise estimate is the Additive White
Gaussian Noise (AWGN) and orthogonal with the channel
H , hence

R =U(6,7)ZU7 (8,7) + <1, (18)

where Z is the complex fading covariance matrix and ¢2I is
the estimated noise covariance matrix. Like the conventional
MUSIC, the steering vectors corresponding to signal
components are orthogonal to the noise subspace

eigenvectors, therefore
EfU(e,7) =0, (19)

where @ corresponds to the DOA of the multiple arriving

signal, we retrieve the noise subspace E, from covariance

matrix whose corresponding MP — L smallest eigenvalues,

We thus look for peaks in the two-dimension MUSIC

spectrums from the JADE-MUSIC spatial spectrum given by
1

P

2 (0,7)= —m . (20)
JADE - MUSIC jU” (6.7)E, |z

4. EXPERIMENT SETUP

The experiment is carried out in our laboratory considered
to be the real indoor environment, which can be shown in Fig.
l. The eight-element array antenna is set as the receiving
antenna. For the transmitting antenna, we use two types of
antenna, e.g. the microstrip-patch antenna and the sleeve
dipole antenna. The frequency transfer function between
transmitting and receiving antenna is measured via Vector
Network Analyzer (VNA). Then, the channel impulse
response s post-processed from the measured transfer
function and subsequently used to estimate the DOAs and
corresponding time delays by means of the JADE-MUSIC
algorithm. The specification of the measurement system is

demonstrated in Table 1.
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D Wooeden Detk

Fig. 1 Layout of a room indoor environment

Table 1. The specifications of the measurement system

Carrier frequency 2.45 GHz
Modulation type BPSK
Number of samples 1,000

Sampling rate 25 samples/symbol

Type of the Rx antenna The microstrip-array antenna

Number of the array element 8

Inter-element distance A2

Type of the Tx antenna The microstrip-array antenna

And the sleeve dipole

antenna
Height of the Rx antenna 2m
Height of the Tx antenna 2m
Distance between Rx and Tx#1 | ~3m
Distance between Rx and Tx#2 | ~2.5m
Distance between Rx and Tx#3 | ~1.5m
5. RESULTS

The computer simulation result shown in Fig. 3
demonstrates the achievable performance of the JADE-
MUSIC algorithm for the simultaneous estimation of DOAs
and time delays of different arriving signals. Herein, we
assume that the three different signals from three transmitting
antennas impinging on the eight-element array antenna at the
angles of 0, 45 and 60 degrees with their corresponding time
delays of 1, 2 and | symbol periods, respectively. Compared
to the traditional MUSIC algorithm, we can estimate only

Fig. 2 The eight-element array antenna.

~
(2} [

LY

Duliy Tima (Symbol Period)
i

o
»

-850 80 0 .20 0 20 40 &0 80
DOAs (Degreo)

Fig. 3 The simulation result using JADE-MUSIC algorithm.
Three signals arrive at the 8-element uniform linear array at
angles of 0, 45 and 60 degrees corresponding to their time
delays of 1, 2 and 1 symbol periods, respectively.

DOAs but cannot estimate the time delays simultaneously.
Therefore, we cannot distinguish the different signals
simultaneous arriving at the receiving antenna when their time
delays are different by the traditional MUSIC algorithm while
we can achieve this matter by using the JADE-MUSIC
algorithm.

According to the experiment, the eight-element array
antenna is set as the receiving antenna, as shown in Fig. 2, and
the microstrip-patch antenna is the transmitting antenna. We
employ the Vector Network Analyzer (VNA) to measure the
transfer function between transmitting and receiving antenna.
Then, the channel impulse response can be calculated from
the measured transfer function and the real indoor channel
model can be obtained. Therefore, we can simultancously
estimate the DOAs and time delays of the signals propagating
through this real indoor channel model to the receiving
antenna by applying the JADE-MUSIC algerithra. From Fig.
4, it is found that three signals arriving at the angle
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Fig. 4 The estimation result according to the real indoor
channel model using JADE-MUSIC algorithm. Three signals
arrive at the 8-element uniform linear array at angles of
around 0, 45 and 60 degrees corresponding to their time
delays of 1, 2 and | symbol periods, respectively.
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Fig. 5 One signal transmitted from the microstrip-patch
antenna arrives at the 8-element array antenna at the angle of
around —10 degree with its time delay of 0.5 symbol period.

approximately of 0, 45 and 60 degrees with corresponding to
their time delays of around 1, 2 and 1 symbol periods can be
distinguished. Nevertheless, a small amount of interference
appears of the angles of around —60 and 30 degrees with their
close time delays of around 0.5 symbol period. Compared to
the simulation result in Fig. 3, it is clear that the joint angle
and delay estimation using the simulated channel model are in
good agreement with the estimation using the real indoor
channel model.

Moreover, we employ two different types of transmitting
antennas, namely, the sleeve dipole antenna and the
microstrip-patch antenna to find the effect of the estimation
result by using these different transmitting antennas. For the

experiment, each of which is placed at the 0 degree associated

Fig. 6 One signal transmitted from the sleeve dipole antenna
arrives at the 8-element array antenna at the angle
approximately of 10 degree with its time delay of 0.5
symbol period and interference happens
at the angle of around -30 degree.

with the receiving antenna. The estimation results
corresponding to the microstrip-patch antenna and the sleeve
dipole antenna are illustrated in Fig. 5 and Fig. 6, respectively.
The expected angle-of-arrival is 0 degree; however, the signal
arrives at the array antenna at the angle of around —10 degree
when transmitted by the microstrip-patch antenna, shown in
Fig. 5 and at the angle of around 5 degree when transmitted
by the sleeve dipole antenna, shown in Fig. 6. Nonetheless,
the DOAs of signals transmitted by both antennas are close to
the expected angle, 0 degree. Therefore, we might use either
the microstrip-patch antenna or the sleeve dipole antenna to

transmit the signal.

6. CONCLUSIONS

In this paper, the performance evaluation of the JADE-
MUSIC estimation based on the indoor channel is presented.
By means of the JADE-MUSIC algorithm, DOA and time
delay can be obtained simultaneously. The experiment is
carried out in our laboratory considered to be the real indoor
environment. From the results, it is clear that the joint angle
and delay estimation using the simulated channel model are in
good agreement with the estimation by the real indoor channel
the JADE-MUSIC

algorithm accomplishes the high performance to jointly

model. Therefore, we can say that
estimate the angle and delay of the arriving signal for the
indoor environment. Additionally, it is found that either using
the microstrip-patch antenna or the sleeve dipole antenna to
transmit the signal, the estimation results of these antennas are

consistent,
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