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@Wﬂgﬂ‘ﬂ 2.5 NANINNITUIDINANERTNTALDINTIALIUAN OQ_,IQ_,I’]EM‘LI'E]\?@‘HQZ

Warsnuniieeydluuuayuia (Azimuth angle) | 1Ha4AINEE8INNALDIRIALIIESNIATUN

D

v 1
zﬁmﬁgm@%mmﬁuﬁ@uﬁmmn LL@zmuumiﬁmmwémzmmmﬂﬁuﬁtytyﬂmmrw@%ﬁm
1D9AeaN AL sz I T UAR NI TN ASITLANLAD TR AN LA AN ANINN1 TN TNUD

Arynyroupasdldannnsauanalaiilu [15], [31]

2% dsing (L asing |
a(¢):[l e a gt (2.1)

AaasNia ¢ WueymaesiiAneesdyoyruaIngldnunieaisainia

4 A o oA P , o °o o = o o
LWAMELNUNANINNENRIN (broadside) NUANHAINIALDIAAL %Q@ZLﬂ@H%LLﬂ@\‘I@QiuTQQ
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0<¢<360° Lﬁﬂﬁmammamim?llﬂuuﬂmmﬂwu ¢ AUINAATNANTN a(e) Tugunsh
(2.1) WunAeTANATANIRSULNY Y TUNULAN Y uATUNuAL y  (Hude
0<¢<180° uaz —180" <¢<0) LL@zLﬁ@w’mﬁmumlﬁmﬂ?ﬂﬁamﬁgmuﬁmmﬂ@mﬂu
3 wninef ) Az 120° faamgiissiansnniftessnineuilaindu tufe fiemienisunisd
AN INIALNIANALVRIATY By WD I lwssuuaziansanlugag  —60° < ¢ < 60° Tnefi

W ¢ =0 WluiiAnanssainiuanaeiniAwnIan A

2.2.2 AVASINAIAAU (beamformer)

'
o A a

nsadearpduilnmatAnslsznanansliginalaeniALI a1 AL

au3nin L1414 oniAN NI N TIedAny I AeIN TLas Ay i ldfaanis Ty

1 o v o 2 o dl A 3| o/ ad‘ o dl
srULLANENAULAY  faadarrauaziadeniuiansasmaiBgRna i sauandnynind
AadnN1TeananNd N nIngants dutnniiulanusazeasAilssnauresanaannisLng
aduAzgnaasiminuagsunuen g nLesdtua N feanamnsiiga  [16]

dsj o dl o a o dl % A o . a

nszapdulldsiAniesdnnuifesnisuazsiraniada (nuling)  lufiAnisaes
Arynyrouunsnaaniin llaan saeninusiaedn1sa319a ARUaLNNIMNNTAN 317 2.6 Lans

THFULUIANNNARUBIFIET AN AABLELAINDLAL (narrowband) [15], [16]

s,(t)

AUy

s —— X0 20

T A YO =W x()

W)
Y\.l (t) | /

S, (1) w(t)
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30 T T T T T T T T T

Desired user
201 1

10F Interferer l Interferer E

oot i

a0 b ¥ .

Gain (dB)

A0k i

Eok 4

“oo &0 B0 40 20 0 20 40 60 80 100
Angle (degree)

(2)

317 2.6 UWIANHARTAIFIATNATARULNLAINALAL (N) NANNNTTBIFIAFINAIARY

(1) HUVIUAIARUIBIA LR INIALDIR AL

~ Y o Saa = P e oA
mﬂgﬂm 2.6 (N) DAALUTUIUNNNANINNITNIDILLANAWNAUNAERINIALDY

ANAL L aAtlsznauiviavian K dagaunnd wnmeduesdyynniivlanna t o o awwnem

ugna il
K=1
x(®) =X a4 )s 0 +n(t)
= (2.2)
I
:[Xo(t) v XL—l(t)]
Ted x(t). unnmesaunpuesdyniunivlanaraenniduniansy, a(g)

)5

[

wnee ANty AN AU k Baniuunldasannisi (2.1),s, () Wudayoyins
Dd‘ | '8 dl a d? dl 1 6
e N k waz n(t) Wunnwasdnn 1 usUnauninAILALAaLeIALINaLTIB9R R INA

wnodi aglddtyynnienswaaasaaeiniAwnaa sy
y(t) =w" (O)x(t) (2.3)

Toe w(t) =[w,(®) . . . w_,(t)] DuwenmefdeaiminAndedaudmiunisaiiedn
dl AJ o £ % d‘ v 6 v o &I H = o/ o a '8
pauIazi I gngalilaaldinueiaasnisainaina ey ()" usaiiunisaes

ATeu (Hermitian operator) snausi g luntsdfuidasuanaaunias i un nnsinled



ﬂ"wL@ﬁﬂﬁ’wﬁm@mqmﬂmwmm[ﬁ:mm [14], [16], N lvdamIdaudynyrnusadyni
LLVI’;‘ﬂm@mLL@zﬁﬂgﬂg’]mmﬂ’QOm (Maximum Signal to Interference-and-Noise Ratio,
MSINR) [14], [16], nnsvinliduandamsda uaznisinlimnuuiluasgegn (Maximum
Likelihood, ML) [16] FaluAne gz nan e n 89N lEE R daueg
AU URARA TN UNINADALATATYEYNUTLNIUGIG A ilesannsanesfiudi i lwnost
sananaldauilusialddyoynnidneds [13] LL@mzﬁ'\mﬂizﬂqﬂmﬂﬂumizﬁwémguzﬁﬂﬁu

<

v Aa a  eAaa dj 14 1 o
TEULNARLLALTUTTALANLE Gﬁ\‘i"’ﬂﬁﬁiﬂﬂ@’]’ﬂ%ﬂﬂﬂ@lﬂ

RasuuLugilaIAdL (beam pattern) 18IANBNNIALDIATA [14] T

Heuiilu
B(¢) = w"a(¢) (2.4)

WAZANNIIN (2.1) AUTIUINTEEEUNIENTI19B9ALIZNALIBIELDINIALDIAIAL d NHAGS
wuuglaneay  ezasrnessudNwsazeALsTnaLaasa g N ALNRANA U NNz ANAY
3 v a . d?

N linaw grating 34

1
N o [

W Grating ABWARUINHTMNAWNALNARUIAN duazyindTyauausunou

=

VEGIAL

o

JRppy ¢ e ' vl o JREpy o
Q.}I’]DALLVI?T]ZQ@@V]L?JWNWVH\TW’J Grating umN@mmmm’]mmmmﬂmmmmwLﬂnmm

AR Q

WARUUANAENININ anAn@eslmInIsfian Grating sveiziesendvesAlsznaivas

ansanAnnasudaatiullnniSanla [14], [16]

A
5 g 2.5
> (2.5)

v
Iuﬁmmﬁwuifﬁ AzNANIA I8 UN9s219 19BN AL I NALITRIA1RNALO D

°O o A = o a . X a = o
anauLiu d =5 \intlaariunisiiay grating 1w tazlARNATaIANIMTHNINGIN (mutual

! &

Coupling) ﬁ‘zWJ’N?Nﬁﬂ?:ﬂﬂﬂﬂﬂﬁ@ﬁﬂﬂ’m’]ﬂLLﬂ'JZS’]ﬁ‘].lLﬁ'ﬂﬂQ’W@;‘iﬂ’)ﬂTLéﬂ’]ﬁ‘%Lm"wﬂr
o o oo a o @ a - A A Xa !
Zﬁ’]ﬁl'ﬂ’m’]ﬁLLD']Z\Y]mumuﬂﬂﬁ‘Liﬂ\im')LﬂuLLuQﬁlNLL‘]_ILIgI]uW'a‘mIMEW] d :E ULTENIT ANERAINA

UWDIAALNAN AN TN ATULLLNIATFIW (standard linear array) T9AINENNNTT

(2.1) azlfnnmasiANNa1riugnaaINIALDIa1sUsINa9LTl
- . AT
a(¢k) _ [1 ej;rsm¢ o eJ;r(L—l)snm;ﬁ:I (26)

UAZFNBENIULILIZLR1ARLIBIANEINIALAIANALAINALARS AR 2.2 (1)
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2.3 ANNSNUF NN UTaIR YoM
2.3.1 da3dmyu1ns (channel)

HATYEYIU MBS ANDTUIAABNTIOLITNINANDNIANIARY LAz
o A A | < Ve, @ o =g v o |
a1881NIANIATL visaEananetenillddn uwsananalddyoyrneinllainaiaenia
1 v !
nmeds hfansainianasy saduldiduanagiuuy venduainimlng Wuaisnasuns

diuloudaruas Tnendesdtynnmmivaziiuinlunisulasdyoapunsgania Wi

paesnagauil  InaninisfadtynnaensnausazAtiuazians i luglaesnany

k=)

|
a A

dazifluiuui Saule vireataaz@andndluaAantuIa s luuL LN 1WATWA b6 [32]

Tun1saed1Mngwraauil (mobile radio communication) ARMLNWANTWHN

-dl ] ! 2 o ¥ | = = o = dl dl .
Rdeaanannnipdalileanasi 13421’1%Lﬂu@ﬂﬂmmugmiﬂm@mummum (mobile

1
% =

, " i L4 = - .
station) viaaNanHAfaRNNNEIanINgW Auniuniuldnaseiniaazidunissaniu
1RIUATE ] AAUAITHATINAIANANE. ] AANTY EULIBINIAINN19aLTiaY (reflection), N1s
REWU  (diffraction), - WAZNIINIZAANGEATE  (scattering) TAARINAINATINNGN ]

dsngnisalilizandn naunsnszaemanean (multipath propagation) wazdeddtyoyimi

anNsunnIzaavanenndisandy desdyruimanadn (multipath  channel)

P 1
! o =l =

desdtyonnvangdniazinnalasunlasminnean  (tme  varying) fae LiasaInnng

1 1 1
A = =l [

ianunaean i deuiuazn1siAfauneIngNegnie ludesdtyoynn [17]

9 £

HANTENLIIRTAeA Ty N VAN DNAsIe ”a&m&nmﬁgﬂm@@ﬂmﬂmﬂm

o o B il . 4 L e
azdsngudeyaamanednn UlAnAATy  aelsrneuseaesslsznauiuanfneiunig
mnauazanlaeuulasmunamaty ) esddsznausaniu dnldRatsnlidndy
NszUauN1Tgy (random process) WAZTNANUILLRMBININNEAZAINNID NG NIRRT
Nas (Central Limit Theorem, CLT) 18 vinlianaasuuuldanilunseusumsguuuuiniden
L%Q%ﬂu(conuﬂeXA&ﬂued Gausganrandon1pwocess)[17]5ﬁﬁﬂmﬂauu1ﬂﬁﬁ@dékyqywuﬁ

a o . | dld| a v =
NARALAURNANANADG  (impulse response)  HuNgzUaUNITLLLINNENHAWTER TR LAZH

g

AnedtugudazEand dednyoyinminisaamauuusda (Rayleigh fading channel)
% E2N ) % = a o [ dld 1 a v =
it ity unnuiinanauauasanwadiunszuunsuuuindnAdeiauuazi
1 Qs dl

' A [ Ly = ' = = . .
ﬂﬁLﬂ@ﬂiNLﬂu@uﬂ@ﬁL?ﬂﬂfJ’] ﬁ@ﬂ@ﬂgﬂg’]m‘l’mﬂ’ﬁ@%‘]ﬂ’mLL‘].I‘].Iiﬁ‘Lﬁ]EIu (Ricean  fading

channel)
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2.3.1.1 TRy N NN1SANMEULLILSER (Rayleigh Fading Channel)

¥
dasdtycunnitlssinnil Fununauanniaasazgnaseanlilingazinis

¥ 1

b

azfiou W UWATREIWLNAINAINAN9G o Negludasdtyayimannsziivlltaniaiy
Tnendryn e luwuaassanaiagsllisniaiuiugnilanuaulienadednynumnsshl
fanaiuls  desdyaanlsznmidnasifinauluidemansii@snaainsgannnuneiug
a dl = dl o o ! a\ :I/ 1

Apwe  dvazdlaniandynnaluunasainaiaiuliiiniadsasgnilanuauliaiuns

pinuld lginn

Transmitter Receiver

Channel

A — A s
Eﬂw 2.7 18 EUEUNEUNNNITRIWN BT LILTEN

2.3.1.2 tasdunundnisarewawuulsidey (Rician Fading Channel)

%

1 d” o ] ] =
dasdryarnulszinnil unnpannnIagsazgnasaantliinaazinig
4 % g tal = 1 QII I 1 o/ al/ = o
ASNBU UNLU - UASLAEULUINNAINATINNFN °'] ‘w@H’Lumfaqmyn&nmwm‘zmiﬂmmm‘u

a

1
al 1

Tnandtyrynmuieglunuansainniagldfsnnasuiiliiznaunastlanuasdyynnme

7 q

2 =

o [ 2 % é’v a é’ A dlnal 1 3 =2
Ilﬂf;lxiﬂ’]ﬂ'i“i_liﬂ mmmya&nmi_l?zmwum%mmuiummmuuvmmn@m%mmngqu@ﬂ N

Tifugiassalunisdedtynyrumssannnipdshlianiaiu



18

AAAA

Transmitter Receiver
= : o a a
gﬂw 2.8 484 rycy’]mwumamqmﬂLmu%mu
Y X o PP =i 2 v , =< , o =
YN TR cyzquwmmamwwLmuL@muummmmimqLﬂumwmmmq TUEUNEUN)

v
o

fnsanamaunyladew  Aviusssigdesdnyinluuuanssannagslldsniaiuiuagi

' A 1 dJ ¥ o o ] % = Y < % = ]
ﬂ’]ﬂ?‘ﬂi&l SINﬂ’W]’]ﬂ’]?WWHQMIHTQQ’&Q_JEU’]MLL']_I‘]_IVL?L‘HEIHVLﬁ] ﬂqzﬂ?ﬂUﬂ@‘N1ﬂnﬂﬂ?m LEINIT

7

o o ] % ol @A ¥ dl o = o Y 4
mnwmmmimmmyrmmmuLiﬂ@ﬂummim LLE‘H‘LI[?]?\WIﬂ’]?ﬂ’]uQE‘IASJ AANNTLTRULDE

N3N wavdauninazauR desdnyniudgluundunmdideuld nlidhasanisaiuen

14

1 v 1
pngl  Teluanendnususainisliauintin g leialdlgunnndn  aslaninizanuandlu

1 o

Tasdrynyrnsuiy laimen

2.3.2 msuszaNuAITBIATY YRS (channel estimation)

WasanndasdryninaasnisdeasuuulFanatiu  Tlanunsaninimeadn

IFadeazifen  AITUASIENNIAAMIATUTT NN UAN TR TY NN A AR LU LT ReA Ty T 0
Tudneouzsing o Windingeiuaailuease nessdanldlunisdssunnaidesdnyaynsléiun

]
a 2

A8ANA9azLiugegn (Maximum Likelihood: ML), 35ANARIALARDUNNAIABIIRAEITDIGA

¥

(Minimum mean-square error: MMSE) @qlfafunaseaziaanldlusiade 1.1.2
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2.3.3 ANRUBITAIA YU BITELUFIERINIAUNRNELAIFINAELAITU (MIMO
channel capacity)

v

Punnudayasinimndeldludesdynyinsnnideawinlaiu - auagiuans

] 6 o

Aunsnretesdry i utiuitaziulBunndeyalivinle Telauduiusiudeananain
-dl a é’ 1Y 1cal o | 1 o dl o 1Y 5%
Penaaziinaulunisassog  uifidAnudn ludesdnynumilazainnsaiudedayalasae

dnannsfudsdayainlalaannisianannligaiiueeniulsd C.E.Shannon wanslwisiug

'
[ o =

Avdudesdynuniliazidnsnisiudedeyaligeanduiefaniulunn . Anuguas

Y o

894tyeynd (Channel Capacity: C) t18A913udsdiaya R A1Nd1ANaa9Tadda ey C

=3

ayaazgnaslslawianisianaiaiasdnias  wazarnnsnandaianainaslilnenisld

(=1

wmatalunadsia Dawdludesdtynnuasidunneunouatfafinu usdndnsiuas

a

dayagandnarnquesdesdpnanuaaas liasusonaniaesdaianann lias lddnay 1

a v o 1 [~1 a =g o dl o o . . dld
L‘V]ﬂuﬂiuﬂ’ﬁﬂl’ﬁﬁ@@ﬂ’]\ﬂﬁ‘ﬂmqﬂ NANTUINTEUTAIATULUNTUAITHNDANA (Brandlimited) &

o

ACUEUNUILNIRLLIL White Gaussian AN U8 TRNATY tY1eazvnmL

c=Blog, (1+ p) (2.7)

o

Toedl C  iluainqaesdesdpnnadlumiee bits, B iluiuusing

[ % 1% ] %

(Bandwidth) aevtasdnyoyinelunian Hz uaz O udnsdaudynyusiadnyyin

[ [ o

sunaulugasdrynyiau (signal to noise ratio: SNR)

TS T UUANERINANANELEN AR EILANTL N1TANUIUAINNA LRI
o @ oA o P 5 o 4w =
IUANNNIAIN - C.E.Shannon  iulagaril  uskiiesanniduniglunisiudedayad
a1 uny Aslua g ldasaiufiesauanainuannesnanng lusay
une  aiiveesldtedayaandunisAnnmanngmiag | N lin1IAUIAINR 19
dasdtynynsasugiiflu

c =log, I(ﬁE)+NLy (2.8)

Tx
dl a oA o a ¢ o dl ] o
e |e| wnunmeiuuudreunyisnd, N, iudnuiuaigeinianniags, Ny, udiuau

AN2ANANNATL I dummindiananeaindanuanunaiasudnvindu g,
E

H a s oA I . n, n
M. = min(N;,, N, )uas wyisndigesfde (Hermitian Matrix) p € ™™
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HH™ ;N <N
VE H (2.9)
H"H ;N; >N

’ Rx

dvsnddesdrynone H o flusngu azvinlildannquilusdusog Geanunsndaulsng

ANN97 (2.10) [2.11, Th.1]

Eic}=E<log,|l, + Ly (2.10)

TN DA RALIBIANA TRt Dl E{O} NHNEDNANIANANNNE (Expectation)
234 mammmmmmmf@mmﬁm qtutu1ns (bound)

QNN LNVEITUUIUUAZENETFALNAT99T  19181N19089T 1987 TNERIN

negaiiy Ry dudesdignulneiinanniiaziduassansianaiaisiuanldnsiy

o

o R, <C  uwiistlazsasiinigldnssnaanisdisviadesdryynmdudaunnnne

Usenaudiag  vidadinannanlunasnauiuazlaile  dusrdedtnansenudesdynninegh

o

R, > C udq dlulldldinazingnasdnaviadesdoyaals o Aainisadaeinisdamiiu

a7

|
=

dgsipnuiananussAunawanld [17] Wa C iflulindningeganaisnsomldsae
o % g dl 1 dl 1
N1931ABNULIL 19UWALUINIAIHA, C gnadwaudielszsunuaiaes C lasdienly

&
AUTIUFBIADIRLILAIINAIDITOIATY DY 10

Tiangadnusaiui— ludsuiaessesnisuagtuiuaasdoygnnninseqlsd
nstuueaniunisnd Tneminlifliaauqaesdesdaanndesngn SenfFauaianinaa
| % dl o‘dgld J Qdd‘ o 4
quastednyry 0 e lugnnunsndilAeaeuianany (lower bound) waznaaninliaiunsn
wANqresdesdnya sl linngn luan unisaifanan \NadN1TnMAENNN LA

Y ad o ' <

TRURANTAININNGA I TEaenanfiazialiaaiuquesdesdrynnluaniunisailngd

! dl Y v ! o
mmnmgmimmamuﬂu



£
=
=D.
w

NS5UIBUANNYUDITIA YN aUaLasNsUss AT asd e g

TddyunisasuNnzaN

|
A

Tuumnudaldnaatetesdyanuwuuiallasoeg  dalednlunsdianiy
N nNIuaeIndedansliane  desdynnnsananafasinaesiiAnisaesdyyoynoinandes
a8l TINANINAINAILRARINANIAD NANINNIINIDY (direction of arrival) LaTRANIGNIT
a1a7n (direction of departure) M lAN1IMIAINATDITRSATYYI HAdMREtaaiy
NANN9TIeaasAae i TIN19AUIUAINA TR TaSATY s AT uR YA WIS
a ?:/ % o d‘ a I dl dl o @ o O Y [
faneiaaaaniescin weflianladviiadasuutladlinasAunnifidandesaiuannis

dl :l/ o 1l 1Y [ % | 04 | ] A ] a

Wanuwlasisaesdaegh - widiaunsouanannissenan liesniilugaesdauasdouiia
NNNTNIIN wazdaugesfiAn9nIsaIants azaunsnniifmnududenlunisauanide

IS

FanlaAuiladasunlastiagaals

Tuuyniazuiisaanidy 2 @9 A9UlINaziNAauaNIIAIUIINIAIINATRY
daedtynns dauidesastinauanIsAuann lasvassaauEndaaedy niniinges

(pilot matrix) ﬁmm:ﬁ@m
3.1 NMFATUINMIAINAUBITBIAEY UM (capacity derivation)

NMIAIUIIMNANINA TN RATY I sz IINNsRad TuaN AN AT
w1iu anfudesendasdunnmnldlunisaiuandag detesdyninuiidudiunaadas

| o

Tnemsslunsfudedynrnlunsdedisuunlians Teeacannd fesuuresanaain1Al

dunnssail
s(t) = H (®x(t) + n(t) (3.1)
Lfi'ﬂ te Rfl vunede 1nanseiies (Continuous time)
s(t) e CNee? wunede Koyrynnsdfinnasu

|
o a ]

N, x1
X(t) e C™* wnneie Ay oiinnags

[



Ng, x1 o i X Y @ o
n(t) e C™~" winals Atyoyanesunay unileay Iiiudny o

suUNYUNNAELuATNWLLLIN  (Additive

White Gaussian Noise: AWGN)

N N \ o
H({) e C™ ™ yynata deedysyos

] o

dasdtynraasigluiuuansneiuliavediuanmuanden uaz@snang

1
! o =

PEUINUAINANIARIMAZNATY Tedasdtynrunanlaluinanfinusiae desdtyoyin

[

o

wuulai@ien (rician channel) avgiuuuaestasdnyn nuuintae azinnsulstasdoyons
aanifludesdon Aedasdynindluuiamnss (ine of sight: LOS) daiiludasdnyounnmatlu
Wunsluiunsanaisainianiaadlilisarseanianiaiusgili 3.1 waztdesdyyiu
luluidu (non line of sight: NLOS) duiiludasdnynnmundsainataainiAniadlilés
RAnvauueniaanndunaluuinmne . waziinnaasawEanuvizaaaaiuwanling
anganianafUlARsUR 3.2 desdnuanauuulsdeuiiaziialduinluaninuandennd
QI = v 1 A a dld £ [~ % dJ 1 % =

Anensidey wulusuumvzeiisnamianaisgetien Wusu Seresdnynnuuuladen

gnunrdeduannis e sadnnng (3.2)

HO)zH@®+H(® (3.2)
fe H (1) wwneda SN STV AT ST PN
H (1) v ﬁﬂaﬁmmﬁmiuumﬁ'u
® ®
® o
® e _@
® ® ®
1 ®
N LN ®
' e © o
° o @ o
i LOS )
i 9 ®
@
® ®
— @ o ° 1}
@ ®
o o ® .
Transmitter Receiver
Channel

9117 3.1 desdnynyindluuuansg
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/k ;J A ;”J\ ;”J\

Transmitter Receiver

Channel
29191 3.2 dasdnyoynndluuunau

a

ludesdnyounnnuula@auiazdnamines Ae naoinduned o nluui R @anaang

-

wn aunsziam i ld@nusndsdynaadunwansld viaFanlddn deedyoyinduuun

7>

s

P o g9 A ' A EAY X o A A o=
[ﬂﬁ‘\‘]NﬂqLﬂu 0 V]'ﬂMLV@@LLWT@Q@ﬂqumluLLuQ@u sﬁ\imﬂ\jﬁmﬂr‘_’lf]mgﬂLLUU%L?ﬂﬂﬂu@ﬂTﬂﬁuq

v o

! 1 o G-

= J = Ay = A =
A1 TANATYUNDIULILILTEA (rayliegh channel) sﬁ\‘]@:LﬂﬁiﬂNqﬂSLuLN'ﬂ\ilﬂmLu'ﬂ\?qqﬂﬂﬂqﬁqﬁé\i

lusanagdunnsnsaedny yandaazaan

EZ
% a

Wasannniedsdtyannnin - Arntsnisesalunisdedynuinuannanaannid
! o o 10 % zj/ o o Yy o <K K
meddhlfsansainianiaivliandusesssainiuwwagagiaeinia i lisiasAans

o

Hanendsdynnne uagiAnsniudyaaaianamauiuwagaaiaeniAlunig
dszannAdasdyoansoadegin - 3.3 Tunsiansnndesdny oy N audNius il
RAnn9ae9dny I uNdeanaInnIAds uaziAnaasdy g inaiy Ty

] [ %

TRANATYTUNDULLUIR TN m%l,l,mﬂﬁﬁqmm@ﬁ (3.3) [18, pp. 34-35]
H (t) = ae'®™a(g)a" (p) (3.3)

o . = oo 2 = o =
Wa ¢ Ay @ Lﬂumgmmmﬂmwmz@fyﬁmmﬂtﬂnmmmmﬂmmﬁmmmmm:wm

U1RAINALRINIANNIAZIANNAS LN U AU AN NN AN AUALRINALDIRG, |

WNUANDRRLINADS, v ununIsidewmd, o uwnudnsniseng luduniansg,
ikdgsi ikd (Ng-L)si . < . <
a(l//)z[l ghdentv) ... gldelNe )S'n("’)] dunnimefaaLaueIunIansL,
272' - - | '
v eld,p} Huplan k:7, A fluponueeay, dp wnuszezingszndng

areend, Ng € {NRX,NTX}
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azadnsnulasannief (3.3) etlussuudasnanluseiiias (Discrete-Time) 165

ANnN139 (3.4)

H (t) = ae'@™"a(g)a" (p) (3.4)

=

Wald 7, iluauaesnisdnsaaeng (Sampling Period) AdReulama t=n,T, aanpdasiu

\

am31luAIAE, N, Wi sampling instant

A A|A A

T

Transmitter

Receiver

o

9171 3.3 dasdnyaunndiuulaFaunATiansyNndsuazyun i

a a a

=D

frgesdnynyndfinmeannawuunisdd  H[n, [luwsiazidunsdideteody o aginlilg
ALaAt e tesdnyr i E{H[nT ]}: H [nT], fiia E{efmnsfeinanunanig
anp  (expectation) LHaAAAMINEUN NIRRT lWLUIAUAY Independent  and

Identically Distributed. (ID) w&a naen1svivdauazinligunsahndesdniqnasluuundu

1#flu [19]
N, _ 5
A= e, [ llg, [ o (5, I ] 6
n=1
e an Lmuﬁmwmﬂﬁluﬁuww@:uﬁ n,. an [nT ]Lmz @np [nT] SIGRETLN

HAn1saedny ANy NN Dea8a N1 ANNIATULAENAINIANA BN IATIN AR

1 [l 1Y
pndnAUldunnsgui N WefeufufiemnsiisiseniusgeiniAwnia A
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AMNTAIATYYIIAINGND  HDAIUIDIAINATDITANATYTYIU AZANNNIOI

[

Y o d”
1satl

WA9IUIANABITIATY Y UAIANN (3.6)

[

TX
ia ‘0‘ wiuAmasiuuusaeuNEzng, 0 Wi dnsdoudtynnseadyyinsuniu
(Signal to Noise Ratio: SNR), Ny, Wludarausieeneiinieds, | ) hawvisnd

wwnanend (Identity matrix) aw1m N x N2, N = mln(NTX,N ) uaY Wvisndiaasi

eI (Hermitian Matrix) ’Y - CEEXﬁE Tmil‘ﬁl

H %
HH N, < Ni,
H"H N, >N

Wawansnn i tesdyaneiliduunyisden azarunsnuandasdynrueaniiuaesdou

Y €

Tx

uwazazinlianunsnuanAdqaestesdry o nlaiiuaasdeusaeiduiu Asauniei (3.7 -

3.9)
e (3.7)
_ P iggH
Cros =100, 1 )+ N HH (3.8)
Tx
_ P a5
Caios = 10G, (1 y+ N, HH" (3.9)

WAZANNIIONIANRAEUDIAINA BN TAIATY R 0 L ATaNNTN (3.10)

E{c}=E{log, I(ﬁE)+NL'Y (3.10)

Tx

ANaNNTA (3.10) Aen13ldaannisragialiEu (Jensen's inequality) Az lHa1u190M

m@uL°umuummﬂfnmmmﬁmﬁﬂ;mﬂmmﬁmmma“w (3.11) [23]

c =log, I(ﬁE)+NLE{y} (3.11)

TX
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aanannsn (3.11) Wanwuald Ny, < Np uasiansoundouaesainianunenieans

v

gl ddauiugaauniag (3.12)
E{H[n JHIn = Hln JH" [n ]+ DR 0 - o)
lertinAnanaunist (3.4) indnuansludauusnaesannisii (3.12) Teanse aglgdu
Hln, JH" n; ] = a*Nra(g)a™ () (3.1

waziletiANanauniag (3.5) JunUlUNALMesaNNNIT (3.12) azl@iflu

A A" I, =Bl Ser, [0 B [ I 3, In, )]

n,=1

S o bkl kG ) e

Iy 4
npfl

3,5 1 bl 5, )

WnteedrysunnsniinisnszanewLy ldsasds (Incoherently Distributed Channel) 105

[

o

NN9AUIRS ANAD ARG UIZaIaZ AL [20]
iy 2
E{a nT e, [nT]}— Oy0n 1 On (3.15)
WAL RANTUNANNNIT (3.14) Mfﬂﬂﬁlmmmuﬁ“mqmmﬁm (Continuous) AZ&NN1TOLLAY
aun9 betl

E{fln, 1700, = Ny, [ 16,

J o . . 2 o o
e O, , wnuieridulasiuanesinasin (Kronecker Delta Function), @/ Wnun1&daes
' P

(3.16)

2
P ) bNU

o ] 2 = ofy o o i

Wunaing, p=Noa, munguiidueadumigavivanuay f(5¢
p

HetduamumnuinanuiazsiuniGeulasnd miuadoauuguanssaesdny oo

Iﬂ/ 2 ] ] | | 2
n3uls §¢ﬁﬁmm§mﬂu 0 uazimuudssautlu Oy, O, Wi angular spread Tne

! i J i ! i | 2
daulugjngunisuanuasauninsfifianedeniu o uazanuulslsowiiu o azeenuuy

W ussannnsi (3.17)
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L

23, H[—\/§a¢,\/§a¢] -uniform

155
1 242 )
flo,0:02 )= ——¢e °% - Gaussian (3.17)
<¢ ¢) /—27[%
1 -,

; Laplacian

—€
\\/E%
Lu;il,muﬁ%"l,ﬁm?\i N3 spatial frequency response Az liAnLduE lunNg
ﬂixmmwmumﬁm@ﬁuﬁuwﬁqﬁﬁﬂdw Tne spatial frequency @ Wag associating
standard deviation o, aznmuaLiu [21], [24], [25]
o(w) = kdsin(y) (3.18a)
o,\v,0,)=kd.cos(v)o, (3.18b)
z%m?ummiﬁsgummciﬂﬂmﬁﬂ T Viafi3and spatial frequency approximation 13191847
E{H [neJH [ Jf ~ pN,a(p)a" (9) © B, )
= Ny, D, (@, B (o, 0% ()

e diagonal and unitary matrix Da (a)) AL symmetric Toeplitz matrix B(O‘w) Tnel

(3.19)

o

faandnad (ng L) vessvEndnsaasilpuuusl
[D.(@)] 1 = g "= e e (3.20)
[é(% )][nE ) = Te ((ne —ng )%\01)' fe (t\O,l)s F(f (%‘01))

rsin((nE — n,E)\/gG“) ;Uniform
(nE n n,E)\/go-a) ’
= ne-ng )’ o) .
B(o, )} . =18 Arerraed) ; Gaussian (3.21)
7 ! ; Laplacian
1+2(nE -n. o,

Teannshl (3.20) uay (3.21) ligniaualdlu [21, p.22], [46] uaztdnyarauidnunlals
Wudtyanagy dulaauulsdsowily 0 Geasvinidesdyanaluuunssdmiuusiay
asilsznondlu B = B(0)= 1

=
mmmmmmﬂﬂmmﬂu

& dl = P a o 1 o d'd
nexne ) dunflanen wazazlddnuyianddesdyoy i
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B(G% ,,u)z 1B + E(O'%) (3.22)

N

o - . a . o .
W8 L MN8N Rice Factor was ff = — wnuA lugNn97 (3.19) ezl

E{H [0 JH"[n, ]}z PN Da(%)B(U% ’ﬂ)D: (%) (3.23)

o

ANANNI9N (3.23) Wethuunuluannisi (3.11) wiazldrauquestesdnynyiu

[

b

UNABDLTI

C= Iog‘I(NRX) 4 ppDa(a)¢)B(0'w¢ ,,u)D: (a)¢] (3.24)

3.2 MIAUIIMLATIRS I UNNI NI UDIR Y IUUITRITMUNZANTIFA (optimization)

UERIEXYE eKE TR e Exa b iV FR BT T Az IUNNTATUIUNI AN YRS
I dd ooy IS o :
WHmasNNeaTeaiUaNng  ianaznn Wir11e9ann1sHAHe e NgAYTaNINNGARIN LG

Aaan1?  luwingniwusesudsesnisAIua i I a9 Endaasd Yo 101 gead

| 1
] o I~ 1% =

wnNEngadnuitiinanazyn i ldaauqaestesdrunngsian  wsnisAIUAMNANT

q

dl o ' 1 o a ] o Y o U4
wiHNENgRaINNIsAInAIAEqaasTesdtynnluuuulng Tlenaun 1 uynneails

v o RNy addo g (=W N v A A 09w '
@\‘]uuL?q@\ivLmﬂquﬁVWﬂsLuﬁqﬂqqmﬂm@\‘imﬂﬂ fyﬁqugJﬂqu@ﬂV]@‘@ LW@TMLUiM@‘LILWI@’]W@Q

1%

ANqUEstesdtynIe dsaannsamlaseaivesNvEnd NN ganinlireu e

o

S = 4 Ao (any Y a ¢ o Y @
@Nuummﬂmmmeammaumem\m”l,mmﬂmmmwmLumﬂsﬁgmmmuﬂm LTINS

q

1 1
1A =

anunsouenladn AmENERgal vin AN TeseSATy I Ul AN NN NgA LA i

NM3AIIMN IATIATINNING DR Ty YN FaINIMNNENgR lune
AIANANqaasTesdtn i lwdnetnusatiuil- WWlfulgsann (221 Teaniumeany
pananaliinnasmlassa¥eaeswisnduasdny o sesivnnzngs lutdesdoyon oy

e o o ] o dl % 9/ul/ .
dadmiuanaaInIAMa N dIIaNeEansy Teenfesnis W lava 1l (generalize) 1N

2u InanngmundudesdiyunnuuulsdauduiuaeainiAna e @ garaeLan s

n1sAUInNIAaFNIeuNVENE NN EgAaz ENAINAue WssuuTeq

o/ é’
AN AL UAIT

S= |- XH +n (3.25)

Tx
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o

e S luswiEnddedeusesdnynnniuld an T x Ng,, X dluavEndidetou

1
g

veedrynynaungeeensn  awa T x Np .,  H  duswisnduesdesdyann e

N, x Ng,, N iduavisnddoyanasuniy, o unuanadaudoyeinsedoyniusunay

(signal-to-naise ratio: SNR), N, iludanuauanaeinidniags, Ng, dudnusuanaenie

n1@5u, T il coherence interval
RINANNIN (3.25) Taziiiaaanidlu 2 wame

3.2.1 Training Phase

[

: . - > , 4 o de nye 4
azifludaupesdtynyinningad (training signal) @dgtuuvaesdoynyuniulassannii

(3.26)

S, = [LEXH #0 X, e CT0 (G X )= N T 2o

Tx

e X ilusvEndaesdaudtyauins training Ndaludaanan T;

3.2.2 Data Transmission Phase

o

| 1 o % . d’ = o d‘ Y o dl
azifludaunasdtympanudeys  (Data  Signal)  adgtluuvmesdnyoy i ldssannis

(3.27)

S, = ﬁlde+nwxdeC““WE&dny}:Nnn (3.27)
Tx

1
a

e X, dluwEndaesdiudays nasludasoan T,

Pry
)
. S
Ime X =V~ S = ST N = L WAY
) n
_dxd d d
o,

T=T,+T,,0T =p;T; + p,T,



30

Tu [22] 8rvualiponuqaestesdtynyralumibaiinsedesdny i iupgegauy

nanszanaesdtyuids X, dedaulfiilufsaunis (3.28)
1 .
C, = sup = 1(S;, X;,S,; Xy) (3.28)
psg (e {‘XdH }SNTde

AINANNIN (3.28) Nansaunasiaas | (0) aglailu

1Sy, X7 ,S45 Xy ) = M(Sy3 Xq[Sp . X4 )+ 1(Sy, X5 X,)

=0

= I(Sd;xd}ST Xr)
(3.29)

fa 1(S;, X5 X, ) =0 iasan X, Wudaszdeduiu X, waz S; dlevhaunis

1
=

 (3.29) Uunuluganisi (3.28) azlpnilu

C, = sup . S 1(Sy; XSy, X4 ) (3.30)

psg (e {\ E{Xq H }SNTde

Avueld H flueieaswuufifeulares H - @dszunnuendaaMMSE)

@:mmmﬁﬂumummm@ﬁﬂaﬂ@ﬁm%’ﬁmum?ﬁ (3.31)

S, = |PLx A+ ﬁ—dde +n, (3.31)

Tx TX
.

'E

Ng

Wa H = H = H dudlanainaesnislszannirndeddniouiniidaaasdlu o (zero

[

mean channel estimation error) LAz

ng dunaanrasdnyusunuiuAEaNa AN sl TN AN e d Yty

\waaag] (residual channel estimation error)

TneifiAnuquastasdnyo il azilAni dzgm%uvlﬁﬁmum@ﬁ (3.32)

v o

C,2C,.« = inf sup 1I(Sd;X I:I) (3.32)

worst Py (-),tr(E Ny Ny }):NRde Py (o )tr(E{XdXd } N, Tq
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wralmaulaludngluuumniladly

¢ >C,pe = MIN max  EJTTT
Rn 1tr(Rn ):NRX RX rtr(RX ):NTx T
A% R (3.33)
log| det| I, +-—*¢ — X
+pdo-ﬁ R |\ITx

1 o

Ay o ) Sl a = v A acae ya 1y
'ﬂﬂﬂ{]ﬂﬁﬂqﬂﬂ@m@\?ﬂqilﬁﬂﬂﬂmeﬂq\i QuNﬂquﬂVI’éﬁﬁ SINL?’ﬂﬂL@@ﬂQﬁV]sLsﬁﬂ'ﬂﬂ']?V’W.l'ﬂNﬂ@

] . d‘ o :% 1 o dd‘
A91U84 training ST mwﬂuﬂmmmﬂwmm&m&nmmmm

dlefwuali R, = E{VeC(H Jvec(H ) } Rus, = E{VeC(H Jvec(S; ) } LAy
R = E{vec(S; Jvec(S; ) |

[ o’ o a =l o 74 :’/ a % 3|
VeC(.) Wusnautun1s N Is e siLdauun s iATe9LNyiTng inaneiduinag1aung

=
LAE

o dll 1 d‘dd‘ g 1 o L4
NITATUITULNBUIAIN mmgmlumiﬂ?::mmm‘*nm Q./IEQ’]ML?’WZIM

Ri =Ry = Rus, RsIRs (3.34)

H

ANANNITN (3.34) TuwmAN How much training is needed in multiple-antenna wireless

ey nadu desdymanddanedsdy 0 veauunena

links? [22] Tennuum lsfinane

L e e o : D 2= o X o 2
TSR UL AT wsitgsiasnas aAaTunstiia ldunnau AITIU
dasdryn o ldaziaedaladifly 0 viraliidutesdynnnuulagau  Inannmuals

| 4 o = = = N Y o
A umNaRAU LN AN TANNANNAIN (3.34) LN@LLW%ﬂWLL@Q@%i@Lﬂu

Rﬁ =Ry, - RHST Rng RSTH
-R, -| TR, (1®X,) (3.35)
NTX

-1

L1 @X R (19 %, )" | | [ L-(1® X, )R,

Tx TX

WAYANNNT I matrix inversion lemma
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(A+BCD)'=A'-A'B(C"+DA'B)DA™ (3.36)

aginldaunsnangilannisd (3.35) udeanniai (3.37) 16

-1
Ru =| Rl | [L-(1@ X, (1@ X, )
TX
lumsmean X, e Ry, Serffesiign azansnson el
1
: 1 -
mi R [ (10X, ) (1®X,) (3.39)
H
X 4r(XEXp N T - B
Taineamn eigenvalue Az lila R.'= A4, A" naz

(1®X;)"(1®X;)=BA,B"

el wvisnd A uaz B faviaiuwaziiu unitary matrices, A, uay A,

-1
- & I Aggy Adda = . P
i M3nd eigenvalue NsuANNAINgAazilagiln MIn '[I’[/l1 + _AZJ
Tx

_Cl 0L oo ) | 'd1 0 -~ 0]
. 04 ¢, : 0 d, ° :
e A4, =C = ’ war A, =D=| .| °
0 0
0 20 ¢, 0 - 0 d,]|

1
n
feazannsnilasugdlfidu . min [Zci +kdij et tr(4,) fenasd,

i=l

¢
9l annnisAaniLas wanliare §1 C; + Kd, fAasiiuds azilild R, fetdeangn

v
v Y =

TenuunamINan dtycunndludnul training NAUsaEAINEa T s UTadTy Yo



st
=S
sSb.
I

NANITANARILLIL

Tuunilazilunisdnaesuuurespauqaestesdoy oy ndlutesd ooy

Tadeu Waldhslssnnuardasdyounamuiaueluuny 3 lnanisldaaainiAuuuvans

o A o

angdeuanaianiundnEendaluiuuinea i udaduensil (Uniform Linear Array: ULA)

ualdnisnmuanAnaasnIsdsdnyonlnanasldinatinaasanaanniagyaniadi

1 1 1
aaal =

M98 FINVIUARINITANABILLLIN1INANTUINT training signal NANgANazinliANNg

BateATY IR ANNINAGRGAE TS NN7ANaBIuLTIAzILNaanY 2 o AB N19AAel

LULANA T84Ty I lAE B NsA I IR ANA TR B A T U aumN T LaWe 1w

v v

Wiatia 3.1 Taafidautiagiinisanaesuuuadqaestasd o nufsaumauiureuanug
dl = P2 ~1 a A o 1 o o a A
L‘WﬂL‘LG‘EI‘LIL“V]EI‘LISL‘VIL‘Viuﬂ?Z@QVIﬁﬂWW%@\‘iﬂ’]ﬁ‘ﬂqu’lmrﬂ feaunsndnidsed@nsnanlunng

AunndlilndiAsadurauenukls InsniseanaadluLazuenaanidy 3 49uAa N19ANaad

IS DU

1 o/ dl dl o
WULAYNATENTaRdTy e SNR - HAaumlas,  N19RNaeduULAYINATeN
Mesdtyny1niia Rice Factor HAtasuuilas, nsanassutumNqaastesdnyaniie
Angular Spread HANasundas WevainedAlszneuiaann Snaseniilasuutlasues

v ! 1
AYINQTRNTasATYI sansiaiAsutlasanuuageInaAlunnsanaeduuy Iiveuans 1y

WIUANAY TN N BN I8N 1TATUIIAY TN TBNT A TY T R LILITANRIANE A ATy 7190

IHARUIUAEBNIANNTY AN TNTNATYTY LA NHANRNTIUANNNARE  uaz AU

1%

N N193N80uULINsA FaumsuANqTesdesdty i lag 49 sTndnynninges

[

Y o

suuusing o 10 ld ludaniinazionisdiaesuuuainguestesdnynnniie ldtynyns

o ' p o A gy @ 1 o o aal =
u%“ﬂ\igﬂLL‘Ll‘le’N °'| L‘Ll?ﬂUW]ﬂ‘]_lﬂu LW@IWLMuqq@mﬁquuq?‘ﬂﬂgﬂLLUUI@@?J@V]Q@ LA/

b

ngalunsmlaring nosdiaasuulazanaeduLulaanmunanIunlsaflitesdnn uiana

1NAN ] U denalignadiuniaeresdoyynludesdyanaluuunseiuiidszes

o o

AryeyasludesdnyayiasluuunduliAnsine o i iewansWiindinsillatenanaqsasld

v o

% o

Arypynnuinsesgtuuyle
-dl a rdl o -l% dj £%% A o o o o dgl 2 1
Reulauaznisdmefngnimusauds e uiunsaad miunisaasauuuluumi laun

! o dl o o v | 1 o/ =
" gy i lunisaraesuuunivua lfidudesdy ooy ladew
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B A0e1aNNIALLLUAEILAIEINANLANTUN RN 99 AN UL LAEAINIALDIA I ALITILA LA N

| Yo o 2« dl A
gﬂ (Uniform Linear Array: ULA) LAZINANLBNALAAZLEN U9 E e A Af

'
=

ANENIARLIRIATY I AL e WAy ulinNssunauiuesiaangn

41 NIFINRDILULAMNUDITIA YUl ALAENITATUIUAIAIINRUD
dasdnunumunduald

luvdetiazifiunisdnae s ﬁhmﬁﬂmmqmmfﬂ'm ”mmﬁmﬁﬁmu@
(Ergodic Mean Capacity) Fl&anaunisf 3.24 WELaUALI IR ULIANAIINA TS
feedtynynos (Upper Bound) Aildanasnnsi 3.11 Tnenssnasauuniiazsrasauun o
N fimsuaeulas 18 Ardnsndaudunmsedtyunnisunay (signal-to-noise
ratio), AN rice factor LLmzﬁﬁmmﬂf’iNﬁmmmﬁmmqmﬁ%rﬁﬁm (angular spread of

arrival)

o A 90 | A o o N o o P
ﬂ’]ﬁ“‘]q@ﬂ\‘]LLUUHL?"Ii@ﬂ"IV‘H@ﬂWWQLL‘]J?@']ﬂm1ﬂuﬂ?mmm3LLﬂﬁﬂﬂﬂ@quLNN
~

1 ¥ 1
nglasuulagsail yaluiuy LOS nnATuLazNIATES (¢ waz @) NAilu 0, angular

spread nAfU o, =10, angular spread YnAdY o, =60, A1UTEINTENFIRLN

a o g 15 o 13
T, =1x107°, Ao unnauinaes f =~ Rice Factor 1 =10, dnsnnsaeneludunig

27T,

4

tasdnynyauuuiiy Gaussian uaz douauinssunauigiiuidlu AWGN Taanisuzavias

AN a = Ll n7aauNa v :z, SNR p =10, Sampling instant n, =200, pdf 184
\} A+

LUALHNUAIFN °] adluaunIan (3.4) wazaunan (3.5) Lﬁfaﬁmumw’}ﬂsﬁfdmﬁmmﬁmﬁ
Az e wazthwvenddasdrynyannldandresiuldaunnluaunii (3.6) daunig
Vﬁﬁmmmmqﬁﬁmu@ a2 lARINN1IUNUAATANLITIENNNTN (3.20) LAz (3.21) AaMntiu

YA Ieunuasluannisn (3.24)
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g

1

=
N

Capacity ;. B'Sec/Hz

=R ws MIMO channel capacity

#  Ergodic Mean Capacity
— llpper Bound
|

|
a g 10 14

| |
20 25 30 35 40
=hR (Signal-to-Maoise ratio) ;. d6

35

4.1 N3 BEULNLILANNAUENT AN ATY I AN NAB NN AU LITELIUFLIUTBIAITNA

TNy NV (AVIaTAr e

am1

SNR #1371 asnlas
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1

=
7

Capacity (Bit/Sec/Hz)

36

Rice factor ws MIMO channel capacity

# Ergodic Mean Capacity
— Upper Bound

*’****
*********

3.5 1 1 1 1 1 1
a 2 4 a 5| 10 12 14 16 13 20

W (Rice factor)

4.2 N3 BEUNLILANNATANTBIATY IR NTB NN AW LITELIUALIUIBIAIINA

Lo 2TENC = =
ARITRIAEY U LHBAA rice factor Annailasuilag
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Angular spread of arrval ws MIMO channel capacity

T
i
%
=
)
= PR T
[ *
[}
o dF #*
5 #*
*
I #
i #  Ergodic Mean Capacity
---- Asymptatic Spread Bound
2F — Llpper Bound
| | | 1

| | 1 1 1 |
a 20 40 B0 a0 100 120 140 160 180
Ty (angular spread of arval) @ B

717 4.3 M9 FeUmE LAY NRTBITRIATUNUA NI NN L2 LIIALWTIBNAIINY

a

2997894ty YN0l LaAY angular spread of arrival Innsitlaauuilas



38

4.1.2 NSUNMAILDINIANAIARILASTANASU T19AE 4 /18

g

1

=
N

SR ws MIMO channel capacity

12

—_
—_

—
]

Capacity ;. Bi'sec/Hz

#  Ergodic Mean Capacity
— llpper Bound

a ] 10 15 20 25 30 35 40
=hR (Signal-to-Moise ratio) ;. d6

4.4 N3 BEUNLILANNAUENTANATY I AN NAB NN AU LITELILUFLIUTBIAITNA

299te9dtyny1ns e SNR dnailasuuilag
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Rice factor ws MIMO channel capacity

F-"_
# Ergodic Mean Capacity
— Upper Bound
B.5
T B
L
g *
oy
m 5.5F
=
o
1]
=
A=l
45F #
* g -
* ok ok ok ¥ »
4 | | | 1 1 | | | | |
0 2 4 & o 10 12 14 16 18 20
W (Rice factor)
1 4.5 M9uFaLNELANATBTASAT N IR NIBNUNL AU LIR LI ALULBIAINNY

Lo 2TENC = =
ARITRIAEY U LHBAA rice factor Annailasuilag
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Angular spread of arrval ws MIMO channel capacity

LT
13F
121
o 1E
T
3
t 10 LEFFREIII AR A v kAR A E
@ *
... 5 *
=
28/ "
pr
1]
© 7
B
5l #  Ergodic Mean Capacity
1 ---- Asymptotic Spread Bound
4F N Upper Eh:uund
| | | | | 1 |
a 20 40 B0 a0 “IEIEI 12EI MEI 160 180

Ty (angular spread of arval) @ B

7117 4.6 N9 BEUTELANNATBITEIATUNUFINITNUN AU A LT VIALUIDIAIINY

vasdesdtyrynnd iieda angular spread of arrival Sin1sulaenulas

TunsAALINATesTasdTyIn Wa SNR HAnlasuwlauiiniu ay

1
osLi/n/ a

anandegnsunautiasas  inlinasiu-detiayassundnaddeuavdfuiianugnees

De £

=

4 ¥ 1
NNTW AR TTAINAeITaNATYEUNRAININTY  LAZARIINNTINNTUTBNAIINA LD

¥ 1
=X =

TesdtyryIniarantiasadiile SNR HAMNINTW TINAN1991aeuuLn i lugli 4.1 uay 4.4

fAndulunumge] was cAdIATAn &R T LIIAUUTBIANNTRITRSA DY T

TUN19AUIIAINARITENATI TN 1B Rice Factor HAnulasuuilas

1 '
= a

~ X o Y o a o o A . g X
WD TaaNNIMRa NN L TTINTANAST a1 lHlNe Rice Factor NANNNINA

o

mddy o luimnsianuwssuinnandonnluningy daualidunisndsdyoyin

77
1
al

Ipsitasas Wuwe Wanuquesdesdynyndatiosas Gananisanaesuuunldlugli 4.2
war 4.5 Handuldenange]]  wazAwlddA lndAeiuTe LwALLYIAIINq T8

yNGaTaTgTaY!

TUN19AUINIANINATDITRNATY YW e Angular Spread of Arrival HAY

[ %

= - X o g o = Y X A
SERLIE RIS TENETAN! %mﬂmmwmmmmﬂmmrmmmﬂmﬂmﬂ?mmmﬂmu BATINBN

[

o o dla/ % 49( ! 4 o ] o 3|
nuuesdryyuniuldunnauazdeanalinisiuasdrynaiullnuguuneesssuy



41

anginIALLILTANEANdeaneaniulanau vinliavnqaestesdny A Al

dl dlo/ o v 1 K dl o/ dlo/ 14 dl ' dal A = o
LN@HNV]?U@DANAWGﬂﬂNﬂ’]ﬂ\Wﬂ‘Viu\‘i mmagﬁmwwimmnymmnmm ALLANDUNNANUY

teaniull  audaeenansanwiludyinsunaudauils i llddenaliinonuqaes
P

TRIATY N OANTU Teaziiulianngilil 4.3 uas 4.6

WHaRasuLFaLauiada 4.1.1. Ausiate 4.1.2 AU nITNNaI ULl

a

aneaNIARTAINa liANqestedny sy Ay adullniumgugluiade 2.1

o

42  msnaanuumsilFauiauannquasiasdyyialagldigun training
signal WULFN ¢ Wl

o Y dqj = [ d‘ =l dl % )
Iuﬁ’ﬂﬂl‘ﬂu@uﬂuﬂ’]?@’m‘ﬂﬁLL‘]_I‘]_IL‘W’r]L‘]_G‘EILILV]FJUN@VIiﬂ@’]ﬂﬂW?ﬂ’]MQMM’]

TassaFsnesdtynronindasmvanzaningn nliaueldlwiada 3.2 Senisulaunauiay

A o ]

nnafFauieulassaFeaesdynnainsasduuuy Ae doyninnsesdidinediiaiuy

o o

o ° '

N dryoyrosinsesnilliaseadiauin identity matrix dasdynnsingasnldainnisAtuans

o v o

q
o o = o = Y @ A, o o A
V]u']l,@ufﬂvlfgﬂu 1a 3.2 6]]\‘]L?']@Z‘V]'WT]?L‘LI?HULV]HUGLV]Lﬁuluﬂ?mmﬂﬂﬂ@ﬂalﬁqum_ﬁ_li?mﬂuﬂ

RUEITIERG TN TaTia Vg Ta SN TRV TP NI R R

o

Tunnsanaeauuy ealdaunasi 3.38 lunnsawsnmngluuudtynnanin

3097114 Ua (Propose Training) LazaINannash 3.34 Tuauddanldviundiulgs 16anns

Annslutasdyanauuueda  wazlunudasiuliuasanunag Tugluiiaeswysndiug
, - =< o v v a A o a_ ¢

e (Diagonal — Matrix) @i lifaa lamanumnnagiaengL L yisnduua e

= ¥ { A o/ zj/ ¥ ¥ dal o
L‘]_@EIULVIEI‘LI BAZLTIABANNITNTIULAN u‘ﬂﬂmu'ﬂ@qﬂgﬂLL‘].IU‘II’B\?@E]O_,IQ_,IWGAVNN@\?LL‘LI‘LI°I.I’]\1I§]H‘LL 2N

=

a o a o 1y P e A | =2 Yoo )
NgﬂLLUULNV}?ﬂsﬁﬂu °] W@zuqﬂqlﬂﬂﬁzﬂqmﬁqiﬁﬂﬂ']qﬂﬁ‘@im L‘i’]@ﬂﬁ%ﬂﬂ’]‘i@ﬁﬂgﬂLLﬂULu

|
| 1 s o

visndaunludayunanindesuay Waedndousyianindesuuugs  (Random  Matrix) — Liie

Faueuaneael

2 1
v o 3 Qq

NN9aaaduUL R aflusasnuuaAAI AL sRAL T WA ANuIBE1LaINAR

1%

medsuaznipfuwiiy 2,0 desdynnldtesdynnnunnladeundgluimiy Jake

v @

1 %

Model alddasdtynmuinnumaiiasiululAazdauainindy g doyn usunaul

suuuiflu AWGN



42

| 9wy

N e T T T

B R I

i e e ek s

D (RSP g

== ~-=-==="r=--=-====°"r-==~====°r==°====°=°=7°°=°7=°7=°=°=°==

e O U U U s U U N

-1
F
4

e e e et

e o CER el s

[T "= ==""r="="="=""_4" ol Y aE 1T S MR e I = - = ===~ =====71°~==°=°-°-=

e

S A L R R e

S e AN Y g § §F ghEn WL L W R L TS Yl SR R R —

¥ 1
TLLAR

20
SNR (dE)

Ioaag]

14

c
B T — T T = ]
L [N 1 1 1 [
I BT s
. e A R =)
ZE.c T b L et
mmm i 1 1 ___%V_ (@)
FEE| o 1t (SRSt =
= e v ' ' [ ' o c
= o v ' ' i ' =
£E R i I s
o o 2 [ ' ' ' +
= o P A : N5
== i L : o i
S I T T Tl M c
[N 1 1 [l
.“w Aw i i i 7
i 1 1 «
[N 1 1 =
— T v ' i =
1 [N i 1
SRS, PRy, S 4.4 o _ U
v I v (] €
Vi ' 3
v '
v '
v '
v i
v '
v i
4+
v
v
[N
v
[N
v
[N
v
11
[
i
'
'

4%
BYANTL

10

- w

10"

lolg alenbg ueapy

107

219 4.7 dRIRANAIAUAIT A

a

1

o

tﬂl ’ = ]
PN B rice factor HALNINU



43

a

| 9wy

randam training
diagonal training
propose training

—

I e e

%

B - ~ - - - T--------T7

e o CER el s

[T ==""r="="="""_4" o YA 1T S0 M e I === ====1=~=====°"71

e

":@

e B

S A L R R e

S e AN Y g § §F ghEn WL L W R L TS Yl SR R R —

40

35
4 training signa

¥

30

25
A% 2RINT b

o
q/

¥ 1
TLLAR

20
SNR (dE)

Ioaag]

14

4%
BYANTL

10

- w

10"

lolg alenbg ueapy

107

319 4.8 ARIRANAIAVAIT AT

a

U 2

pinaef tierice factor NN



44

a

| 9wy

randam training
diagonal training
propose training

I e e
N e

S A L R R e

S e AN Y g § §F ghEn WL L W R L TS Yl SR R R —

40

35
4 training signa

¥

30

25
A% 2RINT b

o
q/

¥ 1
TLLAR

20
SNR (dE)

Ioaag]

14

4%
BYANTL

10

- w

10"

lolg alenbg ueapy

107

319 4.9 ARIRANAIAVAIT AT

a

U 3

tﬂl ’ = ]
PN B rice factor HALNINU



45

40

-

34

e

randam training
diagonal training
propose training

b

30
AL 2RI 1 training signal

—
g
Eié;

e

o
o

o4l

e e _

25
Gl

a3

NN

15 20
SMRE (dE)
aganFuls
= Llarice factor

10

- w

1
R e e R T

'

1
R o S T e e

I e e

10"
107

21 4.10 ARIRANAIAUAIT A

a

lolg alenbg ueapy

U 4

dl = '
HANTINU

ral SN

a



46

£
=
=D.
(&)

A7UNAN15IA LasTaldUaALUE
5.1 #51lnan1san

Tidnanunusdlaingus 2 49U Aa N3ANEIAEN199AZLLLLNINIAINY

pastadny s lusyuuanaanniAnanaagaraiean fundtesdny cyndduunylamey

FefinsiAyuiidygynesnanmpdaasivldiniaiuanldlunsdiusmmaaiug
1 o v dl dl ) £% 1 o = o v
Pa91094tyfyusion tieniazni lgluuunasuanauquestesdny i avududen

o

tanas deualinisAruaniraInqaesdesdyiuainsna i nlfifauld uaznis

o

a g LT P o , o
W@W?Mﬂuﬂgﬂ LUUARNR U UL TAINA 'Vl@‘@EV]”‘]zwaﬁﬂq?ﬂﬁzﬂqmm@\?ﬁ@\‘lﬁﬁym’]ms],u

o

2LUURNLDINIALLL VAN LAV AIUA LA FUN 'mmmmﬁmuuu%mﬂu A1N1TONINT

yalal =

ﬁ?zNquﬁ’ﬂﬁﬂ%@ﬂ mmﬁlummmmimmmmmmwmmmmmﬂm ANANAAA

Tudouaaen1aAn=19sn19aR U LLLNY IANA R TasA Ty U0 Azl

wiennAuIuAINqrastasdayay ueeniudonlug o 14 2 dou Gausiazdautuiem

o v o = o v ¥ % 1 v o 3 Y @ ‘3{ v dl
arnnsoilinisAuauilaudugeuiagasls dwalinisauininldifauld  Taad
fapesnnisc@ninnlianuqaesdasdynuiaIndinasiurseuaauuls Geazinli

nsin A nudunsimanzanngalunisgds founnadlésaniSanani

ludauaean1sAn#IMIgLuUUAMNIZANNGAU2 ATy Y19 1

| o o

dsznnuAndasdynyinsldnngs wazwininnisldgluuunaesdnyouiisesiinauetiv
M liaudanaialuntsdszanniantesdyuiatesasign Tedenalinouques

q

1 Y o

| e Ay i )y f = ¢ 9 5 o .
‘ﬁ@\?@mﬂéqmﬂﬂqﬂW@ﬂmrJﬂ LLﬂiummzLﬂﬁlQﬂu ﬂ"]ﬁ‘él ﬂéﬂéqmuqﬁ'@\iﬁlﬁ'ﬂglugﬂuuu [dentity

o

Matrix i linaa89n19dsznnuA i lduiiiulenanaussaastasd i luuuanaedian

g

o ) | o A o= =1 4 ~Nal o @
SLﬂ@LﬂﬁNﬂ‘Llﬂ"Jf]llLL?Q?J@\WJ@\?@QJEU']MIULLMQ@H sﬁﬁquﬂuqqluﬂ?mw SNR {ATURHAZLL

'
A o ! o

ANLANANABIANNHANA AT ALAL meuﬁum@ﬁmL@umrﬁum@@mmmummmﬁwm

ISP

druonnsludesdyynaluiuanssianiasaesdnynnludesdynindunnauiAniina

'
o o ] =

denalifisarnnsauanladan nasA gLz aNNgA0IATY I INTRINTNLALD

q

o 1
] aaaa

AN dnusaru aunsaldlunsaifildes LS i Ui R nranetes F9azyinlg

a

1o 1%

nsgedtynyraslunuansaannsoinle daualidesdnynaetlugluuunestesdnoyiu

o

= . adey e s X ddad . .
wuuledey wilunsain e lunFnununni@anaaanann azdenalidesdny oy

v @



47

o LE

sluuulndiRssiudesdrynrauuusganinndn dnsitianaasnazlddnynuingesns

v o g7

UuUL Identity Matrix \Hasanniaandudanlunislddenndt uaslisv@nsnminliden

nangtunivesdny oy nningeantingue

5.2 dalduatuzaInsuulagluauiAn

all = =l 3 1 v 1
NuNAITANEYTaNmuisa td luauem Tea

o ° v 2 [ T Aa d?
- ﬂiuﬂgﬂ@mmwhmimmmlm AINHNARAANRINLANIUNITOURTININUU

1o o

=8 aa 1 o L4 1 o ¥ dl o 4
- ﬂﬂ‘H’]’Jﬁﬂ’WLLUQ@‘J‘?W@\NWUIVLLﬂ@Q_,IQ_J’]mu’]ﬁ"ﬂ\‘ILLZ\]Z@‘[IQELI’]EL&‘?I@N”@ Wwanilu

o a 1

sr@nininlunnslsvanniraasdasdnnnmui AN LEus NN [22]

o o

=3 aa o o o 1 d} o £% a a
- Anmdsnnsdiudgenganeagesdnynninges tivain il ssansnnlunisdsranoy

@

ANUSTRNATY YN AU NNIN T [22]



10.

5181N19819D4

Liberti, J. C., Jr. and Rappaport, T. S. Smart antennas for wireless

communication: 1S-95 and third generation CDMA application. New Jersey:

Prentice-Hall, 1999.
Widrow, B., Mantey, P. E., Griffiths, L. J., and Goode, B. B. Adaptive antenna
systems. Proceedings of IEEE 55 (December 1967): 2143-2159.

Frost, O. L. and Ill. An algorithm for linearly constrained adaptive array

processing. Proceedings of IEEE 60 (August 1972): 926-935.

Haykin, S. Adaptive filter theory. 3 rd ed. New Jersey: Prentice-Hall, 1996.

Cox, H., Zeskind, R. M., and Owen, M. M. Robust adaptive beamforming.

IEEE Transactions on Acoustic, and Speech, Signal Processing 35 (October

1987): 1365-1376.
Bresler, Y., Reddy, V. U., and Kailath, T. Optimum beamforming for coherent

signal and interferers. |EEE Transactions on Acoustic, Speech, and Signal

Processing 36 (June 1988): 833-843.
Reddy, V. U., Paulraj, A., and Kailath, T. Performance analysis of the
optimum beamformer in the presence of correlated sources and its behavior

under spatial smoothing. |IEEE Transactions on Acoustic, Speech, and Signal

Processing 35 (July 1987): 1987.
Treichler,-J.-R.-and-Agee, B. G.-A new approach. to-multipath correction of

constant modulus signals. |EEE Transactions on Acoustic, Speech, and

Signal Processing 31 (April 1983): 459-47 1.

Gooch, R. P. and Lundell, J. D. The CM array: An adaptive beamformer for

constant modulus signals. Proceedings of IEEE International Conference on

Acoustic, Speech, and Signal Processing (April 1986): 2523-2526.

Agee, B. G., Schell, S. V., and Gardner, W. A. Spectral self-coherence
restoral: A new approach to blind adaptive signal extraction using antenna

arrays. Proceedings of IEEE 78, No. 4 (April 1990): 753-767.




11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

49

Talwar, S., Viberg, M., and Paulraj, A. Blind estimation of multiple co-channel

digital signals arriving at an antenna array. The Twenty-Seventh Asilomar

Conference on Signals, Systems, and Computers 1 (November 1993): 349-

353.
Naguib, A. F. and Paulraj A. Recursive adaptive beamforming for wireless

CDMA. Proceedings of IEEE International Conference on Communications 3

(June 1995): 1515-1519.
Choi, S., Choi, J., Im, H., and Choi, B. A novel adaptive beamforming
algorithm for antenna array CDMA systems with strong interferers. |IEEE

Transactions on Vehicular Technology 51, No. 5 (September 2002): 808-816.

Van Trees, H. L. Optimum array processing. Part IV of Detection, Estimation,
and Modulation theory. NY: John Wiley & Sons, 2002.

Rong, Z. Simulation of adaptive array algorithms for COMA systems. Master
of Science Thesis, Bradley Department of Electrical Engineering, Virginia
Polytechnic Institute and State University, 1996.

Litva, J. and Lo, T. K. Digital beamforming in wireless communications.

Boston, MA: Artech House, 1996.

Proakis, J. G. Digital communications. 4 th ed. New York: McGraw-Hill, 2001.

M. P atzold, Mobile Fading Channels. NY: John Wiley & Sons, 2002.

D.-S. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn Fading correlation and

its effect on the capacity-of multielement.antenna systems IEEE Transactions

on Communications. vol. 48, pp. 502-513, Mar. 2000.

M. Stege, J. Jelitto, M. Brozel, and G. Fettweis A multiple input multiple
output channel model for simulation of Tx- and Rx-diversity wireless systems

Proceedings of IEEE Vehicular Technology Conference (IEEE VTC Fall). vol.

2, pp. 833-839, 2000.
M. Bengtsson Antenna array signal processing for high rank data models
Ph.D. thesis no. TRITA-S3-SB-9938, Department of Signals, Sensors and

Systems, Royal Institute of Technology, Stockholm, Sweden, Dec. 1999.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

50

Babak Hassibi, Bertrand M. Hochwald How much training is needed in

multiple-antenna wireless links? |IEEE Transactions on Information Theory

49(4): 951-963, 2003.
S. Loyka, A. Kouki On The Use of Jensen’s Inequality for MIMO Channel

Capacity Estimation Canadian Conference on Electrical and Computer

Engineering Vol. 1, May 2001, pp. 475 — 480.

Donald F. Specht Series Estimation of a Probability Density Function
Technometrics Vol. 13, No. 2, May, 1971, pp. 409-424.

J. Qian, R.H. MacPhie A Taylor synthesis for principal solution patterns of

multiplicative antenna systems |EEE Transactions on Antennas and

Propagation Vol.38, No.11, Nov. 1990, pp.1848-1851.
D. Gesbert, H. Bolcskei, D. A. Gore, and A. J. Paulraj Outdoor MIMO

wireless channels; Models and performance prediction IEEE Transactions on

Communications vol. 50, pp. 1926-1934, Dec. 2002.

M. A. Khalighi, J. -M. Brossier, G. Jourdain, and K. Raoof On capacity of

Rician MIMO channels The 12th IEEE International Symposium on Personal,

Indoor _and Mobile Radio Communications vol. 1, pp. A-150-A-154, Oct.

2001.
S. K. Jayaweera, and H. V. Poor MIMO capacity results for Rician fading
channels |[EEE_Global Telecommunications Conference 2003 (GLOBECOM

’03) vol. 4, pp. 1806-1810, Dec. 2003.
X. W. Cui, Q. T. Zhang, and Z. M. Feng Very tight bounds for the capacity of

MIMO correlated Rician fading channels IEEE International Conference on

Communications vol. 2, pp702-706, Jun.2004.

B. Tau Sieskul and S. Jitapunkul Towards Laplacian angle deviation model

for spatially distributed source localization International Symposium on

Communications and Information Technologies pp. 242-247, Oct. 2004.

o a » o A o o Ny 1% = =
mgW@ NANBN. ﬂ’\'im’]\‘l@’]ﬂ@uﬂ’iumﬂﬂLLUUU@@T@EM%@H@TN?@@Lﬂﬁ‘m—m

o o = s F%3 1 [ d? aa
Lﬂmmmummwmm’ﬂwawﬂusLu%mmmﬁmmwwﬂmi:ummLmJmea

dl 6 a a 6 o/ ~ a a
PAUNIY  AnedwusiByuvnduds,  aapdgnadanssnllia, Ay

FAINITNANART, AI1AINTDINUINEGE, 2546.



32.

33.

51

uann1gWfnanans. nganns: 1nAuWLus

AEURNT PWANENANA.

a

AINIDINNINENGE, 2546.

Atyans  qWANINana.  uAnnisszuuTnadwindeun

q

AN anaensn] aunanends, 2544,

NINNWHUTUAT:

AOUUINYUINNS )
ANRINITNIVENAY



AOUUINYUINNS )
ANRINITNIVENAY



53

a o v o ay vo aa ¢ v
Nﬂ\?quqqa“ﬂ’ﬂﬂﬂL“ﬂﬂuﬂ‘lﬂiUﬂq?ﬂWNWLL@Q

Pattanavichate J.., Tau Sieskul, B., and Jitapunkul, S. Capacity assessment of MIMO

channel model accounted for Rayleigh fading and local scattering. IEEE Intelligent

Signal Processing and Communication Systems (ISPACS 2004). pp. 531- 535,

November 2004.



54

Capacity Assessment of MIMO Channel Model
accounted for Rayleigh Fading and Local Scattering

Jatupon Pattanavichate, Bamrung Tiu Sieskul and Somchai Jitapunkul
Department of Electrical Engineering
Chulalongkomn University, Bangkok 10330, Thailand
Tel: +662-212-6900, Fax: +662-212-6912
E-mail: {jatupon.p, bamrung. }@student.chula.ac.ah, somchai j@chula.ac.th

Abstract— MIMO  capacity of geometrical Rayleigh fading
channel in the presence of physical scattering is considered
herein. Interestingly enough, the capacity assessment in this way
differs from most previous analysis where each element of chan-
nel matrix H is preassigned as circularly-symmetric complex-
valued Gaussian random variable. By means of dircctional mean
and its associating standard deviation, we capture the spatial
parameter in the model of interest into mominal direction and
angular spread. The impact of MIMO link capacity is then
investigated by deriving an upper bound on underlving mean
capacity. Fortunately, the proposed upper bound provides deep
insight into physical scattering because it can be shown as a
deterministic Tunction of nominal direction, and angular spread.
Since it does not require any cigenvalue decomposition, the bound
computation is thus very simple. Numerical examples are alio
conducted to illustrate not only the bound characterization with
respect o sample mean capacity, but also relationships of the
bound to indicated parameters,

I. INTRODUCTION

One of the most stochastic channel models in MIMO system
is to purely model the channel transfer function matrix of
Rayleigh fading as the so-called wnstruciured statistic (see
ez, [1]-[3]). In a certain situation, this seems insufficient to
reflect the physical impact over the matrix H. As a matter of
course, there exists a lot of physical MIMO models based on
geometrical scattering (see eg. [4]-[7]k

Contributions of the paper are twofold; to present a para-
metric channel framework, and to propose a'simple upper
bound on such a Rayleigh fading-channel-Foreither receiver
or transmitter, random scattering directions in angular ¢luster
are captured in term of directional srarisric. I the term of
of population mean and its corresponding standard deviation,
they are, in general.called the nominal direction and-angular
spread (see e.g. [8] and [9]). This patameterization is inténded
to formulate a parametric framework for the MIMO Capacity
analysis which indeed concerns the scattering charactenization
due to realistic propagation. [nvoking a separable parameteri-
zation, another virtue is to provide an upper bound on ergodic
mean capacity of the Rayleigh-fading MIMO system where
the perfect channel knowledge at receiver 15 available, Two
rigorous advantages of the proposed upper bound are that it is
computationally simple and provides deep insight into effect
of physical scattering. such as, nominal direction and angular
spread.

It is worhwhile to see what the relation to previous work is.
Firstly, we consider the MIMO channel model in the presence
of random path gain and angle perturbation in each end (see
e, [5] and [6]). Likewise usual Clarke-Jake model, herein,
spatial fading correlation is in the same spirit of the zero-order
Bessel function for the first kind. When the path gain is uncor-
related with each end. the joint PDF accounted for dispersive
channel can be separated into two sub-functions according to
receiver and transmitter [10]. Separable parameterization of
spatial fading correlation matrix at receiver and transmitter
iz given from [11] and [12] which are both developed for
capiuring the nominal direction and its associating angular
spread into a spatially distributed source. Finally, the proposed
upper bound is an alternative computability of the capacity
assessment based on the theoretical quantity of spatial fading
correlation. as indicated in [13].

For terminology concise, we designate A, a and a as
matrix, column vector and scalar, respectively. The mul-
tidimensional scts C and B stand for complex and real
quantitics. The operators (-)* and (-)7 denote clement-wise
conjugate and matrix transpose, whereas (-7 signifies cither
transpose or conjugate: The notation z ~ AL (p: 2. T )
is said to be the complex-valued Gaussian random wvec-
tor x with population mean p, = £ (z), covarance
.o = Ellz—p,Ne - p, )"} and complementary covari-
ance Iy, = E(lx — Mz — @) "), where £ () designates
the statistical expectation.

I RAYLERGH-FADING MIMO CHANNEL MODEL
ACCOUNTED FOR LOCAL SCATTERING
Restrict our_attention to a numbér of signals transmitting
through.a dispersive channel and.then.impinging on the sensor
array anlenna. With phase-reference at the first element, the
array ‘response vecior af o) [—80% 80%— C™ *! of both
ends can be, in general, written ideally as

' T
&
l

alv) £ rllrd" sinie]

£

‘,.rJi.rI'.I.Tr, = 1] sind L'?J

where k& = 22 designates the wave number, o . denotes
equi-distance between two adjacent elements, 1< {&, 2] and
N e N, - N, | signify the azimuth angle and the number of
antenna elements for the receiver or transmitter, respectively.
For more details, the physical model is illustrated in Fig. |
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Fig- 1. Dispersive MIMO channcl

As same as previously developed, our local scattering model
assumes that the nominal angles ¢ and & of the receiver or
transmitter, direct path gain a, Doppler frequency f and phase
shift v are deterministic while the angular deviation 4. =
{#4.4.) and associating random path gain - are considered
as stochastic quantities during the data burst, At a contituous
time ¢t € R\"' in real-valued line, the array regeiver output
z(t) e C¥% "' in a Aat fading channel can be characterized
such that (see eg. [14] and [15])

x(t) = H(t)s(t) + nit) (2
where 8(t) £ C" *! designates the baseband signal vector of
SOUrce, n{t}ECN’fr hEe signifies the additive noise imposed ai
receiver array, and H(¢) is the Rayleigh fading MIMO channel
matrix. Due to multipath, the NLOS component H(t) can be
represented in discrete time as [5)

K,
Hin, 2 Z 'f'l,.-1”-:-;“'['I.‘"p{"r|}ﬂH[ju,["r|]' (3)

"r':l

Let n, e N'! denotes the sampling,instant, N, significs the
number of multipaths and angles @, [n,| = o + ba, [y ]
and 3, [n.] 2 o+ 6“'".- [r14] denote the arrival and departure
directions, respectively.

For a certain incoming ray, the céntral limit theorem leads
o Y, ] ~ N, (0:@2,0) [8], where the first and last zeros
?'-'Igrl'llgr the zero mean and zero complementary covariance
which holds from circularly-symmetric complex-valued sto-
chastic process.

1. Link CaPaciTy ofF MIMO SYSTEM

Let i, = min({N, .N. ) be the minimum number of
antenna elements. When the additive noise n(t) in (2) is
spatially uncorrelated ie, £(n, n; ) = of Vig.n,. it

H .

n

15 well-known that the link capacity of the MIMO system is

available from [2]

, D2
+ TT (4)

e

= ]Ogi Ilﬂ .1
where |-| signifies the matrix determinant, o is the average SNR
{3igml-lu-nuize rn:.in} per received element, and the Hermitian
mairix TeCy® F is classified into

i {HH” :N,, <N,

; ()
PNe, > NG

HYH

Mote that when g = 0, this leads 1o ¢ = 0 for whatever 7,

N, and T Ifthe channel matrix H is random, the associating
random capacity becomes [1, Th. 1]

E{c) =€ log, |1

, 2
.."llrr: rl} Iﬁ}

I'i‘I
Mext we shall consider the capacity assessment based on
spatial fading correlation: Taken into account Jensen's inequal-
ity and concavity in log, £ (a) = £ {log;a) ;a > 0, there
exists an upper bound according to & = £ (¢}, where the bound
& can be expressed as [13]
& =log, T

]
+ :.,—f,:z:{r}|. M

1Ix. ]
Assuming that N, < N__ and taking an incoherently
distributed channel into account, the second-order statistic is
characterized by [12]
a"{‘?"p[”:’:‘!:i,,[dTl} = aié:*m}.&r& Ay (8)
where 4, , signifies the Kronecker delta function and o
designates the power of the n . -th path. Accounting for a large
number of incoming rays, the channel term seems, under the



central limit theorem, to be
E(H[n |H"[n,])

Ny
= E< ( Z Tn,!nr]ﬂqén,.[”-:ihﬂ[ﬁénr |";“)

n’.;i
NF'
3" i nrla(Ba, In a4, [ny]) >
li,.;]
Ny .
=N, E E{I‘h.,|1'|1.anjn{ﬁ.lp[ﬂ,.]]a"m,,'_[ufr}_
el

Proposition 1: To make the channel in paramétric form,
we suggest 10 model f(d,|0; r.r‘_} as the conditional pdf for
random deviation §, given a priori knawicdp.afﬂw angular

unit vanance. In a certain situation, the (n,
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(11 J-th elemem
in Be,) can be expressed as (see eg., [12, p. 28] and [16]
for Laplacian angle deviation model)

winl{n, —fi,g jvie,)

-—‘—‘7— : uniform
(ng =iig V3o
[Blow)ling.agl = S e “dine =t Gaussian  (19)
§ 7S Yo = lfl'll-l—l"-,_-il ~; : Laplacian.
Then, it readily follows that
E{H’[n,]H"[n,]} = pN,, Da(ws)Bloy, )DM (ws).  (16)

f?}' Ih\'n,,] + PPD.;{H.-‘,,.}E{G_._ _IDI:I:.,J,I:I can be seen
t'. 'th-' + PQB{U.._-‘}}Dr{u"j.

: Proceeding on |[ABC| = |A||B||C| and

spread o4, Over the spatial continuum of interest, !lll: ItI'I'I'IJ ID"EMH-:'W. the upper bound in (7) becomes

E(H[n |H"[n]) is then approximated as

E(H n, | H"(n, ) / |

= pN,, | [(84]0;:02)a(¢ + 6, )a" (649,

paths.,
In each side, a family of symmetrig:
mean and variance o2 is in most modelle

2 1¢ ﬂ‘ J—u"
ff'snm'-“:}: :,2—:;—5-*:?

1 =;|;~.r‘§'di_!
;Eﬂ‘.r

In instead of such physical angles ¢ and oy, ;Iu:'?.ﬁua!

frequency response is preferable due to the bettef accuracy

Y ~§l

armay broadside [12]. Indeed, the

of approximating the ﬁnt-ordcr%lur series around lhu'

A1hutthlmgslrup

_ logz | |+ poBla.,)|- (17

|
Remark 1. 1t is noteworthy that although the proposed
bound & does not explicitly depend on w,, it still relies

- -ﬂdnlf on the nominal direction ¢ according to (12b). Apart
~from average SNR and number of antenna elements, it can be

Sow#d out that & depends on angular spread o, as well.
J/J

IV, SIMULATION
72A 4‘
7?11 all smmlmm figures, we employ 500 paths (N, = 500),
pd'l'l,llransrmlter k=122 ’ d_inp 0, ﬂ"_':.;!".

.@ﬁmﬂ'ﬂ and N, = ﬁ'},, according to (2], [4], and
(fol ==

?ﬁ;ﬂg%fig. 2, we hold @ = 0, @y = 5 and vary the

average SNR. according to [1:0.5:10]. This figure illustrate
é mean ergodic capacity and SNR.
will be more affordable when Ny,

associating standard deviation o jrowded by
(12a)

wly) = kd, b]lﬂ
aulth oy ) = kd, costal)e,.. (12b)

For small angular spreads, the so-called sparial fmqwnrv
approximation results in a separable form as
E(H|n, |HHi"ri}“ﬂ\:.ﬁ‘E5ﬂﬁHf¢] 1801 |

) daf
= pN,, D ru.-.,]B{ﬂ' }n"[..._.,ﬂ' o

where the (n, Aty )-th I:|1'.'I'IIEIIIS ul' I:It,_gunaJ and unum}r mntrur.‘
D (w) : [=- J.:f .lp‘*] '-mun u" and Symmetne "iiaeph;z
matrix Blo.) : R”'” = R;'Er’m‘ are parameterized h“y

nominal angle and angular spread. Both of them can be given
from [12, p. 22]

!D,.[.u.-'”["r ,-.*_] = g"llrlr«- 'I|,_.‘i
|B{ﬂ-_,}]|nE e = _f‘r[[ul.

where the characteristic function £, (¢).0,1) £ F(f(4_|.0.1))
of the govemed pdf holds random variable with zero-mean and

(14a)
(14h)

LT 1™

— i, )]0, 1)

MWSHE- erease. One can see that the propose bound js

'h{ihmﬂu’ﬂﬁ;m:mrgudm capacity, The cause of difference
‘between both <l¢m§_ﬁnm the approximation in proposition,

Figure 3 makes use of ¢ = [—90 : 10 : 90] and 75 = 5. This
depiﬂs the capacity as a function of the angle of arrival. When
is high' mnugh it is remarkable that MIMO capacity will

‘:bc 'highhl. aﬂlm ‘angle niﬁmval is 0° and lowest in the end-

!ltﬂ' dlm:tmn {j.n'lc ﬂt'afmgl is —%) and 90°).
Later, figure 4 is set up as & 0y7e = [1 : 10]. It
is m:nlc“nnhj' that if N, is high e uugh the crgudlc mean

‘ cqli!i:zﬁ' 15 ;ﬂ m‘:.mmsing ﬁmuan"qﬁhg a.hgu]ur spread.

Finally, in figure 5-8.only ergodic capacity is plotted by
using o, = 5, o, = 30, and average SNR=10. These figures

illustrate the outage probability (capacity<abscissa) of MIMO
capacity according to N = 2. 4. 10 and 20 in Fig. 5, 6, 7 and
8, respectively. Indeed the increase of N, results in higher
capacity. For N being high enough as Fig. %, the difference
among Uniform, Gaussian and Laplacian is noticeable. This
implies that uniform angle deviation yields the most reliability
of channel capagity,
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godic mean capacity of MIMO channel
of Rayleigh fading. An objective of ca

bound on ergodic mean capacity. A rigorous ad
proposed upper bound is to reflect MIMO i apa‘lgi asa
function of directional parameters, such as, nominal dire
angular spread, Regarding to computational pmnlgm
it requires only few algebraic ‘compuations. M of most
cigenvalue-based upper bound in un; i .
In numerical simulation. it is shown at R
capacity in geometrical Rayleigh cham i '
the angular spread increase, lnlunncly,
the effect of directional propagation is_more attractive than
another one based on unstructured statistic, because it is
expectable to support realistic measurement.
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