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Abstract

MIMO system is based on the array antennas at both transmitter and receiver. The capacity of
MIMO system increases as the number of antenna pairs between receiver and transmitter increases.
Normally, the channel matrix is considered by array processing. However, the channel matrix includes
main angular factors such as angle of incidents and reflections due to environment. Therefore, it’s
interesting to investigate the performance of MIMO systems using the angular processing in comparing
with the array processing. The simulation results reveal that the angular processing outperforms the array
processing. In fact, there are two approaches to develop angular processing antennas including the new
antenna design and the conversion of array to angular processing. The second approach is practically
accepted in order to apply on any existing MIMO systems. This research developes the angular processing
antenna based on the second approach. Also this research verifies the concept of angular processing in
practice by applying Butler matrix. The advantage of the Butler matrix is to convert array processing to
angular processing by just inserting Butler matrix right after array antennas. Thus, the output signals
achieved by the proposed system become the practical angular processing. It’s attractive to practically use
such a system because it’s easy to implement, uncomplicated and low cost. In addition, this research
carries out the measured channels to investigate the MIMO capacity using angular processing in
comparing with the array processing. The results confirm that the angular processing realized by Butler

matrix outperforms the conventional array processing.



astiny

win

AN TN TV ﬂ
undagenwnlne ¥
unARdeM¥IeINgY f
VTN 3
anstgUMW_ 2
MIUNNTN o
TR T S 1
L1 AEIRY U0 INITI00 e 1

12 AU TE AU TATIMITIV oo 3
13 AN EMTAUTUNITIVY e 3
14 HAEUTVUDATATANIT oo 3
15 n3d13200nsseiassan s suine Tt U TATINTITY oo 3
151 ABOIFQYRNUTZUU U TU e 4

152 M3tszuanaun 1d AU IUTEUDIUTU e 4

153 MaUszuama @ IussUDTUTU e 5
w2 arwavesdaanalussun T Tui 1EnsUsEianaun IR o 6
2.0 NAIIUY oo 6
22 ssuvluTuiiduuauauduny (Narrowband MIMO Model)......ooreveroosoeseseesersesese 7
23 msuenBoadyanatUUUH I IUTZUU U e, 7
24 anuyvesdy g luszunluTy (MIMO channel capacity)............ooooooooccoooococeeveeeeeeeseeeees 10
241 FoadayaaiTnMsUaenuntag (Static channel)..........rereoesrsoseeseseesee 10

242 Foaday@UNTNTINMIY (Fading channel) .....eoeoeeeesess s 13

243 ATV TRATINMTUTEIIAHAUD VIR e 14

2.5 DAVIMVIUN oo eeeee e 14

uni 3 anwuyvesdaynna luszun T TunlFmsUseuIamaBay oo 16



Bl PBIIUY oo e e e e e e eee e ee e ee e ee e eeee e eeeeeeeeeeee e s e e s s eeeene 16
32 ANUYFOITYYIUMTUTEUIANATIN oooovovoveeeeeeeoeeee s 16
9 Y o o a o o a
33 M3Usegnalsinmos WnINFAUNTUTEUIANATIYN ccccooccececcec s 18
' ' o A o o A o
33.1 159918093 U@1AAUUDIATINADT IUNTNH oo 19
332 MIMBIdYRNAULAZANUYFOIFANMNUULINEADT WNTAF o 25
3.4 5euMeusenIemsUszuanann IS IAUNAE TAMUITI oo 26
341 UATIEETUTEU AN AUDIENNU oo 26
342 ARTIEHMTUTZUIOHATIYL oo 27
3.5 AVITVIUT oo e e 29
UNN 4 MTASNYANATOUUAZHANITNADD ..o 30
A1 DT IEY oo et e e ee e e e eer e 30
k) o a 4
42 mMinaauszuy 1y Tud 1839180 UUIUABUNUADS oo 31
421 ABMTUTEUIAHAUDITIAU oo s 31
an a
422 AEMTUTEWIOMATIN oo 32
43 MIDONMUY A3 LAZTAHAINIADS INTOD oo 35
431 PTOONUUUINIADS LUNT NN oo 35
432 DTAT I NADT N TOT oo 41
433 HAMINATOUAINITINADS VINUNADS NI D oo 42
d Aa

44 MMINAADUTLUU I T U DI AITDIDTU oo 54
441 minadeuyagUnIsia U UMIT TABOITYRIB oo 54
442 MIHIAVIUYEDITQY I covrrooeeeeeeeesee oo 61
45  MINATOUAANIMIFUFURIU TUADTUIITANT oo 63
46 WATIZHHANITIIAOUMULLALDITNATOL oo oo 65
A7 DBVITIUN oo oo oo oo e e e e e 65
UNN S AFUHANITAVOUDZVOITUDIUL .oooooooeeeeeeeeeeeeeee e 66
5.0 AFUNAMITITY oo 66
5.0 TOUBIUBIUL ooovoeoeeoeeeeeeeeeeeeeeeeee oo oo e oo e e e e e e oo 67
VITOOYNIN 68

MARNUIN N MSIHBLNTHAIUIY 71



NARNUIN U

Usziagive

[

a A a o 1
UNANTUIIINANWHWINGLLNT



@an
=h.

&N &l &N &N el @ & @ &l &N A &N A @A &N & & & & & & &l &
=Sk Sk Sk S S S Sk Sk Sk Sk S S S S S S S Sh Sh S, S, S, S

Qan
=h.

U
astgy o
A
Wi
2-1 MIFUAOYATUTZUUTUTU oo 6
2-2 MINTHANNIATWAZUATTYRIBNTUIR oo 8
2-3 HaAIMIAUNIoIRAU TR NANIVOITEUDTUTU oo 9

3-1 Mvgresdyaunmslszuranadayy Weyndsoen luaz sudwvuanaesiu 17

3-2 1995 10T UG AR MU DUUUIINABDS BINTOF et 19
3-3 nuugUmsuindanuludasfismavesTnssionegUdaauuuuinaes wmsng ....... 21
3-4 g osuun a3 av 90 8RN (Hybrid COUpIEr 90°) ..o 21
3-5 ﬁj’flh],"ll%}ﬁigimm (CTOSSOVEL).c..ueuveiriaeeetince ettt ettt eb ettt ettt nee et 22
3-6 ﬁﬂLﬁﬂuLW’d 45 DA (Phase ShIftErs 45°) ...ttt 23
3-7 A1V UTUN WM SAUNIUINGI UM T U dd el 24
4-1 uaaaNeM M I Az S UToMAUDITEUUTUTY oo 31
4-2 ANNYFRITYANVNGUADTAT AU T YR UADTYQIMTUNIY s 34
4-3 AUDTUDUTFUTAT 90 DIFN......oooooeeoeeeeeeeeseeee oo 35
4-4 YOS UUUTIUT AT 90 BIFITODAIULIATY oo 37
E N T 1o 1L T SO 38
46 51 LU T YR IO BNLUIETY e 39
47 UAOUNE 45 BIF Yoottt ettt ettt 39
4-8 AWV UFUNWMTAUNUOING UM TUA TS FYRID e 40
4-9 MANuETIveIRARoUMa 45 0311 UTATIVIINOONUUUIAT Voo 41
410 TaseieAegldaautinmos S nFiad 10 INMTOOAIUL o 41
4-11 Fasmasnusyuinanesa P1 dunesa B1 (S, HAWMIAY = 10.017 dB) .ooevvoceen 42
4-12 FAMNAINUIEHINNDIA P2 FUNDTA E2 (S,, HAUNINY — 22.047 dB) oo 42
4-13 SAmNEINUTTHNINOSA P3 AUNDTA B3 (S, HAUNINY — 18.154 dB) .ocoveeoee 43
4-14 FAMNAINUIYNINNDIA P4 TUNDTA E4 (S, TAUMINY — 12.319 dB) oo 43
4-15 Saaulasgninanesa P1 AUneSa E1 HAUMINY 158 09 oo 44



510 4-16 SaAuaszHIINOIA P1 AUNOIA E 2 TAWNINY 25 DI oo 44
A [ 1 14 [ 14 S 1w

3UN 4-17 FaAunlasz1IaN0TA P1 AUNDTA E3 WAL ~122 DIFY eooveeeeeeooeeccc s 45
A v 1 14 [ 14 S 1w

3UN 4-18 FaAuNaIZHIINOTA P2 AUNDTA E4 DAUNINU 118 DI .ooovereeeoeecc s 45

51U 4-19 JaAudaszrnanesa P2 AUWTA E1 HAWNITY -87 01 oovoiooeoeeeeeeeeen 46

5% 420 JaAuaszrinenesa P2 AUWSA B2 HAWNITY 137 09R 1o 46
A v 1 14 [ 14 = 1w

3UN 421 FaAurlaszriIaN0TA P2 AUNDTA E3 UAUNINU 176 DI coevevevveeoeoeec s 47

310 422 SaAuaszHIINesA P2 AUNOIA E4 TAUNINY 137 DT ooooeeeoeeoesoeeoeeoee 47
A v 1 14 [ 4 = 1w

3UN 4-23 FaAurlaszyiIaN0TA P3 AUNDTA E1 UAUNINU 132 B9 oo 48

51U 424 JaAwlaszrnanesa P3 AUWTA E2 BAWMITY 178 D9 oo 48

5% 425 JaAuaszrinnesa P3 AUWSA B3 HAWNITY 139 09R oo 49
A [ 1 J [ 14 A 1w

71N 4-26 A UNAIZHIINOTA P3 AUNDTA E4 UAUNINU -98 DIFY .oovvoeeeeeerec s 49
A [ 1 J (% 14 A 1w

3UN 4-27 FaAunlasz¥IIN0TA P4 AUNDTA E1 UAUNINU 136 DI eoevoeveeeoeee s 50

710 428 SaRuaszHIINOIA P4 AUNBIA E2 TAUNINY -90 BIAN 1oooeeoeeoeeoeeee 50
A [ 1 J (% 14 A 1w

3UN 4-29 FAAUNAIZHINNOTA P4 AUNDTA E3 UAUNIIU 40 DI ..ocoooeoeveeeeceeeees 51

U 430 FaAuNasEHIANBIA P4 AUNOITA E4 TAUNINU 176 DI .c.ooooeoeeeoeeoeoeeoee 51

JUN 431 0UUFUMTUANGINUTULIAAZTIFINI oo 53
A /9 9 o 4 a J 9 o A ' o

JUN 4-32 gUuaaamsszgnalsinmes wnI NN UM IMANIIATUALAIATY oo 54

51U 4-33 Tasead19v095z U N F UM TOBOITUYAIB oo 55

JUN 4-34 UNUNF T UTABOITQRII oo 55

JUN 435 anugresdyaaneunudaaIudyauaedygIusunIY Tuuaazyanmmsia...61

51N 4-36 AmumavTWANUTIdYIUNITeInTdilofouiusa dIudyYIBAR T YA IUTUNIY

...................................................................................................................................................................... 62

JUN 4-37 NANWMITHYUVBIADIMIAUDIEIAUTNIATY oo 63

51N 438 AURAEVDINNYUBIFRIT YN (bits/s/Hz) INBUNVDAI 1T IUMSITy g Ao d 10l



AUy

v
“in

a a o A < o ¢ A o =
AN 3-1 uaaaavesaieeime Nangvesainau uazlanuivnininaes mmwiugﬂm 3-2

AVITIEHE) e 20
M3 4-1 naaalaueseoeIma AAMeUeIdInay Ye9inaes NI ngn I80InmMIIa ... 52
MINN 42 naasaunfon Nuresdyau lundazganiimsiana 1o SNR = 10 dB...................... 62

MINN 4-3 AUDAOVOININYUOITOIT Yy 18! (bps/Hz) YOINNAUINUAUNS SNR=10 dB................... 64



uni 1 umn

%

o v A o a
1.1 AN iy"{mﬁl@\‘lﬁiyﬂ1ﬂ°ﬂ1ﬂﬁ? ]

o 4 . . . 1 a I
TuagiiumaTuladmsdeans 1¥a1e (Wireless Communication) 185 uamieuilu

' a 4 ' ' o o
9619UIN DINIFY MIADEITHIUIAT U8 TNTANNIDDD (Mobile Communication Network) ¥3©

v

1 A 2 A Aa o 1 4 I a
nsene 13eentesdu (WLAN) Fiianumsiteuaziaunvouna luladlunguiiiu 'l lusianis

| -

iR Aodoamsnaumsdaaz Sudoyaldliaussous Ngaunniu Med1usu minandimsvoya
2 A v 9 o a a J I 9 . [
puu lFmeieseesudeyatiuaumnNINUIMIdumeiiia 15a18 (Wireless Internet) t1az M3 d9901a
Y o 1y 3 o v A dyy . . A g
AR IMITI00YaN NG IZId T UTede 1R (Multimedia on Demand) tioumsaoudueInIw
9 1] H 9
Aoamamanil midveuazwa e ma luTad Ininaeandesiunnudesmsnanuadeiias 145y
d‘ dy 1 2 A [ 9 [ é ]
anuaulannigaluvazil uazlungumalulag lvungnoeui v uaIumilawe s §Iua e
TuemanfemaluladmsdaazsVUDVYAWTOIN1I (Multiple Input Multiple Output : MIMO) #3©
= dg/' dy Y v 1 9 1 % =) d'
Fonszuninszunluly szuuiawnsalddaimsdedoyanazanuguesresdyaialulsuan

1 v
VINNBIMUNUMT S UE U BOIN1UA7 (Single Input Single Output : SISO) DnNIGaTUITe 1%

aa A a d v dy 1 I av J dy 9/3’1 a kY
NYHHONUINVIYNNFIUANYININUDITSUUU ?JfJNU]jﬂG’IHNTLJ’Ji]ﬂlﬂﬂ1uvlﬂ@\1ﬁﬂ3}|§l§1ull’3ﬁa18

LY

o

Uszgms dszmsddnglsemanilseauydldsesdygaininszonediseuiianialdinieds
& v A A Yo ) v o= '

Fanelditou lvliaussonzvesszuululy eunsalddasimsdetoyalageda N imwesszu SISO
] 9 s
e N Aetiuiudiseimaduazsy doauyAtiansognoeniu laTunangug ualunmeljianiu

H Y
unuiive iamnsamaduldiae sz ldaunsommuagiuuvvesresdyaia 18 nazenauide
4 < T [ v o Jdu a U 4 [l
ouq laugaldimiunyosdaanaduiusnuiamansaedya1a91nAT o989 (Angle of Delivery
AoD) azhan1amssudyaunnioasy (Angle of Amival : AoA) vl¥gesdaanufuiaingn
a Y oz " Y Ao o A l [ Aq a valk A
Armaiudailu ) li'ldme nansznundidyaonnuguesyosdygai ldaulunilfiasedia

7 =2

[ [ A N Y o 3}/ a dy a a A o
”lumnmm‘umN‘ﬂqygmmﬂmﬁm”h ﬂ\‘]uuiﬂiﬂfﬂi? ﬂumuumﬂﬂ‘ﬂ%zwmmgﬂzmumsﬂszmawa



a o

wo352 U1 T Ty Tamineanevesdyyrandnunertos e 11 ldnnugue s sd yay s My

o

2
YU
2 Ay oA a A Y Y v a 2 Y
uazuﬂﬂmﬂuimﬂmm%wmumm‘wi]zWmm’dwa1mﬁ%LmJwﬁummaﬂszmawawmuuma
£
Y [ [ @

awv 9 1A o o [ <
TasamsdveuIvanudidgynumswauuna lulaglnindragouaziilusingiuves

g

wasgIua1 lueuiaa Taganisnizmunnuguessesdgyiuluszuy Mldamisosessy

v

a A9 [ v o9 Y = < a dyd 1 9 @
UINITNABINITOATINITAIVDYAGI U],ﬂ %Qﬂsgmuﬂﬂmﬂuﬂm ﬂuﬂ@?1ﬁ@ﬂﬂﬂﬂ\1ﬂﬂuTEJ‘]JWEJLLQ%

o

4 aw a 4 av A J aw A a {
gNBAAATNITIBVDIWIA (W.A. 2551-2553) TUgnFANAAINIIVEN 1 NAgNFNITIILN 7 UNUNUITEN

=)

1 (394AITIVUNYINUMTINVANTTOUS AT WA UIANININTAANUAINITANIUNA T Tad

Y
=

I v 4
MTAUWNALALATAOATT HagMFNAINYveIresdg il v ldeusoaedoya l&i5 22y

& v

Usgndanamazwasnulumsddoya mldlidiugieniiz Tandoulumedondnmaniisdeh s
a o dy k) Y [ 1 1 d‘ o a = v 9
Tasamsdvelideanasanuu levigvessguia ulemasearunauiiunms lutlusn Tluide 1.19
1Fe5anasmsuaz 1AsIMIIoUITIMAHANTTNUININGA lans ou
1 1 @ d' a dyw a3 a o d‘ (=}
uanmInannawomanlszuanaFapuesszuy luTulidwaiuauiten lulinamae
X o @ A A D) ' aw y A a P o
Tuamzil nnmanumufiimissunssuineldesny it luamutivzinneiresdynu
< a v 2 ' ' v o < a s Y
Whudayuniy uansdszuranavesmiadanaznasudinailunisinsiznaleylnnuves

a o Y A Y a A a @ = aw
SRECRRGISTRIRINIG ‘Vﬂﬁh’iﬁlﬁiﬂ'L!g“I/lLL“I/I‘Di\iﬂ]@\ﬁg‘u‘uvlllillﬂllﬂfiﬂ5$ll'J’dW’dL‘lf\HgiJEJQﬂﬂulllﬁJﬂ1u’J‘Dﬂ

v
S Y o

v < v & X < o o a4 a "o
1@]&!@’(@\111’“1’7“1@ ‘V]\THHJulWinWﬂﬂﬂWﬂﬂﬂﬂﬂWiW@luWﬁWﬂ@WﬂWﬁﬂﬁnﬂiﬂﬂﬁ%N’JﬁWﬁl‘lf\ﬁ?!llﬂ’J‘]Jﬂ“ﬂu

[

F) [ g}/ a dyﬁ a d' [ d' a o [
U],‘]Jﬂ’JfJ @Nuuiﬂi\Tfﬂﬁ'Ji]fJ'Lli]\il,ﬁu’ﬂuu"]ﬂﬂﬂ‘D%Wﬁuu1ﬁ1fJE)1ﬂ1f’T°I/]°]J5giJ’JﬁNm"lf\‘]igiJﬁWﬁi‘]J5$‘IJ‘]JU13J13J

Aa v 1 [}

0o dyd I 9 = ~ 1 =
Hadu3aveelasansdvetnetlumsaitwanuainmalulaglmined luanuauls Faamiso

'
[

i ludeiunuasmsoun luandszme 18 Ssdoandosnunguisosins9eisaaaumuu Touiouaz
gNEAAATN15IV0UBIIA (W.91. 2551-2553) TungunaluladlvinazimaTuladidrdauive
A o g Ayve ¢ v o o o ' A o Yo
gaamnssu wenanilwadusenladuiluesnanudndrng lumsiauiaseeaiienr l)14niuna
ginaa1eq M i ludesiana Tuladainarnlszms aamsindunalulagsaunaagasuaiig
< 3 a v v 9 g Aa Yy o ¢

anuAvLdImaassgnaveslszmalunisdon ldonaie UsziauiitoNdoandosnugnsnansng
WannUszmamuuauian sy gfaaz denunanad afui 10 (w.et. 2550-2554) Tugnsmanims

o a o g ' o I o o aw o { W
Y5uTaseadrunsvgio Idauganazdituiluediann uazdwmaiugmdmiumsitonagwanngs
tulueuina s lasanuulewevessguia ulewieszezmsus s vms 4 1 vesiguia luiade

9 a 4 =~ o
2.4 wlgngauInenenaas malulad Lazuinnssy



[ d av
1.2 3ﬂ@ﬂ‘§$ﬂﬁﬂﬂlﬂﬁiﬂ§ﬁﬂ1§?%ﬂ

I 4
1. eAnIMIUszuanadayluszuululy wagWwannaeomadmsuszuuil
2. o3 vesfnu} ImidwmSumsinszdszuylu Ty vazuumadums IFaumal fiia
3. oasaumaTuTad lnunlidnenmlumsuvsiunuamalszmala

1.3 uHINWEMIAUHUNISTIVE

= a J Y =

1. Anmsanszszun Ty Tudemsiszuanabay
2. Haowumsiszananadamlunsuiiaimes drolisunsu MATLAB
3. Anniuasneufeusaninmiiaeuuuvesmsilszuianaam
4. fAinpwazesnuuuaenIMANdWNTnToITUMIszuianaFayu 1
5 nagouaussaugvessz U luludoaeemeananyiaiemssiasswuluneuiiunes
6. WannuazaivameeImanlszuranaizayy

Hq 9 4 g X 9 v o a
7. naaeuszuy luTun ldaeoimanasnvusismsiadyaaas
8. Ysmlyaagiamiteliussgiaglszaduealnsams
9. dueunaNulunulszgIrnms

o Y a [ as o ]
10. uwmau@uuﬂmmﬂsgfymmmsmﬂﬁuﬂgaaﬁmﬁmmgmm

o 3 o
11. Z’f}"]JWa?ﬂlji]"lJENIﬂﬁQﬂﬁuﬂ%ﬂﬁWﬂﬂuIﬂiﬁﬂﬁ
o [
14 wadguSoveslasams

o a dy A a A
padusaveslasamsiinens laauuuudise1nANlszunanaB LAz BT ONNAILY
1 [ Y A 1 a o dy a [ a
yowrosdgaaluszunluTuld Taelimsmeunsnanuivet luaulszguinmsszauuiuana i

UNANN tazWetnsnau lunNsasIvIms 1 unanu

Y (%

o d aa av
1.5 msms‘mﬁmmmssmnsiumnmmmmﬂmqmsaim

a v KR @

A Y = o a Y = a A =®
L‘IN’E]Gl‘l’i‘l/]iTlJt‘I\T]]i‘Uu‘Vi1LL’G1$LL1J’J‘I/]1\11Uﬂ1§ﬂuuuxﬂu’Ji]fJi]\‘]U],ﬂMﬂﬁﬁﬂ‘kﬂ\ﬂu’J YNWTUUTTIVDN

Yy v v a o a s < A 1 R A o
NTAUAIINHOITYANNIINGIAY LAZDUABDIIUN Iﬂﬂlu'ﬂ‘ﬁWiuﬁ?uuﬁ]gﬂﬁYJﬂ\iﬂ'ﬁ‘ﬂﬁjiimﬂiiu



o 1 Y
nazIveNneIto I sondas ldasil anugyesdyamszuy Tl msdszuanaunidiay

Tuszuu luTumagmsdszananadamluszu oy

1.5.1 ANuyFoIdny I zUD Ty Ty

]
aAav A

annsesdaanaluszuy luTuiuauidei1ésuanuaule litezitluauves Foschini
A Y Y ' o @ ' @ ..
G.J. (1996) 1150 Telatar LE. (1995) 'lmmﬂﬂwmmwamiquaﬂﬁgmmu iid. (Independent
' Y
Identically Distributed) A1u¥esdyanaluszuy luluansoiiviuiudaduausiuiugues

1 ] 1 A 9 o o ad Aa o [}
TYDINMATEHINNATULASNINT L‘Ll’f)\iiﬂﬂi%‘]JU"liJIiJ"lﬂ’fﬂﬁﬂWﬁﬂi518‘1111!ﬁﬂﬂhlm’f]ﬂ“ﬁm‘lﬁﬁnmu\i
k4

YDIBFDIT YY1 1UVD4 Foschini ognelavoauuagiunniimesniasumniunimssuivoyavos

v 1o ) 2

l o S @ 1 [ o {1 o
‘B@Qﬁﬂlﬂlﬁﬂiiﬂﬂgﬂﬁ@ﬂﬁhgiﬂl uuﬂmﬂmmmgﬂu‘uumﬁm’dsimm’m muqll1mﬁlﬂ1 UTINT

@

Mo IMeAazAU (Telatar LE., 1995) gniwnlfiiesiuinniiugyesdy

bg

Y
1 HINIINUAITNY

b 2

Gﬁmﬁ”numujmETqmammﬁuﬁummﬁﬂﬁ’mﬂﬁms%”ujs’faﬁ’mg,aﬁmuzéﬁmﬁﬂujﬂunmﬂmﬂmﬁmﬁ"umsm
A leszun luTuifeaduansadnyn1§91na1weq Gesbert D., Shafi M., Shan Shiu D., Smith
P.J. and Naguib A. (2003) trazflauiseiiims Savesdayananiioninnugsesdyanaluszuyluly
Tzl Molisch, A.F., Steinbauer, M., Toeltsch, M., Bonek, E., and Thoma R.S. (2002), Stridh, R.,
Ottersten, B., and Karlsson, P. (2000). Lta% Vieira, R.D., Brandao, J.C.B., and Siqueira, G.L. (2006) Tag

Y

aw v A o a Jd 1 o a 4
nuatenail i linesae q vesresdyanamniniznaie
1.5.2 msiszmanauoddauluszoululy

sruu luTulutfgiudiulug l9msdssunananoddidy (Tse, D., and Viswanath, P., 2005)

1 QJ =) v o U ' QU § a g J QJ
Taglimsldeeomadwazsy Gosnulunuinoidny tagsesdyanuinaiusgningniuuay
madaiu Jraiedsnamnsannsanld wu vesdyanaimannnsiflugy (Random) Feedayn

fRanmsmuauannsgny-aznou vesdaanausdanardiFou iudu uaaiuiszinganly

a X

i Y 4
Foad g IuNnaluInyuANNTENULazyNdzRou TasvosdynrainatiuludnyuziliGoni

D.

Fosdyouinannmsdszuanaunidiay ehunnsaudwesdyaran ldvgmannns

' v
KX A

SAIUAUVDILAATNANIINITIAUNIIVDIAAY FINFINNITUIVA1EATA 1FY TLIZTHIITEHIN

o [}

' Y A = o Y A A o Aa £ v ' o
T INALAAZAUNINUTIINUITADINTSYS NN NU Glfﬂ\jﬁfy,fyﬂmwlﬂﬂsuuﬂg1”?’131“?%@\1?’(@@1'@”

I o A A é’ A I o ] 1A o A
LlluulllC‘niJ‘DTL!ﬁuﬁ18®1ﬂ1ﬁ°mW3J3ﬂﬂ"Uu IﬂfJ‘D&WiJL‘]Ju‘DWH’JuWHGUENﬁVJ@Tfﬂf”f LUAITNITANUUNIT
9

[

Al v ' o o ' VoA A 9ga o K an A A ' o
Tunsaiii l¥anuyresdgauda linnminans Asligiselanisms Nzmunnuysesdygialu



a v ¢ 1 !

szunluTuiune msldmsdszurana@ayy ms12aus 1NN A0S AT 15U Yuan

3

E4 Y v
v A v v =K

nsgNUMAaryNazRou AR nINyuNIaY auiuIeAads ldnisdszuranaFayunnunis

d'a'd%‘ g’ldﬁ}d a 4

9
ﬂszmawamuumﬁﬁuué’auwﬂﬁ’mmwmﬁmmmmwmu mﬁﬂmmmswgwﬁumima

oo

a

adlamansiodudunanisnaassinmidszulranaayulnauyresdyauiivinndinig

a o9

9 v oA L4

Uszmaraunddiany tazdelimssiaewuy swdeas1e 3 BAT1EHE Kamsnadou iledusuaI
153 msdszmanasayuluszun Ty Ty

vnSimbssanssuirmun liimsonsanlud ey gesdyaialussuy iy Tui e
M3dszuIanaFIyy u,@iﬁﬁmmn%qcﬁmﬁ’tgtgwmﬁzﬁwﬁumﬂmiﬂizmawm%wu Taoluiingan
INUNS NBYHLNS (Unitary matrix) famadauazniady Wuums ndgiiunzveamaiuuniimsnouy
ina nswa Tnas udguiuesdyaamaadidunniuimsgaushiunms ndyiinniiniads uda
2 §redyaaiiAannmsdszuanadaniui

NN Wﬂﬂ'zﬁm%’mﬁumiﬂﬁzmawm%mu (Li, Hang, Bergmans, J.W.M., and Willems,
F.M.J., 2007) 1 (Li, Huang, Chin, Keong, Ho, Bergmans, J.W.M., and Willems, F.M.J., 2008) {dU®
3’%ms“lﬂff’miﬂizuaawm%wﬂumW%ﬁmﬁﬂujﬂpmﬁgﬁﬂ%u iefinsanaadnyusmslszanm
Foadaaluusazmaiin Fufudimsiaulunseimadiuazaeasiaiia uuiede uaiinam
Fudeulumsduiiums wumsUumlauazueunaga elusuaeuiiannsaiidon uazhifins

E4
v

o 1 o A a é’ 9Jq ¥ a L A 1 [ [ 3}/ a A KX I
yesdyananmavunlgiinalse ToyuluGennuyryosdyaratas AuaIuITel 30ilu
M3AnEImIANNYFeIdy g auiamulsz@ninm uazAanims lemsdszmanadauannio
o Y a a wa A o 9 o A Aa X o 9
W liduesldTumal§iia ieasnrmdudeulumsauiiumsinatu uazlszndanldaeluns
o a v ¥ = @ 79 Y v s a o . .
MYA1NIMsdsumauazueunagn AU UINszgndl9iimes umIng (Liberti, J.C., and
Rappaport, J.T.S., 1999) mns1zaunsald laasanussuunianeemeaduazsy anas 4 a1 Tagms
o Ly 4 a g d' [ 1 =\ 1 dyd 9 a A wva v A
ifnaes wnindgaenmasunazniade iieamiines lamsdszuranadayulunaljianui
A o 4 a d I a % Y K o (Y= o a
03910 naed wnIng ImsUsumauazueunagaludiual vered1msuITM AU

o Aa I Y
ANUUU 1T uau



U

unil 2 anagresdyanaduszuulalanldmsiszaananaidriau

[

21 panmn

9 [
luyniinandmgeanuyresdygia TaenasanszuuATaeeIMAdwazsuNINN 1

du FaduszvunGonlaenaluszouly Ty MIMO)  MsATTIUIUEIDINIANINAI 1 AU 92

Y
A A X

[ U v Aa 4 . . @ o
mmm“lﬁ’amwmim%gaw Wy lagnsuammand (Multiplexing) w%wmmﬂmaﬂymzﬁ’w%
E4

Jan . . =1 ' R A o sa ¥ A o
1193999 (Diversity) Gluﬁg‘]_l‘]_lu’fﬂﬂ@Tﬂ']ﬁﬁ\uLﬂgﬁ‘]J"lf'JfJGluﬂ1§LWllﬂ§°'l§TGUEanllﬂL'J@ﬁ“]WI NITUAALNANE IS

Y v 1

' a o X = I a ' a
duasulusulnssadnvesonsiversvesrosdynia Fsrziinnuiudasslunaazianiams

a A Ay A Y dy Y 1 . .. p~ dy
LAUNNYDINAY TﬂEJiJWVILSMGl%ig‘]JUuU],ﬂLLﬂ Winters, Foschini, Gans, and Telater Gm“lusz‘uumiwg

U

ATITOUANVUANANNT 1T 18010191 a0 9 AuierInManEuzNAYeITZUY TaoNa1Ta
Fosdqauna lurals o Ly
1 Y 0 dy dy ° 9 A o 1 d
Aougiervesunil vernnudr lusesmsiszuanauaddrduinilumsissuiana
at | a L1y A g o o & v =Y
atlnavesszuulu Ty e lidesdeuveninilumsiszuranaunidinune ldanuvinendle
v 1 g a o w 1 19 1 a o & A v W Y a dydlyol
asanuantumsnnsanuardian Tulmda duinveanunziasa msorsdaluumiivelylddin

o v 1 9
ﬂﬁﬂin’mNmLﬂ’Jfﬂ@UG]’OTH?J?%J‘]J%JIEJ

5UN 2-1 msSudadoyaluszunluly



22 szuvluluidhueuanuduny (NARROWBAND MIMO MODEL)

v 9 dy a ' @ A g Y v A & o A
Tuadeiivginanvesdygusz oy luTudduuouuay ldnumsdeasoinganiteluddn
é é = A o | A o [ [ d' dy
YIANU YN M, a9 UIUTYDINANI Lag M, AD UIUTYDINIATY llﬁﬂ\?ﬂﬂgﬂﬂ 2-1 38UUU

annsomwouduaumslan

Y1 hyy - hy, ([ %1 ny
: = : : o+ : 2-1)
Ywu, hy,1 - hyopm, | XM, Ny,
A D = < A A ) 4 a X A o
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C = max,, I(X;Y) = max,[HY) — HY|X)] (2-9)

d sy H(Y) uas H(Y|X) egmeld y Tasii H(Y|X) = H(n) iy Wﬂgiymiumuﬁﬁﬂﬁu
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il I(X;Y) = Blog, det [I,, + HR,H"] 2-11)
aiunuresdyaun 1ann msunu 2-11) aslu 2-9) ag'la

JUY
(2-12)

C = maxg_r,r,)=p Blog, det [I, + HR, H"]

Tao Tr(R,) lawmnusasiamdyanuniulddedyanasuniu
a a J
Woaan (Channel known at transmitter: Water

1. msfuanuzsosdyanauiniadelasitiomes

filling)
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e luifimsiasundasyesdyra Insfuianiuzsesdygiunininsuuazninda
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_ R 2
C =max,, y, ,<p -y Blog, (1+ 0;°p;) (2-13)
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P. .
¥y (2-14)
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A @ ! o Ao Y o A a g 1
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C = Yi-y2y, Blog, (%) (2-16)

[

2. malidanuzvesdynunnndemstadssmasnaindne (Channel unknown at transmitter:

uniform power allocation)
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I(x;y) = Blog, det [Iy, + MLHH”] (2-17)
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I(x;y) = Zf:lB log,(1 + ;;—‘t (2-18)
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o
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1=} a0 = o w =
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Pyyi
= Ey [maxpizzi p;<p 2iBlog, (1 + Ty ] (2-20)
lag y; = 0,2P/c?

2. dielifvesdanaiiniags : aAnugFesdaanauuueesnesaniaz AN IR IBULUA
118 (Channel unknown at transmitter: Ergodic capacity and capacity with outage)
a @ 1 o =) 1 91 @ A a g = v 9 9 =
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M = min (M, M,)

3. 1iie luifwesdynnannndawsen ATy (No CSI at transmitter or receiver)
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El E2 E3 E4 Beam Inter-Element Phasing

[
4 (I=1) (I=2) (I=3) (I=4) Direction (average)

Port 1 o o [ o [ 0

158 25 -112 118 138 -130
(k=1)
Port 2 0 0 o 0 o o

-87 -137 176 137 105 -42
(k=2)
Port 3 o o o o o 0o

132 178 -139 -98 76 50
(k=3)
Port 4 o () 0o o o o

136 -90 40 176 42 138
(k=4)
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deadyam iald 24 dB

-49 dB/29° -39 dB/-124° -35dB/21° -35dB/-57°
-39 dB/53° -40 dB/32° -40 dB/41° -42 dB/35°
-46 dB/-60° -43 dB/41° -49 dB/2° -46 dB/-11°
-30 dB/20° -37 dB/-140° -41 dB/43° -39 dB/19°

AueunayaLaze yanadoun 1 (Mydszuranaunidian)

-38 dB/-148° -34 dB/-97° -31dB/171° -30 dB/72°
-28 dB/-148° -30 dB/166° -31 dB/83° -40 dB/-13°
-33 dB/-60° -27 dB/-153° -29 dB/98° -31 dB/45°
-28 dB/-143° -32dB/125° -39 dB/116° -37dB/72°

AupunayaLazle yanadoun 1 (Myseuianaimayw)

-60 dB/-55" -48 dB/-130° -53 dB/-70° -59 dB/-94°
-53 dB/-92° -49 dB/-118° -48 dB/-49° -55 dB/-176"
-58 dB/-80° -48 dB/-135° -52 dB/-74° -56 dB/-81°
-59 dB/-113° -51 dB/-95° -54 dB/-69° -52 dB/-60°

AueuNayaLaze yanadouin 2 (MylszuranaunIdian)
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-62 dB/8° -55 dB/34° -55 dB/142°
-60 dB/108° -50 dB/-197° -50 dB/146°
-62 dB/171° -48 dB/66" -52 dB/116°
-62 dB/135° -52 dB/62° -58 dB/-155°

AupunaYaLazle yanadoun 2 (Myseuianamayw)

-62 dB/-62° -63 dB/-63° -63 dB/-63°
-60 dB/-60° -61 dB/-61° -61 dB/-61°
-61 dB/-61° -49 dB/-49° -61 dB/-61°
-62 dB/62° -62 dB/-62° -63 dB/-63°

AupunagaLazea yanadoun 3 (Mylszuranaunldian)

-60 dB/172° -61 dB/36° -61 dB/7°

-60 dB/75° -60 dB/-151° -59 dB/138°
-55 dB/122° -48 dB/108° -53 dB/124°
-61 dB/39° -61 dB/-169° -63 dB/-151°

AupunagaLazle yanadoun 3 (Mseulanamayw)

-59 dB/-15° -47 dB/7° -55 dB/-11°
-50 dB/15° -44 dB/26° -43 dB/-6"

-51 dB/-13° -43 dB/23° -43 dB/17°
-59 dB/56° -53 dB/8° -53 dB/-18°

AMupunagaLaze yanadouin 4 (M3lszutanaunlidiay)

-60 dB/143° -56 dB/116° -55 dB/129°
-57 dB/174° -48 dB/140° -58 dB/-175°
-57 dB/164° -46 dB/118° -53 dB/-169°
-62 dB/157° -59 dB/143° -53 dB/168°

AupunaYaLazle yanadoun 4 (Myseuianamayw)

-61 dB/134°
-61 dB/-174°
-59 dB/94°

-55dB/-171°

-63 dB/-63°
-61 dB/-61°
-62 dB/-62°
-64 dB/-64°

-60 dB/-47°
-58 dB/92°
-60 dB/117°
-64 dB/51°

-58 dB/22°
-53 dB/47°
-52 dB/22°
-57 dB/-114°

-59 dB/-145°
-55 dB/-150°
-61 dB/146°
-59 dB/168°
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-63 dB/-106° -61 dB/-103° -62 dB/66 " -62 dB/96"
-64 dB/176° -62 dB/-64° -60 dB/156° -60 dB/50°
-66 dB/-58" -62 dB/59° -66 dB/15° -63 dB/-78°
-63 dB/-164° -64 dB/102° -66 dB/-158° -64 dB/84°

AupunaYaLazea yanadoun 5 (Mylszutanaunldian)

-61 dB/-73° -59 dB/168° -61 dB/17° -61 dB/160°
-62 dB/-32° -60 dB/-153° -59 dB/95° -58 dB/-36°
-63 dB/116° -62 dB/-171° -61 dB/92° -63 dB/145°
-61 dB/25° -62 dB/-149° -63 dB/-12° -63 dB/78"

AupunayaLazle yanadoun 5 (MyseuianaFayw)
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v
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A A a LRl o 9
weo H ﬂ’ﬂlll“l/ﬁﬂ‘;lf"]f’ﬂﬂﬁmﬂl?ﬂlﬂllﬂi]1ﬂﬂ1ﬁﬂ§$%1m

b2

) o a J 1 o 3’1 o w
AINTULUNING YOITYYIUNI 5 ﬁﬂ“lﬂﬂﬁﬂﬂiﬂﬂﬁﬂ?iﬂi%u’)ﬂﬂﬁlm’)ﬁ?ﬂﬂuﬁ%ﬂ?i

a 1 [ Y o dy
UszananaBayn vosdyanudnsoagy 1dasi

(1.70+0.97i) x10™ (-1.80-2.60i) x10” (7.40+2.80i) x10~ (4.30-6.70i) x10”
(1.90+2.50i) x10~ (2.10+1.30i) x10” (1.90+1.60i) x10~ (1.30+0.90i) x10~
(0.30-0.50i) x10™ (0.95+0.80i) x10” (0.30+0.01i) x10™ (0.60-0.10i) x10™

(23.00+8.60i) x10~ (-3.80-3.20i) x10” (1.50+1.40i) x10~ (3.00+1.00i) x10”
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N3 ngresdya naaeui 1 (Msdszuanannldis)

(-3.40-2.10i) 10~ (-1.20-9.90i) x10”

(-33.70-21.10i) x10~ (-24.40+6.10i) x10~

(6.30-10.60i) x10” (-44.70-22.80i) x10°~

(-32.00-24.00i) 10~ (-9.00+13.00i) x10~

N3 nFresdyam wnaaeui 1 (Msdszuanaidaym)

(1.40-2.10i) x10™ (-26.00-31.00i) x10™

(-0.40-13.001) x10™ (-15.00-28.00i) x10™

(0.70-3.90i) x10™ (-28.00-28.001) x10™

(-1.20-2.90i) x10™ (-1.70-20.00i) x10™

N3 nEreIFyRIM naaui 2 (Msdszuanannlais)

(1.60+0.20i) x10™ (6.60+4.40i) x10™ (-6.30+4.90i) x10™

(-0.80+2.40i) x10™ (-24.00+7.30i) x10™

(-1.60+0.30i) x10™ (16.00+36.00i) x10™

(-1.10+1.10i) x10™ (7.40+14.00i) x10™ (-3.60-1.70i) x10™

N3 nFreTyRIM naaeui 2 (Msdsyuanadayw)

(1.30+0.90i) x10™ (1.20+0.30i) x10™ (1.20+0.40i) x10™

(-2.50+0.20i) x10™ (2.00+0.40i) x10™ (-0.50-1.90i) x10™

(-0.70-1.90i) x10™ (-24.00+20.00i) x10™  (-0.90-1.80i) x10"*

(-1.30-0.90i) x10™ (-1.50+0.60i) x10™ (-1.20-0.50i) x10™

N3 ngresFyRIn naaui 3 (Msdszuanannlais)

(-2.50+0.30i) x10™ (1.60+1.10i) x10™ (2.00+0.20i) x10™

(0.70+2.40i) x10™ (-2.20-1.20i) x10™ (-2.4042.10i) x10™

(-4.20+6.70i) x10™ (-12.00+38.00i) x10™  (-7.00+10.00i) x10™

(1.60+1.30i) x10™ (-2.00-0.40i) x10™ (-1.10-0.60i) x10™

(-19.70+3.10i) x10”
(24.30+19.80i) x10~
(-4.40+31.30i) x10”
(-1.40+2.80i) x10”

(4.30-12.00i) x10™
(26.00-30.00i) x10™
(4.40-15.00i) x10™

(3.60-9.30i) x10™

(-21.00+14.00i) x10™

(-6.90+14.00i) x10™

(7.80+23.90i) x10~
(2.40-0.60i) x10”
(14.00+14.00i) x10~
(1.50+4.80i) x10°

(-0.20-3.20i) x10™
(-7.90-0.60i) x10™
(0.90-6.20i) x10™

(7.90-14.00i) x10™*

(-1.40+1.40i) x10™
(-2.00-0.20i) x10™
(-0.20+3.20i) x10™
(-7.80-1.20i) x10™

(0.80-0.90i) x10”
(1.80-0.80i) x10™
(0.50-1.50i) x10”
(-0.90-0.50i) x10™

(1.70-1.80i) x10”
(-0.10+4.00i) x10™
(-1.10+2.20i) x10™
(0.60-0.80i) x10™
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N3 nFresdyam naaeui 3 (Msdsyuanaidayw)

(3.10-0.80i) x10™ (-22.00+45.00i) x10"  (7.80-1.50i) x10™
(24.00+6.50i) x10™* (89.00+44.00i) x10™"  (125.00-13.00i) x10™
(19.40-4.50i) x10™ (116.00+49.00i) x10™  (120.40+37.80i) x10™
(1.80+2.60i) x10™ (12.50+1.80i) x10™ (12.00-3.90i) x10™

N3 ngreFyRIn naauil 4 (Msdszuanannldis)

(-2.00+1.50) x10™ (-2.80+5.70i) x10™ (-5.00+6.20i) x10™
(-5.00+0.50i) x10™ (-30.00+26.00i) x10™  (-4.00-0.30i) x10™
(-4.80+1.40i) x10™ (-29.60-55.701) x10™  (-12.40-2.40i) x10"*
(-1.50+0.60i) x10™ (-2.20+2.30i) x10™ (-12.30+2.60i) x10™

N3 nFresTyRIM naaeui 4 (M3dsyuanaidayy)

(-0.40-1.20i) x10™ (-0.50-1.90i) x10™ (0.60+1.50i) x10™
(-1.00+0.07i) x10™ (0.70-1.40i) x10™ (-2.30+10i) x10™

(0.30-0.50i) x10™ (0.80+1.40i) x10™ (0.60+0.16i) x10™
(-1.20-0.351) x10™ (-0.20+0.98i) x10™ (-0.59-0.24) x10™

a J o { o_
WNINEFOIT YN JANAdoUN 5 (M3tlszuranaunidini)

(0.58-1.90i) x10™ (-3.10+0.66i1) x10™ (1.90+0.581) x10™
(1.34-0.841) x10™ (-2.20-1.14i) x10™ (-0.28+3.151) x10™
(-0.60+1.131) x10™ (-1.56-0.25i) x10™ (-0.07+2.00i) x10™
(1.80+0.84i) x10™ (-1.40-0.82i) x10™ (1.23-0.26i) x10™

a J 1 o { a
INTNTFOIT Y JANAFOUN 5 (MIszuranaiFayw)

v

F4 9
aY Y 3 1 - o v @

nnravesdaai Iavzmiud Nivesdyanaianyus IndiResnuns

g

a1 lupganadeusesdyaaiinnuuanaienuyaou wnguluganaaoun 5 HaaInANwY

D 2hey] q

(3.70+1.50i) x10™
(8.60+9.20i) x10™
(14.70+5.90i) x10™
(-2.10-4.60i) x10™

(-2.60-1.80i) x10™
(-6.90-4.00i) x10™
(-1.70+1.10i) x10™

(-3.10+0.70i) x10™

(-0.17+1.60i) x10™
(1.60+1.90i) x10™
(0.26-1.231) x10™

(0.10-0.99i) x10™

(-1.87+0.68i) x10™
(3.20-2.341) x10™
(-1.00+0.72i) x10™

(0.26+1.23i) x10™
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MINN 42 uaasnunasaNuYFoIdy I luunazgaiiinmsiana e SNR = 10 dB

2 4 ANNASAINIBDIT Y IY (bits/s/Hz)

wuw o w a Ly J a 4
TamuaIaaL TAUFaY (1INE03 1WN3 N)

1 8.72 10.12

2 8.43 8.52

3 6.46 6.65

4 6.88 7.37

5 10.57 11.03

k4
A

A o S Y A & = Yo (A
HAsIDUAAZWUN ‘V]‘VHﬂﬁ’JﬂNaiﬂ‘l’iWﬂnﬂaﬂﬁ’JiJﬂJ'f]\iVlQﬁﬂ\iﬂiilli]%hlﬂﬂ\igﬂﬂ 4-36

30

-0 - i
25 Arrray domain

—*— Angle domain

Capacity(bits/s/Hz)

0 5 10 15 20 25
SNR(dB)

H H Y 1
UM 436 AuRdrTINANUITOITYIUNITEINT AR UA AT T LTy MR T YR IUTUNIU

o



63

v v ¢
4.5 ﬂ"li‘ﬂﬂa’ﬂ‘ijﬁﬁ‘ﬂNﬂ1§§ﬂﬁmu@1m1uﬁﬂ1uﬂ1§m%%3

Yy A Y

nran1snaaedluidenuddr iWuaounsainaiadanaz s uRUAIUHEITLUIVUD

v

a2 s

9 v X o Ada MY I o 2 v
D INIFAVININU mgﬂuaﬂymgmﬂu”lﬂmmqygﬂamsww"h E)fJNU],ﬁﬂﬁ?haﬂ‘ﬂmgﬂlﬁ)ﬁ’d%nﬂﬁﬂh

1 9
gouinansenum Itdyanandunluszuunnianianise Jalumsu uenvniimsdszuiana

oo

'

A

a v 9 9y [ < o w a J ' @ o & v 9 Re o
L"]f\?i}lllﬂ\ig‘l@\isl‘lfﬂi]i]ﬂlﬁ@ﬁﬂﬂlﬂuﬁ?ﬂmﬁluﬂ153&ﬂ51$ﬂﬁ1ﬂ31ﬂﬂﬂ]’ﬂ\1‘lﬁ@ﬂZ’fﬂJﬂﬁﬂl muu“lumauaumzﬂu

msnaaosnfsuousenimalszmnanamiyunazunIda uilenas uinT I NN YUY

B A a 2 a v o
'ﬁ’lﬂﬁgu1Uﬁ13@1ﬂ1ﬁwﬁyuyﬂqﬂ%1ﬂlﬂu Gluﬂ'ﬁﬂﬂﬁ@ﬂulﬂ@ﬂsl‘lfﬂﬁzlu 045 uaz 90 93 ﬂ\ulﬁﬂ\iiu

519 4-37

U

Receiver Transmitter

JUN 4-37 NANNIMIHYUYOIAEOINALDINAUNNATY

A . a o oAy Y v 9y & 9 i A4

msnadovilazauiumsnndwniad ldnan 1 luwirdenuds 310 4-38 naasanndeuss
ANNYUDIFDIT Y1 (bits/s/Hz) INIUAVTATIAIUMAITYYIUADTYYIUIUNIU (SNR) dIH5D
o oA AN Yo A o A é’ ] o [} 3 Yo A Y
Aunia 5 waf lagadudumsmuIuveInuguesresd gy Inesuiu lagaieiinig lons

H i1 9 H
Uszwanadayuiounuuardnulunng yudiimswyu'll dmiuraludwmidus v aunde
' o 4 ° 1 = A 93 o

ANWUeITRIdy i SNR = 10 dB vesndmmrtaanslua1s1ed 4-3 wan landanaaasli

3 =2 9 o 9 A N
muawammmi“l%ﬁwmmﬁﬂﬂszmawm%wn



Capacity(bits/s/Hz)

35

64

0+

251

15

10

---+-- 0 degree (array)
—+— 0 degree (butler)
45 degree (array)
45 degree (butler)
---#-- 30 degree
—— 80 degree (butler)

(
(array)
(

0 ] 10 15 20 25
SNR(dB)
;jﬂ‘ﬁ 4-38 ﬂ'uﬂﬁﬂﬂjmmmwmﬂﬁmﬁﬂmm (bits/s/Hz) 1N8UAUBATIEIUMAId Yy a0 d yay 1o
JUNIU (SNR) Awfudumiad 5
M3 43 ﬁwméammmmgﬁuméﬁm Yoyay19! (bps/Hz) ﬂjmnﬂﬁummgﬁ'a SNR=10 dB
Direction 0° 45° 90°
Array Angle Array Angle Array Angle
Location domain | (Butler) | domain | (Butler) | domain | (Butler)
1 8.72 10.12 9.99 11.68 11.01 11.59
2 8.43 8.52 10.54 10.98 9.61 10.84
3 6.46 6.65 6.88 9.69 9.67 10.00
4 6.88 7.37 6.66 10.69 6.67 10.69
5 10.57 11.03 11.11 11.52 11.31 11.59




65

4.6 eJ!ﬂi13ﬁNﬁﬂ]‘i‘ﬁ1ﬁﬂﬁllﬂﬂlla$ﬂ1i‘ﬂﬂﬁ€l‘ﬂ

m3ysaewun IasTdsunsuuunuaddmsvszouluTunvunldmeormeadaazsunnay 4

[} o

Y Ay v Y < 1 a Y 1 o w
AU waw"lmmmﬁlwmmwmiﬂigmawm%muﬁlﬂmmaymmnumunmmﬂmmﬁﬂizmawaummﬂu

d’d ) g 1 79 Y a Aa oA
NN YNNI drumsnaaen Iasnsdszgnalsmslszuranaiaynlumalfialag

o J a2 4 4 @ [
16191}‘]_11/]!,@1’05 LiJ'I/I5ﬂ%ua%ﬁﬂ15ﬂﬂﬁ’ﬂﬂLﬁ@tlﬁiﬂﬂl“ﬁﬂﬂﬂﬂﬂ15ﬂ5$3J’JaWﬁLLﬂ'Ja1ﬂ‘]J NANIINATDULT A

]
o @

Y 1 a Y @ d’d ' o @ tg d‘d
GlTiLTTM’NﬂW'i1]i5113694?]&“5\134%6114ﬂillaﬂBill$‘VWIﬂ’ﬂﬂﬁﬂ§$3J’JEIWE1LLEYJE]W‘I‘]J1M1Qﬂ“”] NUNNNMINTIANG
v E4
4.7  DAaNIMEUN

{ Ao o Az ' o 4 ' v
omndngvesuniiilumsnaniimshassuuinemanuyrosdyaa luszsunluTy
TagldmsszaunanauordrdufFouifiounumsdszuianadayy sawdamsasuganadouuazna
msnadoudssd sz luTuie ldmsidszuiananordwunFoufiounumsUszurana sy

9 1
Tagsiinsiaresdygiavesnidesnsaudninniiasswamianuyresdyaia wan laninnms

D.

Y

NATOUITINUNFoITyaIanIdeInsal Danyae hiuana1snuunin Feresdaanunlnniug

a

' )
A a v o Y I

A < ' o A o = o a
M1ﬂﬂ@ﬂlﬂu°ﬁ@ﬂﬁﬂ;ﬂﬁmﬂﬂWaﬂigﬂﬂﬂ1ﬂﬁiyiy1ﬂm’Lﬂﬂ’)ﬂ BN QﬁJi%ﬂ%“l/lNulﬂa ﬂﬂmﬂuwaﬂm

szuvlu Ty nazmsdszmanaauldanuygesdyguiuinniimsdszuranaunrdidunn o
=1 (Bl I o v Aa o o
nsal lianzitluwasnmssiasnunionaninnmsines e uazmssiaswuu ldsmualdareeins

] [ =t 9 A o I ¥ a =1 o
AT TIYDINIATUUNINGS 4 (5]uLWE)‘ﬂ'ﬂlllﬁlﬂ%ﬁllalufﬂiu1llﬂﬂ§$EJﬂ§lcl‘lf\11ui]§\1 UNI1I1ADIUV U

v a s A o s
ﬂ'JfJT‘]Jﬁl,!,ﬂﬁlll,!,iJ‘Iﬂl,LﬂllGlu‘ﬂE)iJW'JWIE)ﬁLWE]W1ﬂ313Ji]°U@QﬁﬂJﬂJ']ﬂJGUﬂQ§$‘]J‘]JUllliiJ @Qﬂﬂﬁgﬂ@‘lﬂl@\?

a oo

[} o

A @ ] a a Y A Y < = =
ginsainnasunazmaduiluria@ednu e ldvesdgyaranduldaunguy  wazmsany

[ I @

AUTTOULVBITIAYANUNNITANAEMITadITMaIdsdy i q nuludeeimsiaazdu

b2



66

uni 5 agilwamsIdeuazverauenny

51 agUwamsive

@ o

a dyd a’zﬂ' = A Aa a ] [ k)
N1UA ﬂl!ll?]ﬁ]flﬂi$ﬁ\iﬂmﬂﬁﬂy1ﬂ1§LW3J1J§$ﬁVI‘Eﬂ1Wﬂ’NiJi]‘B’fNE‘Tiy‘iyﬂﬂﬂuigﬂﬂqiﬂuﬂﬁﬂﬂﬁ

a

[} o 1

Uszunanawayy Tasmsnfseumeunnuyrosdyanaseninmstszuianauordaumeununs

a 2 a J o . { { <] '
UszaranaFayy Taosunninsiziresdyaralunimge] Fwan ldrldimudinmslszuiana

L2t

a (% { 1 o v 4 ' v o J
L"]f\ﬁJiJGlﬁ}ﬂm’dﬂ‘]&lmgﬁaﬂ31ﬂ15ﬂ§$3J'JﬂNﬁLLt‘l’Ja1ﬂ‘U Lﬁﬁ)\i‘ﬂ1ﬂﬂ1ﬁ1’i’diJW’LJ‘ﬁGU’ENﬂiﬂdJﬂ?iﬂﬁ%N’JaNmLﬂ’J

a a

v v A

aautinnnmslszuraramidayy Wawwaldnnugresdyau nsainmsdszuianaunidiaul

1 1 a ' o 4 2 v Jdo 1 1 @
ﬂ1ﬁ}®ﬂﬂ’31ﬂ15ﬂ§$3~l’3awm‘ﬁ\ﬁ}|3~l LW51$‘li’ﬂ\iﬁmmﬂmlﬁﬂﬁﬂ’ﬂﬂﬁﬂWU‘ﬁﬂuﬁﬂﬂ WHINANDNITNIUNY

] '
v ¥ = A o a

9
1 o 1 9 a Jd a
szrId1e0Id M ldanuyresdgaran Idlaanas Bnnamisdmesais q Mhwaaman

=

¢ 32 ' & A A Ao 9 v & & !
panlsznovveayunsdu lunaziluyuiidween ldvioyunswa i suiviadumaraiins

a

1 o 1

a o 1 a J
ﬂsgmawawwuﬁlﬁ’mm?Glfmﬁnumunmmﬂmwmsﬂszmawaummﬂu LWIﬂ1§'JLﬂ§1$1’iWﬂ1/IN1/If|H§]

A A U o '

o & Ay 1A A 9 '
ﬂ\iﬂ_luﬂ’iﬂWaw‘lulWﬂQW’ﬂLW@ﬂuﬂuf\ﬂiﬂ3$ll')aWalcﬁ\jlqluclﬁﬂjwuﬂ%ﬂ\iﬁﬂgm1mu1ﬂ')1ﬂ1§ﬂ§$u3awa

E4 1] i1
u0d 1Ry AiugIteTalinssiassunaznadeieianasesdyyraas uiodudunalunig

{27

Y A

nguf Tasdualdeeoimaniaduazaigoimanasuiisiuau 4 Auieanumuzauluns

1 o

lilszgadlFanuaie 19 Tdsunsuneuiiames lun1sdiassuuy AN¥esdy I uUeeTL UL

TuTw iivesdsynevvesginsaiinafuuazaaguilusiia@oinu e Inse sdaananiiuliaw

!

eussaauinglszasdmsduiinnudteisunnmsanmlSimiissanssunaznuiten

a

[

= 9 Awv A A 9 9 o v & ' ' ' o
INYIVD Tﬂﬂ\i']uj ﬂwlﬂﬂjm@\iﬁl%ﬂ1jﬂ53lnaNaLlfl')a']ﬂllllluﬁjuﬁlﬂﬂluﬁluﬂ1ﬁﬁ1ﬂ'313J€Q°lfﬂ\iﬁﬂluﬂlu']m

a

Y =2 1 o A a d%‘ 1o (= a A
Llagcl"]fﬂﬁﬂi$3J’JﬂN’dL"]f\13J3JGluﬂ15ﬁﬂ‘lel1%@\16@@,1&!%LﬂﬂGUHLLGIEJQlliJiJﬂﬁW‘Dﬁm11ul5®ﬂﬂ15ﬁ1ﬂ’ﬂﬂ‘g

]

o

Fosdnnnm asiugiterniimsdszuranamauuninsamanuysesdyaa luszuu oy 14

F4 1
ﬁwms%"mammmfmﬁnumunmﬂqmsﬂﬁgmawaumﬁmmmzmﬁﬂﬁzmawawmu ﬁﬂ?iﬂﬂ’iuﬂi}m‘ﬁ
9 ' QJ

1 Ao = = A 9 Y I 1
deoon lduazyusudwn 4 asalumsmanuyyesdygra Fawan lduaasdiinuiininug

a

@ 1

sosdganauiie lsmslszanaauItanusesdygannimsdszuanaunddey

oo



67

b o o w o ! o ¢ a <

nntdulddimsadganageudivsuniasunazniadslagldinmes wnsndidun

X o o a 4 o 1 o 4 1 1 [
Uszgna lsdmsumsszuranaiayy iesaesresdyalumsdomssznitmadaazninsy

~ ~ 1 ] [ A Y a Y 1 [ A J
vinwad laluund 5 wungesdyanun ldanmsdszuanamaynianuysesdyanaimnni
msdszurawannrdrianlunn q dunis nannugresdyarandumis s Iawinga 1910
o a o @ a =2 g A
dyanuiimsnsznunumisaziissozne inasauilumadaeszuy Ty Ty

& Ay Y Y1 A q9 a
NNHaMInaasInaNai lanau sawnsaagl lauiie ldmsdszuanasayuluss oy

2
TuTulddsz@nsamdniimsdszuranaunddianlunn q yanadeu aremanamaiilildis

2

Jq Y o 4 a J o a A wvay Y R
aunsnlszgnd lsinmes wning nunsdszuranadayyluneljiald Fadianuazainuay

A

<3 9 19 = @ @ Jd (v J 1 K LY SIdya
5'Jﬂ!j'Jﬁluﬂ’]jﬁﬁ'NiﬂﬂuliJ@@QLﬁﬂlﬂﬁ11uﬂ15fl]ﬂW'W]'JQTJﬂﬁﬂ!ﬂ5‘]Jﬂ1ﬂ1§ﬂ'3\1u']ﬁuﬂw‘|ﬂslﬁ‘lﬂ/lﬁ‘ﬂ’]\?ﬂ13\|

Y = o Y 3 9 1Y 1 FI
#0ams 3 Iz aemsas1e Usendanamazalsane

52 Yauavouu

9
dmSuauateil Imiauemsanudalszaninmassmsdszuanaday dmsuszun'ly
3 =

Tu Taginsanmanuyrosdggin Felumsnonsandszaniamanuyvesdyanauiiesodiudon

D25

Y E4 k4
uulliJ’dnﬂiﬂﬂﬂﬂﬂﬂﬂﬁ%ﬁﬂﬁ%ﬁ‘ﬂ‘ﬁﬂ1wTﬂﬂi’JiJ‘V]\?WlIﬂllivglj ﬂ\iuuﬁﬂ’i5‘]J\111A'Ji]ﬂslu®u1ﬂ§l%\1ﬂﬂiﬁ

o

ﬂ1§ﬁﬂH153ﬂmﬂ1WﬂJ®QﬁﬂJm1m (QOS) Llazﬁﬁi’]ﬂﬂ’]uﬁﬂwa']ﬂﬁ@ (Bit Error Rate: BER) @%}’Jﬁl
) aow Aa A v o & = = A
uﬂﬂ%Wﬂuuiu\ﬂ‘H’J ﬂuulﬂwwgiuﬂinmﬁﬂq (Indoor) ?5]\11!1!\111!611!@“1?1@]ﬁ]\‘]ﬂ')if”fﬂy"ﬁgﬂﬂ‘ﬂuﬂ1§
A =~ = ) o A A A
AOH1TUDNDIAT (Outdoor) "If\ﬁJﬂ”liLllafJ‘HL“Jﬁ\TEUﬂ\jﬁ‘ﬂ"IWLL')@]aﬂuﬁa@ﬂl?aWﬂuluﬂQﬂ1ﬂ NITINABDUN

Y a = ' o ¢ A = .
%ﬂﬂﬁﬁ‘ﬁﬂﬁﬂ?i FAIAMWOIMA 1FUTZVU INTANTIAAOUN 1Az WIMAX



68

UVITUIYNTY

Vieira, R.D., Brandao, J.C.B., and Siqueira, G.L. (2006). MIMO measured channels: Capacity results and
analysis of channel parameters. International Telecommunications Symposium. (pp. 152 —
157).

Foschini, G.L., and Gans, M.J. (1998). On limit of wireless communications in a fading environment
when using multiple antennas. Wireless Personal Communications. (pp. 311 —335).

Telatar, L.LE. (1995). Capacity of multiantenna Gaussian channels. AT&T Bell Laboratories. Tech.
Memo.

Foschini, G.J. (1996). Layered space-time architecture for wireless communication in a fading
environment when using multielement antennas. Bell Labs Technical Journal. (pp. 41-59).

Gesbert, D., Shafi, M., Shan Shiu, D., Smith, P. J., and Naguib, A. (2003). From theory to practice: an
overview of MIMO space-time coded wireless systems. IEEE J. Select. Areas Commun. Vol.
21, No. 3: 281 —302.

Kermoal, J.P., Mogensen, P.E., Jensen, S.H., Andersen, J.B., Frederiksen, F., Sorensen, T.B., and
Pedersen, K.I. (2000). Experimental investigation of multipath richness for multi-element
transmit and receive antenna array. IEEE 51" Vehicular Technology Conference Proceedings.
No. 3: 2004 — 2008.

Stridh, R., Ottersten, B., and Karlsson, P. (2000). MIMO channel capacity of a measured indoor radio
channel at 5.8 Ghz. Conference Record of the Thirty-Fourth Asilomar Conference on
Signals, Systems and Computers. No.1: 733-737.

Molisch, A.F., Steinbauer, M., Toeltsch, M., Bonek, E., and Thoma R.S. (2002). Capacity of MIMO
systems based on measured wireless channel. TEEE Journal on Selected Areas in
Communications. Vol. 20, No. 3: 561 — 569.

Tse, D., and Viswanath, P. (2005). Fundamentals of Wireless Communication, Cambridge: Cambridge

University Press, Chap. 7



69

Li, Hang, Bergmans, J.W.M., and Willems, F.M.J. (2007). Low-complexity LMMSE-based MIMO-
OFDM channel estimation via angle-domain processing. IEEE Transactions on Signal
Processing. Vol. 55, No. 12: 5668 — 5680.

Li, Huang, Chin, Keong, Ho, Bergmans, J.W.M., and Willems, F.M.J. (2008). Pilot-aided angle-domain
channel estimation techniques for MIMO-OFDM system. IEEE Transactions on Vehicular
Technology. Vol. 57, No. 2: 906 — 920.

Liberti, J.C., and Rappaport, J.T.S. (1999). Smart Antennas for Wireless Communications: 1S-95 and
Third Generation CDMA Applications, Chap. 3.

Andrea, G. (2005). Wireless Communications, Stanford University, Chap. 10.

Xiaolin Z., Zhaowei L., Zongxin W., Suraweera H.A., Armstrong J. (2007). Capacity Analysis for a
Distributed MIMO-OFDMSystem in Composite Spatially Correlated Channels, Second

International Conference on Communications and Networking, China, 22-24 Aug. 2007 : 1116 -

1120.

Georgy L., Sergey L. (2008). On the Outage Capacity Distribution of Correlated Keyhole MIMO
Channels. [EEE Transactions on Information Theory. Vol. 54, No. 7: 3232 — 3245,

Shi J., Xigi G. Xiaohu Y. (2007). On the Ergodic Capacity of Rank-1 Ricean-Fading MIMO
Channels. IEEE Transactions on Information Theory. Vol. 53, No. 2: 502 — 517.

Ratnarajah T. (2006). Spatially correlated multiple-antenna channel capacity distributions. IEE

Proceedings: Communications. Vol. 153, No. 2: 263 - 271.

Ming K., Alouini M.-S. (2003). Impact of correlation on the capacity of MIMO channels. IEEE

International Conference on Communications. Vol. 4: 2623 —2627.

Hyundong S., .Moe Z. W., Jae H. L., Marco C. (2006). On the Capacity of Doubly Correlated MIMO

Channels. IEEE Transactions on Wireless Communications. Vol. 5, No. 8: 2253 - 2265.



70

MANUIN



71

MARNUIN N

MINYUNINANUIY

@ @

unauIten lasumsanuimeuns lunsa1s s ssausa
Innok, A., Uthansakul, M. and Uthansakul, P. (2010). THE IMPROVEMENT OF MIMO
CAPACITY USING SIMPLE TECHNIQUE REALIZED BY BUTLER MATRIX Suranaree Journal

of Science and Technology
a A Yo S Aa o J a @ a
‘]J'I/Iﬂ’JﬂJ’J‘lﬂﬂﬁ‘lﬂllﬂi‘UﬂﬁG]WNWLWEJLLWﬁiuﬂﬁﬂﬁ%iju’)%1ﬂﬁi%ﬂ‘ﬂlﬂlﬂﬂﬂﬁ

Innok, A., Uthansakul, M. and Uthansakul, P. (2009). Performance of MIMO Capacity using
Angular Processing Realized by Butler Matrix. International Conference on Electrical Engineering/
Electronics, Computer, Telecommunications, and Information Technology, Pattaya, Thailand.

Innok, A., Uthansakul, M. and Uthansakul, P. (2009). The Enhancement of MIMO Capacity
using Angular Processing Based on Measured Channels. Asia-Pacific Microwave Conference, Suntec,

Singapore.



72

MARNUIN U

A ! Yo a2 A d
Uﬂmm’mﬂﬁ"lmnmmwuw



73

THE IMPROVEMENT OF MIMO CAPACITY USING
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Abstract

In the Hterature, umong many techoniqués improving MIMO capacity (Foschini, 1996 Foschini
et al., 1998: Kermoal e af, 20000 Molisch o al, 2002; Stridh e al., 2000: Telatar, 1995 Tsoulos,
20M6; Vieirn of al., 2006), the concept of efgen-beamforming has heen recognired as the hest
technigue to provide an enhanced eapacity. However, the expense of this technigue & the cost of
feed back chonnnel and complexity processing. Therefore, this article aims to present o simple
technigoe based on angle domuin processing which does nol reguing o feedbick channel and has Tow
complexity. A Botler malris s chosen for 4 4 MIMO systems in order o prove the conceplt of the
proposed system in proctice. The simulmtion und mensurement resullis indicate the enhancement of
MIMO capacity when using Butler matrix,

Kevwords: MIMO Channel Capacity, Array domain processing. Angle domain processing. Eigen-

beamforming., Butler matrix

Introduction

So fur an the literatore: the MIMO (Multiple
Input Multiple: your Output) systems provide
4 promising guuality of service including o
gredt channel capacny. Many works have
proposed the method of eigen beamforming
technigue (Bishwarup of al., 2000 Liang Sun
et al., 2008; Sirikint er o, 2006: Xiavu Zheng
el 20070 W improve the capacity, This
lechnigue utitizes the properties of estimated
chunnpels by performing singular value
decomposition on channel matrix, Then.
eigen-vectors compositing of channel matrix
are conrsidered as pre and post coding schemes
for MIMO systems. From anobysis. the eigen

heamforming offers the optimal performance
i compuring with other echnmgues. However,
the drawhick of this technique 15 the reguirement
of feedback channel informaton which
meresses the averhead of dota transmission
and the expense of duto processing. In addition.
the complexity of pre and post coding is 5o
difficult that it is unattractive 1o be implemented
for real application, Therefore, the search of
new lechmigue to epluce eigen- besmiorming
technigue is stitl in foeus.

In this article., the simple techuigue
based on the coneept of nrgle domuin processing
15 introduced. This 15 because angle dommn

U Sehowdd f Telecommunication. Engineering, Suvamaree Universint of Technology. Noblon Ralehasin,
Thadland . Tel: DHL224392 Fo: (44234603, E-mail: dpin va_ i@ bt o, wifon sk (60 s fae o

g g
" Carreapond ing atfier

Surinares J. Sob. Technol 17(3:1-11
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2 Improvement of MIMO capacity using sunple technique

processing does not reguire any additional
complexity like feedback channel for pre and
pest coding schemes. Instend, their schemes
wre designed by fixed angles of arrival and
departure which operate as blind switched
bewmformimg. Although the performance of
angle domuain processing can be predicted 1o
b lower thun eigen-heamforming but the ense
of implementotion migh| be o good tmdeaff 1o
attriel MIMO designers. Also i this aricle.,
the practieal ealization of the proposed syy e
his been demonsteated by using Butler matrix.
A low profile manufsctoring is Constructed
and also tested under real environments. By
anly inserting Butler matrix next to antennn
arraysoat both transmitter and receiver. the
improvement of MIMO capacity is able 1o be
ablained as reported in simulations and
mrensuraments.

MIMO System Model

A Arvay dematn provesving

This section detals the array domain
representation of MIMO systems (Tse and
Viswunath, 2005), Let x be 5 vector of the
transmitted signals with N, transmitted
antennas and ¥ be o vécror of the eceived
signals with N, received antennas: Then, the
refation between transmitted and received
sigmils ks given by

¥y=Hx+n {1

Where mis an (N, | oowse vector and H is
an (N, N, channel matrix, With this nomtion
chunnef outpul sequence can be writien in
mtee form as:

L I [N I S
Fo| B w0 B |E N -
LEA oy fim by || | M

Figure 1 shows the anple domain
representation of MIMO systems. There is an

arbitrary number of physical paths between
the transmitter and receiver: the fth path
hoving attenuntion of 0, makes an angle of
@, (0 == cos@@)) with the wansmit-antenna
artay and sngle of @ (0= cos) with the
receive antenna array. The channel matix H
can be writien us:

H- T (0,00, )
W here
- m{_mmf. \ 4
L&)
. i 1
- j:? cm[—j(im,ﬂ)] 5
| =51 [_.' I_N, T l}ﬁw-fz}].l
And
_ ; -
e ] | B
¢, 58 T i 6}
exn[— WY, T2, 4]

Alsa, F, is the distnnce between tronsmit
and receive antennnd nlong puth fh. The
vector el 0 ) tnd the veator e 0 ) are. respectively
transmitled and received wnit spatial sipmatures
along the divection O A, is the wavelength of
the center frequency in the whole signal
handwidth. &, is the normalized tronsmit onienna
separation and &, s the normolized receive
antenna separation. When Channel Stute
Informaton (CSI) ks not avaoilable ot the
trunsmitter. the capacity of MIMO systems
expressed i bl per wecond per herte ( Bps/Hz)
can e writlen 4

b

2 f
f_]ngz{l-;i[]x +— ' _HH (74
) "l}l"vl 4

whare Ly, b8 the identity matris. of <ize N, N,
H i: the channel matrix of size N, N, with
H* heing ils transpose conjugate, and P, gives
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e averige Signalto-Nojse Ratio (SNR) per
receiver hranch independent of the number of
trnnsmitng antennas A,

B Angle domain provessing

The concept of ungle domain (Li et af..
2007-2008) can be represented by the
transmitted and received signals. The signal
wrriving a1 o divectional O onto the receive
antenns areay is along the unit spatinl signature
e ) aiven 'Iwy {6), Hence, the N, fved vactor
s given hy

&= {FV(IU'H'(ZH'“ X 'JI{NL_])] (8

L 0 &), it con be noticed that there is o set
af orthegonnl bosis for the received signal
spide. This busks provides the representation
of received signals i the angle domuin,

I ds simibarly defined for the angle
domuin representation of Lthe transmitted
signal. The signal tansmitted at direction O
15 along the unit vector e.i0 ), defined in (3).
The N, fixed vector is given by

e TR R . e (9)
& .a("]"‘.(#). ,(17 )]
Where L, = NA, and L, = N.A, are

the normalized antennn

areny lengths of the

tranzmitler and receiver, tespectively, Let
U,and U, he the unitary matrices whaose
columne are the basis vector in (#) and (9},
respectively, can be written as:

1 — ik

-~ PR N S N T
neg{TR) wemm
f\ﬂd

i

1
v

We cuan trunstorm the array domain mto
the angle domoin by

] Ri=0k W1 (1)

H' - UHL, (1)
Thies, the capacity of MIMO systems is
wiven by

C—loggdat| 1, +—LHH"| (13}
' T

Where L. is the dentity mawin of size N,
H" 14 the channel matrx of siee N, N,
Figure 2 shows the simulated channel
matriee s from statistical modeling adopted by
Fundnmentals of Wireless Communication
hook: The basis for the statstionl modelng of
MIMO fading channels 1& approsimated by

I\II.’ i

Figure 1. Angle domain represenations of 4 4 MIMO channel with lfour ransmit and

receive anlennas
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the physicul paths partitionimyg into angulirly
resolvahle hins and aggrepated to form resolvable
paths whose ¢honnel guing are Be Assuming
that ar of the physicol paths s independent.
Then, we used equations (3)-(0) to find chamel
matrix for weeay domam und (100012} to find
chunnel moirix for angle domain,

€, Elgen beamforming techalinie

We used the chunnel matrix B from arry
domain processing. Consider 4 MIMO chamne|
with N, N, channel matrix H that 8 known
lo hoth the transmitter and the receiver, the
singular value can be found by using SVD
technigue in MATLAB progromming. We can
obtam s simgulor value decomposition {5V )
as

H=USA" {14y

Where N, Noomotrix U and he N A
maotrix Voure unitary motrices, 8 s oan N, A
dinponal motrix, S0, the cupacity of MIMO
system is given by

E '
= e £ 3
C=log, 1(lx'+Pw rSS] (15)

Practical realization wusing Butler
Matrix

Figure 3 shows a block disgrom of
Butler matrx (Liberti and Ruppaport. 1999)
which 1s wpplied for the concept of ungle
domain processing for 4 4 MIMO. systems,
The fixed beamforming matrix is bi-direction,
which menns that ench porl correspands to
purticulor received bs well as iransmitied
sipls from the sume mdition patlem.

It is elearly shown thal the weight
vectors corresponding 1o each port in Tahle |
are muteslly orthogonal, Therefore, instend of
wsing 10} and (11}, the hasis vector of applying
Butier matnx can be written by the following:

L g

Ef-a10 N 1 (163

And

8
R, —amt o0 N, -1 (T

Figure 4 shows a configuration of
manufsctured Butler matrix: The dimensins
in Butler matrix con he colcutated from
transmissson hime theory. The moanufnctured

IR il o armminid e, AT sprvms | v s

i s [pe——

£ " el bomstec b 3307 aprman] o mwewrm

Figure 2. An example of with different angle spreads at the transmilter and receiver
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product s also confimed by measining inter-
element phasing and beam direction which are
shown in Toble 2. In Fable 2; the disinbutions
of ol ter-element phasing are similar to
conceptual Butler matrix but they are slightly
devinted by £ 10 degree. However. the haum
direction is devinted by just only 0.0 degree.

Figure 5. illudtrmies the beam direction of
spplying Butler matrix to bolh trnsmiter and
redeiver. 1Lis inleresting Lo =ee thal the comcepl
of angle domain processing is suceessfully
achieved by simply adding Buller matrices
next o wntenny elements. Then. the chunnel
matrix realized by Butler matrix can he
written as:

H :=RHE (18}

AT Hybeak
o pples

Papl Fanl

Frenl Fnad

Figure 3. A Block disgram of Butler maitrix

Where B, und B, are (he unilary matrices
whose columns are the basis vector i four
direction for transmitter and receiver and H
15 chonnel matrix of sze N, N, to get array
domuin, Thus: the capacity of MIMO systems
when applyig Butler mutnx is given by
i

2
fﬂ]v

I

C—li]gz-:lct[]ﬂ'_'. H‘L}I"k') (193

Measurement

Figure 6 showy o blsek diagram of
messurenent sel up for 4 4 MIMO system.
The network-analvzer is used for maasurement
chonnel coefficients in magnitude and phase.
The pewer amplifier { PA) 15 used-at transmitter
to provide more trunsmitted power. Low noise

Figure 4. Configuration of manufactored
Butler matrix

Table I. Element phasing. beam direction and inter-element phasing for the Butler
matrix shown in Figure 3 (Cance ptual)

Inter-
Leam Elerriirnd
a El(l=1) 12 4=2) 3 4=3) Ed (k=4 o
INrpetinm Phasing
Part 1 k=1 -5 - Lhir 4% =ir | - f A%
Port 2k =23 [ 45 gt 135 | (65 A4
Puri 3 jk =3) -1 s AF (r e 48
Portd (k=4) S 5 LR s, 414 1 35"
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amplifier (LNA s used al recervar W increase
received signal level. The chaonnel mensurements
wre undertaken by five umes ot each location
(Promsuvons and Uthansokul, 20088, o eoach
focation two modes of MIMO operation.
convenuenal urray wwd angle domain processings
are measured. The Butler matnées are inserted

at hoth wansmitter and receiver when measuring
MIMO chunnels with angle domnin processing,

Figure 7 shows mensuremenl scenunios.
We chose n large room 1o provide various lex|
conditions. The locution of lansmitler is fixed
ds shown in Figure 7 with rectangular symbaol,
There are five measured locations for receiver

Figure 5. Mustration of applying Butler
matrix for 4x4 MIMO systems

e _'_'. Sy dumisn
h i

Ay Fomnnin. -

“ B
i g

| = f

| —=, N B

i o = =, =3 =
| ;.._r -’.-T- L]

Bt Maris

shown by circulur symbol in Figure 7. 1t is
easy 10 measute both array domain processing
and angle domain processing by using
switches presented in Figure 6, The messured
results achieved by network analyzer are used
as o channel response in MIMO system. Also
seen in Fig. O, npart from Butler mitrix. all
componants of iy and angle domuin ore the
same. Therefore. the measurad ¢hannels con
be directly compured Lo etch other as presentad
in |he next section.

Resulis and Discussions

A, Sungifation Results

The simulations are undertaken by
MATLAB progromming and (he capucity
results are evalunted By wsing (7), (130 and
(19 For array domain processing approosch,
the channel matria H is found by sssumptions
i A4, 13) and (), For aplumum eigen-
beam forming spproach, the channel matrix H
im (3 as utitized. For angle domuin processing
approach realized by Butler matrix, the
chanuel muotrix H® is eoleulated from basis
vectors in Table | resulting w (16y and (17},
The chunnel fading envirorments gare sumulated
by chunging the conditions of angle spreads
at transmitter and receaver. Four cases are

Huter faine

Figure 6. Block diagram of measurement set up
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considerad as (1) 60 spread ot tmpsmitter and
360" spread at receiver, denoted as 60-360) (i)
360" sprend ot wansmitter and 60" spread at
receiver, denoted ns 360-60 (1) 607 spread at
tonsmitier and 607 spread at recetver; denoted
as 0060 (v 360" spread at trapsmitter and
JoOspread o recaver. denoted as 360-300.
Nota that case (iii) i¢ aguivalent w line of
sight scennrio while ¢use (v} is eguivalent Lo
Ruyleigh fuding chunnel.

In Figure 8, the capacily eomparison
4 MIMO systems with array
domuain processing, angle domuain processing
and ergen-beamformin technique is presented.

hetween 4

The esuls mdicate that to wse angle domain
processing realized by Butler matris can
improve the chonnel capacity for any fading
comditions. The mnge of capacity enhancement
is from 5 to 1) dB depending on charucteristic
of fadings. However, the optimum eigen-
heamforming technigue offers a beter
performunce thun angle domun processing,

B. Measarenrent resufts

The chanrel mutris. H and HY j¢ found
by measured datn from petwork analvzer, The
chunnel fading environments are messured by
chnnging the locations of receiver. Five locations

Fahle 2. Element phasing, hbeam direction and infer-element phasing for the Butler
mutrix shown in Figure 4 (Manufactured )

B Inter-
a Et =) 2 =2y 13 k=t Ed if=d S Elisriont
D¥irvetion i
Phusing
Port 1 (k =1) (555 b i -h 12 I (kDS -1
Purt 2 (k =2) e - [ Ter L3 | s i i
Purt Ak =3) 17K BRLS R W 2 s
Purt 4 (k =4} R B g i Ter 42 3R
Hm
L=
IR IS (W— (S| UN——
(i El.l
— il -
. | Il I
= I
i
e m— - |JV1| vy e |

|

e

—
ks

=i ST -
=

L =TT

CTTARTSEE |

Figure 7. Measurement scenarias
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are considered in Figure 7. We also beliave
that the mismatehes among RF circuits in
transmit/receive components and mutual
coupling effects are included 1o the measured
chonnel, The simulations are undertaken by
utiltzmp messured daty inte MATLAR
progromming and the capacity rasults are
evalunted by using (7). (15) amd (19),

Figurs 9 shows comparison between
atray and angle domain channels of 4% 4
MIMO systems at location 5, where H, 15
referred wothe chunnel coeflicient st ith receive
antenna and jth transmit anteanyg, I ean be

|

Figure 8. Average capacity (bits/s/Hz) vs.
SNR (dB} for 4 conditions of

observed that chunnels of array domain
processing and angle domun processing ure
quite differant. The amplitude devintion is
about +5 dB amd the phase deviation is about
+100°, These deviations are dominant {o the
capacity performance of MIMO system. For
other loenlions, the deviations of amplitsde
and phose are similar to location 5.

In Figure 10, the avernge capbcity by
averaging oyverall locations versis signal to
noise ratio (SMNR) s presented. The resolts
mdicute that 1o use the angle domam processing
renlized by Butler matix offers better
performunce than wray domnin processing,
However, the hest performanee 18 achieved by
the optimum e gen-heamforming technique.
In order to justify the results, the numeric
vulues of nvermpge copacity at SNR = 10 dB
are piven in Table 3. Iy i noticed that the
benefit of angle domain processing is more
pronounced at location | and 5. The reason is
thal these locations are close 1o woll and there
are many surrounding furniture providing
more multipath. However, the inprovement af
MIMOY capacity can be observed from all
locations with a little expense of inserting
Butler muatrices at both transmitter and

angle pread, At= A =05 receiver.
o % o EFRE T R
i B - 5 2
A . B e n " L e
mow W B £ ™ ] = "% ]
B o oo, B o
Ll - " " al
8 - e - o - - =
mw W B N ) N w ® W B
m

} wa Hm = B My wlHer e L

i 8 am = n

£ ol w | besid [ e
A w W A & @ m o m W & oaw @ om =
i =9 ; PN T i =
g Bowa | iy e L1 ] Hu

h =

£ ® %
EY : # ™ 2 5 ™
T T S T R e -

rplesbuii

Figure 9. Measnred 4 4 MIMO channels of array domain processing and angle domain
processing { Butler matrix), al location 5
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In Tuhle 4, result comparisons hetween
array domain processing. angle domaoin
processing and eigen-beamforming technigue.
The complexity of eigen-beamforming can be
reduced by using the propose system. However.

—— Ay daa
» —— Mg dumae
Fjen lmmim

®
3
% n .
T; +
;' W -
"

] »
W

Figure 10. Average capacity (hits/s/Hz) vs.
SNE (dB) at each location

the cupacity of propose system s .74 hits/sHae
lower thuh the eigen-beamforming technigue.
This is the tradeoff between using hoth
technigues in which the MIMO designers
have W reale

Conclusions

This artcle presents the performance of
MIMO svstems usmg angle domnin processing
realized by Butler matrix: The simulation
result reveals that the proposed system
outperforme Lhe conventional arrny domuin
processing for every fading cake. And then,
this paper verifies the henefil of using apgle
domain processing ford 4 MIMO sysiems by
messured results. The unple domam processing
renlized by Butler matrix 15 implemented and
compared with arroy domain processing: The
results reveul that the sngle domain processing

Table 3. Average capacity at over all locations for SNR=10 dB

Averupe capacity | bits's/Hr)

- Angle domain 3 P
Array domuin (ol st i) Eagen beamforming
I w2 (IR [ani
3 B3 K52 (Elk
3 e fhs 1512
4 KK 137 1575
5 157 LS 162

Table 4. Result comparions between array domain processing, angle domain processing
(Butler matrix}and eigen-heamforming technigue

Angle demuin
Pencessinip Arroy domain (Rt er matsi Eigen beamdnrming
Complexity n processing Meme Mome Additiomal SV B wchnigue
Complexity i feedback Nime Mo Addlthonal algsmithme for
feadtnek chiurnme]
Complexity in‘hariware MNong Ackditional ttler mutrig Maone
Averipe capucity #1 874 f4 18

(it He gt SMNE= 48
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autperforms the conventional aray domauain
processing for all fadimg locations. Hence., the
proposed system is atbractive to be practically
implemented on MIMO systems due to its
ense and low complexily:
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Performance of MIMO Ca

pacity using Angle Domain

Processing Realized by Butler Matrix

Apinyra Innek, Monthippa Uthansakul and Pecrapong Uthansakul
School of Telecomnmmmication Engineering Suranares University of Tecknology
Musng, Makkon Fetchasimas, Thailsmd 30000

Absracs-This paper aims to present th: benefit of uwsng a
Entler matriz for MDD sydems empleving angle domain
processng Imstead of array domaln processing. By applving
Entler matriz, the comcept of angle domais processing cam de
raalized in practice amd it <fll fales 2 foll advantzge af multpls
antennss. The dfferest scenarios of a  foding AIMO
exvironments are eramined The simuolation resolts on chanzel
cipactty mdwate that the angl doman prCessite with Butker
mafriz onipeform: the convenfional array domsin precessing.
Also ths proposed system iz attractve to MDLO inplementation
due to ©s low cost and complexity.

Iredr fermes-RIMO capacity, Angular spread, Duotler matrx,
Angle domain proceszing, Array domain prodessing.

I INTRODUCTION

In the research area of MIMVO system:, mary wodks have
teen proposed to enhance the chamme]l capacity in onder to
satisfy the user derannd for hiph date rote applications [1] [1].
Some studies have been focused on theoretcal works and some
are perfnrmend by measuremarts. Mevertheless, mnst of them
dewvelop the technigque enmhancing channe]l capacity through
channel behevior [5]-[7]. It can be noticed that the geneml
consideration of channel capacity is based on the amay
antennes at both transmitter and seceiver bul the channel
behavior 1s considered by many angle parameters such as angle
of arrival, angle of depariure and angle spsead. Therefore, it is
imleresliog L invesligabe Use pea fosnsanoe of MIMO sysiens
sing angle domain processing instead of conveantional amay
domain  RFecently, the authors in [¥] develop the channal
estimation of MIMO-OFDM systerr based on angle domain
consideration. The applicability of angle domais technigue is
dependznt on the channel stochastic information avalable to
the receiver. The design of suitable pilots is propesed by
facilitaling the direct implementation of angle domain asd
mnalyzing th: performances of different chanrel esliimation
wechnlques. although the signflcant Improvement on IVIO
capacity can be expected by using angle domain processing
but, so far o librature, ther: is ro work to illustate the
capacity benefit of using angle domain processing. The reason
iz that the pre and post coding schemes of angle doman
tmnsformaticns increase the complexity on both trasmitter
and receiver. Hence, it challenges to find the technigue with
low coat and complexity matching with the corcept of angle
domain processing.

In thys paper, the advartage of nsing ang'e domain istesd of
amay domain processing is presentad. Also the low profile
concep: of angle domain processing which is convenment for
mplementation is proposed by using Buter mamix. This

B75-1-4244-3355-0008525.00 £200% [EEE

E-mail: apinya_inirhemmail com mitpdsut.2c th and uthansakul@sutac th

mamix simultaneously forms multple besms o four
directiens. Ev onlv inserting Butfler maTix before antenna
aray, e conventenal MIMO systems can be trmsformed into
the MIMO systerns with anele domain processing without tie
meed of adiiionsl buwden on proceszing wmits at beth
transnutter and receiver. Also it is low cost wncompliczeed aad
sy to implament so the proposed systen is atractive to de
used in practice.

The paper is organized as follows. In section IT the details of
both amray domain and mple domain are described. Then, te
faamure of Butler matrix to apply for angle domsin processiag
is given in sectioa I Section IV provides the simmlation
rzamlts of angle domain realized by Butler matmix in compariag
with comvenfionsl array domsin. Finally in sactiom W, the
conclusion of this paper is given.

o MDD STSTEMS MODEL
This secton dermils the aTay domain Tepresenmdon of
MIMO systems. Let x be a vector of the wansmitted sigmals
wille 2, Larmittesd antenms awd y e o vecion ol e eoeivad
sizmals with N, received anternas. Then the relsfion betwesn
Lazsariilen] awd veneived sigoals = given by

.

¥=IIx n 1y

where m & an [N.<1) ooisa wecor and H & an (M«
channel matrix. With thiz notation channel ontpur sequence can
ba wTiten in matrix form as:

# 1 3 & m
fy h, h,. h, || x ",

J*: o i el s )
¥ By, B, L I_x-'\. T,

Fig] shown the angle domain represemtation of BMDMO
systems. There i an arbitrtzry ommber of physical paths
bemween the ransmitter and receiver [8]; the i@ path haviag
dtennstion of 4, makes an angle of &, (02, = cos g, Iwith the
fransmit antenna amay aad an angle of @102 =cosg, with
the receive anfents array. The chinmel mamiz H can be
wTitten as:
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Fz.]1 Angik-domain mpmseatticn of MIMO chamel with four tramemit
ard receive anbannas

H= Zal‘e, (2 Je (027 )]
where . .
Y )
4 = e 5 |
_ ! ]
1 exp|—j(2m, )]
& (1) :=F : 05
L e=p -7, Dm0 |
And
. B}
1 exp|— (2, 1) ] )

&, (L2) :=?3‘f_',-

exp| 5N, ~ DO2mA, 0]

Also, o 15 the distance bemvesn ransmit and receive
antermas along path fth The wvector e (£X):nd e () ame,
respectively, the wansmitted and received wunit spatial
cippamras alomg the diraction 3 JL is the watelangrh of tha
center frequency in the whole sigmal bandwidth. A, is the
normalized iransmit amenna separation and A, i the
normalized receiv: Amienna sepiradon. When Channel Smie
Infermation (CSI) iz mot awvailible at the tmnsmittsr, the
capacity of MIMO systers [11] expressed i bits per second
perhenz (bps/Hz) can be written as

U

—HH'

Nt

I P
C=log, det klx' 7 :

where [, is fie identity mamix of size N«N_, H is the
channe]l maix of size N =N, with H being its wanspose
comugate, and P gives the average Signal-to-Moise Fado
(MR} por tereiter hranch indspendaar of e numher of
Dansmitting anteneas N,

B Angle domain
Thz concept of angle domain can be represented by the
Lansmiiled amd receivesd sipomls. The spoal asiving al a
direcional cosine 3 ombo the receive anenna aTay is dlong
the unit spatial sizmature e (£2) gven by (3). Eence, the N,
fimed vector s given by
[ Lo -
5= -I-t.(ﬁltr':l’J, e I

In (8], it van b potived tha (bee s 2 sel of o Gouss ol besis
for the received signal space. This basis provides the
representation of received sigmals in the angnlar domain.

It is similarly defined for the angular domain representstion
of the ransmitted signal The signal wansnutted at direction £
i alomg the wnit varare (X defined in (f) Tha W fixed vertor
iz given by

1)} &)

_ .
o P T e':#}} ®

L L

wherz I =N A asd f -pna, arethenormalized anenna
array length: of the Tansmiter and receiver [9], respectively.
Let U, and U, be th: unitary mammices whose columms ame the
basis vector m (8) and (9, r2spectively, can be writen as:

"

L.r=%ﬂqﬂ|l._ji:w El=01L...K-1L m
g i =¥ J
And
1 [—j2l) .
T, - c=-1=| ] Ri-oL..N 1. (AD
N N

We can ransform the amray dlomain into the angle domain by

H* =T HT, (12
Thms, the capacity of MIMO systems given by
s P b
C=log, det| I, +--—H"H" 13
. w ey F)

where I, is the identity matrix of size N, «N_. H* & the
chanme] MAtNE of 5128 N, =0, .
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Fiz 2 Ablock diagram of Eutlar Matrix[10]

OI. FRACTICAL REALIZATION USING BUTLER MATRDC

Fig.2 shows a block disgram of Butler mamrix [10] which is
appliad for the concept of argle domamn procassing for 4+4
MIMD systems. The fxed besmfonming marnx is hi-diection,
which means that each port comesponding to 3 patdcmlar
received sz wel a5 ransmireed sigmals flom the same radiaton
pamem.

It is easily showr that the weight vectors comesponding o
each port in TABLE I are mumully erthogonal Thersfore,
mstead of usicg (1) and (11), the baus vector of applying
Batler mamix can be written br the following:

B, =g

E =01 N, -1 (14

B,=¢ ™ ki=0L-,F -1 (15
Fig. 3 ilusloates (be began dives live ol spplyisg: Eutle mesbis
to both mensmitter sd receiver. It is intsrestng to see that the
COnC2pt Of angle domar processmg 15 successiully acheved
by simply addiag Butler matrix before antenna elements. Thea
the chanme] mamix realized by Butler mamiz, can be writen as:
H' =B'HB, (19
wihere B, and B, e the unitary matrices whose columns are
tha bacis vacter in four direcdon for munemotter :nd mecaivar
and H is chamnel matrix of size N.=N. to get amay domain
Thus, the copecity of MIMO systms when opplying Buter
mAmX is gven by

oI |

C=lug det| I, + [

P
PN

TABLEI
Elenant phasing bear direcion. ard iner-slemaat phaing for the Futler
matix shown in Fig. 2.

2 B = | & | B | Bz | owmew
W g=p| (=] @=3)] (=4 Drcim |  Peumg
];“;']; 45 | e | 2 | o | 1388 135
[‘f:;j | - | e | aae | Lows 5
[T’:;; a3 | e | 5| e | TR 4
[I:::) o0 | e | st | s | 4 135*

Fig.3 Anilmsmtion of applving Batler Matmix for 4t MIMO systams.

[V. RESULTS AND DSCUSSION:

The simulations are undertaben by MATLAS programmine
and the capacity resalts are evaluared by usiz (7) and (17
For aray doman approach, the charnel mamix (H) is found by
assurEpdons in (4), (3) snd (f). Fer anzle domain spproach
realized by Butler mamix, it can find chaane]l mamic (g4 fom
basis vector in Table I renline in (14) end (15). The ciannel
fading enviromments are simmlated by changirg the condifions
of angle spreads at wansmitter and receiver. Four cases ae
considered as [i) &0° spread at tansoutter, 360° spread at
receiver, () 3607 spread at wansmitter, €07 spread at receiver,
(Hi) #N° epresd at menamister, S0° cpread ar receiver, (i) 3607
spread at tansmitter, 360° spread at receiver. Note that case (i)
% equivalant toling of cight scenario snd case (V) s egunralent
o Rayleigh fading chanmel

Fiz4 =loows e wpeeuily vaisus inle-elemead spaciae [
SWE = 1(dB. The resuls indicate that to we anzle domain
processing realized oy Barler mamix can improve the chanmel
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capacity for soy fding conditons. This is aliy confrmed by
the outzge capacity shown in Fig. 3 that the distribution cf all
angle demain is higher than srray demain.

In Fig.4, the capacity compari;on berwesn 4-4 MIMO
systems with argle dommain  proceszing, amny  domain
processng apd 5150 system i presented. The MIMD sysems
offer better perfonmance then SISO system and the best
perfomunce 3 achieved by anzle domain processing.

V. COMCLUSION

Thiz papecy presents the performance of MY sysems
wsing angle domain processing realized bty Buler mamix The
rerult reveals that the proposed system outperforms the
convendonal array domam processing for every fading cases.
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Abgroet — ln this paper, the verificaion of wsing angh
dommin processing for Multiple Tnput Multiple Owtpot (MIMO)
system s presested. This paper proposes te concept of anghe
dommin processing by applying a Butler matriz into 434 MIMO
systems. A butler matrix is the most attractive technigue Tor
constrocting angle domain due o is bow cot amd easy Lo
implement. The measured resulls  are  compared  with
comventional MIMO  system so called as array  domain
enenaing. The ¢apacity e efor mance Gndicates Chat the anghe
dom@in procesng realiwed by Butler matrix outpe rforms the
covmve i o al $yslem.

Imdex Terms — MIMO capacity, Array domain processing,
Angle dommin poocesing, Butler matriz.

[. INTRODUCTION

In the rescarh area of MIMO systems, many works have
been proposod to enhance the channel capacity in onder to
=ahisty the user demand for high data rate applicabons. Some
shudies have been focuszed on teoretical works and some are
performed by measurements. In general, most of them still
develop the technigque enhancing channel capacity through
channel behavior [1]-[3]. It can be noticed that the common
consideration of channel capacity iz based on the army
aniennas at beoth transmitter and receiver. However, the
channel behavior is conzidered by many angle parameters
such as angle of amival, angle of deparure and angle spread
[4]. Therefone, it is interesting to investigate the performance
of MIMO systems using angle domain processing insead of
conventional amy domain. Recently, the authom in [5]
develop the channel estimation of MIMO-OFDM sysiem
hazed on angle domain considemtion. The applicability of
angle domain technigque iz dependem: on the channel
stochastic infornation available to the receiver. Although the
significant improvement on MIMO capacity can be expected
by using angle domain processing but, so far in literahore,
there & no work o illustrate the capacity benefit of using
angle domain processing. The reason is that the pre and post
coding schemes of angle domain transformations increase the
complexity on both transmitter and meeiver. Hence, it
challenges i find the technique with low cost and complexity
matching with the concept of angle domain processing,

From simubtion result, the authos investigate the
advantage of uwsing angle domain insiad of amay domain
processing and reporied in [6]. However, only simulation
rezults canmaot claim the use of proposed system. Inthis paper,
low profile concept of angle domain processing s
conveniently implemented. By only insering Butler matrices

before antenna amay at tensmitter and receiver, the 4=4
MIMO system can perform as angle domain processing so
the channel matrices is able 1o be measured. Then the channel
capacity iz calculated by wtilzing the measured dita In
addition, the capacity comparison befween amay domain
processing and angle domain processing are given m this
Paper.

Thie payser is organiaed @ follows, Tn soction T, e detaik
of both army domain and angle domain are described. Then,
the feature of Butler matric to apply for angle domain is
given in section II. Secton IV and WV provides the
measurement and simulation results of angle domain realizod
by Butler matrix in comparing with conventional amay
domain. Finally in section VI, the conclusion of this paper is
given,

I MIMO SYSTEM MODEL

A_ Array domain processing

The army domain processing represent of MIMO systems,
Let x be a vector of the tmansmitted signals with N
trensmitted antennas and y be a vector of the received signals
with N received anienna. Then the rmelation between
trensmitted and received signals is given by

¥y =Hi+n {0
Where m is an (N 1) nose vector and H & an (N <N)

channel matrix. With this notation channel output sequence
can be written in mainx fom as:

» By By - 'hu.'.( x n,
¥y _ Ry Ry 'hn.\; X, + n, @
¥x, !’.l.'_ i "'.l.'_: o By || B M,

il

The angle domain represent of MIMO systems. Themr is an
arbitrary number of physical paths between the transmiter
and meceiver [4]; the fth path having atteruation of 4, makes
an angle o‘fﬂ.{ﬂ = ¢0§ ¢, ywith the transmit antenna array
and an angle of d{ﬂﬂ_ _=cq.ggi",} with the receive antenma
amay. The channel mamx H can be wrinen as;
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Fig 1. A configuration of Buller matrx.
H=J ale (£ )e, () 3
Where ( rd
& =a NN ep) I—} 5
Lot
- . .
— {2/, L))
()= : el "'[__ m.Q) 5
exp[—j(N_-1)X2mA )
s | exp[—-j(N, —1X 2, ()]
1
— 2
- exp .;{__M,!lll ®
v, :
[exp[-AN, -T2,

Alzo, d & the distance between have boen ramsmit amd
receive antennas along  path ith. The vectore, ({¥jande, (£1)
are, mespectively, the transmitted and received unit spatial
sigmatures along the direction {3, .—L is the wavelength of the
center frequency in the whole signal bandwidth. = is fue
normalized transmit antenna  separation and = is the
normalized mecive antenna separation. When Channel State
Information (C5I) is not available at the transmitter, the
capacity of MIM( systems= expressed in bits per second per
Tertz (bpaHz) can be written a2

. P A e
C =|agldet(|.. + ', 7
LA™
\ /

Where I is the identty matrix of size N« H is the channel

matrix of size N, <N, with H being its transpose conjugate,

and P gives the average Signal-e-Noise Ratio (SNR) per

receiver branch imdependent of fue number of transmitting
anienmas N,

TABLE 1
ELEMENT PHASTNG AND INTER-ELEMENT PHASTNG FOR THE
BISTLER MA TRIX SHOW TN FIiG.1

E1 B2 | B3 | B Trter-
2 =1 | w=2 | ¢=% | ¢4=4) | Element
] Fh.asing
:fi_‘,}' T T T I
:f:; r |45 | or |23 45
:'ffjf s | o0 | w5 | o 45°
:'f:‘;' o | 45 | 10 | a5 135°

B. Angle domain processing

The concept of angke domain can be represented by the
transmitted and received signals. Let Uand U, be the unitary
matrices whose oolumns are the baszis vector [4]. We can
transform the aray domamn intothe angle domain by

H* =U'HU, &)
Thus, the capacity of MIMO systems given by

HH" ] )

P
C=log, det (I +—
=5 AT,

\ Ny

I PRACTICAL REALTZATION USMNG BUTLER MATRTX

Fig.1 shows configumtion of Butle matrix which is
applied for the concept of angle domain processing for 4=4
MIMO systems, The dimensions in Butler matrix is simply
cakulated from transmizsion line theory, The fived beam
forming meatrix & bi-direction, which mean that cach port
cormesponding to a particular received as well as transmitted
signals from the same radiation pattern.

It iz easily shown that te weight vectors cormesponding to
each port in Table I is mutually orthogonel. Therefore, the
basiz vector of applying Bautler matrix can be written by the
following:

B, =% k1=0,1--N, -1 (1

And
B, == ki=01,N—1 (]
It iz intcresting to sec that the concept of angle domain
processing is successfully achieved by simply adding Buder
matnx before antenna army elements. Then, the channel
matrix realized by Buter matrix cam be written as:
H'=B'HB, {12)
Where B, and B, be the unitary matrices whose columns are
the basis vector i four direction for receiver and transmitt er
ared M isa channe] matrix of size N =N, to getarmy domain.
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Thus, the capacity of MIMO systems when applying Butler
matnx is given by
i P
C=log, det| I, +—
ge L L BN

H"H*'] 13)

| Sk g

IV, MEASUREMENT

Fig.? shows a block diagram of measurement set up for
4=4 MIMO =ystem. It is clearly seen that the angle domain
processing can be implemented by just inzerting the Butler
matrix on both transmitter and meceiver. The netwaork
analyzer is used for measurement channel coefficients in
magnitude and phase. The power amplifier (PA) is uzed at
traremitter to provide more transmitted power. Low noise
amplifier (LNA) is used at receiver to increase neocived
zignal level. The channel measurements are undertaken by
fove times at cach location.

Fig.3 shows measurement scenarios. We choose a large
ropm to provide many test locations. The location of
transmitter is fixed a5 shown in Fig.3 with rec@ngular
pomt There are five measured locations for receiver showmn

T qqorT|

Array darmain

Butller Matrix

A block dis gram of messurement setup.

by circular point in Fig.3. It is easy to measure both armay
domain processing and angle domain processzing by using
switches presemted in Fig2. The measured mesults
achieved by network malyzer are used as a channel
response in MIMO system. Also seen in Fig.2, apart from
Butler matrix, all components of amay and angle domain
are the same. Therefore, the measurad channels can be
directly compared to each other as presented in the next
socton.

V. RESULT AND DNISCUSSIONS

The zsimulations are undertaken by utlizing measured
data into MATLAB programming and the capacity results
are evaluated by using (7) and (13). The channel matrix H
and H* are found by measured data from network analyzer.
The channe! fading environments are measured by changing
the locations of receiver. Five locations are conzidered in
Fig.3. W also assumed that, the mismatches among RF
circuits m  tasmitTeceive components and  mual
coupling effects are included in the measured channel.

In Fig.4 shows comparison of amay and angle domain
channels of 4x4 MIMO systems at location 5, where H, is
refemred to the channel coefficient at #h receive anienna and
jih transmit antenna. It can be observed fhat channels of
armay domain processing and angle domain processing are
quite different The amplitede deviation is about +5 dB and
the phase deviation iz about +100°. These deviations are
dominant to the capacity performance of MIMO system.
For other locations, the deviations of amplitede and phase
are similar to location 5.

In Fig.5, the average capacity vorsus signal i noise ratio
(SMNR) at each location & presented. The results indicate
that to use the angle domain processing realized by Butler
matrix  offers better  performance than army  domain
processing. Im order to justify the mesults, the numeric
values of average capacity at SNR = 10 dB ame given in
Table II.
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It 15 mobticed that the benehit of angle comam procesing 15
amne panpmesd al location 1 and 5, The o is Ul
these Incations e close to wall and there are many
surmunding furniure providing more mulipath. However,
the improsement of MIMO capacity can be observed from
all Incarions,

VI C0WOLUSION

Thiz paper werfiss the henefit nf aing gl domain
orocessing for 4xd MIMO systems by measured mesuits,
The angle domain procesing realized by Butler mari is
mplementad £nd compared with amay domain processing.
The resuls meveal thar e angle domaly proccssing
sutperforms the conventonal aray domain proceesing for
all fading locations. Hemce, the proposed systam is
atiractive tn practically impement on MIMO systems due
w ik exse and low complexity.

TAELELL

AVERAGE CAPACTTY COMPARISONS BETWEEN ARRAY
T ATN AN ANGLE DOMATH POR SR — 10

Localion Averags capacity [bis/sHz)
Array domain | Angledomain [Butlar)
1 BT2 10.12
2 B43 [EF]
2 E46 EEE
4 (11 137
5 10567 1.0
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