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Abstract

The development of new technique in pass few ydws solve problem of
wireless communication system limitation such aBeguency reused and Multi-
Element Array: MEAs discovered. The MEAs technique can increase reflan
capacity with the same bandwidth. MIMO is one afht@que using more antennas
for a transmitter and a receiver to increase charaq@acity. The channel capacity of
this technique will be linearly increased with nwenbf antenna.

This research presents a model to study the reldigiween the channels
capacity and antenna radiation pattern using nwalemethod for multiple input-
multiple output (MIMO) by using numerical methodAnd Channel capacity is
observed by a Complementary Cumulative Distributtamction (CCDF). This leads
to a test of the model by measuring the signahlkyinstrument. The antenna type that
make up the channel capacity increases. For vamouslitions which model the
relationship between the channel capacities wighrédiation pattern of the antenna
was found. From our propose model show that thectional antenna can improve
the MIMO capacity in outdoor scenario, when theediional antenna is in proper
direction. Directional antenna can increase theac#p of the channel over the
antenna pattern when the outdoor environment. lyindlis model will test with
measurement tools in difference antenna configumaéind environment. The model
of the relationship between the channel capacity whe radiation pattern of the
antenna was found that the directional antennabeaimcreased the channel capacity
more than the isotropic and dipole antennas whemsider with the outdoor

environment.
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NIZUIUMIIBIGUIUDISAATIUVDL s PRANDANNNTHY Az IHNes X (1) Tunis
UNUNTLUIUMTTIGY
A Y g = 1 1 o I [ a 1 dg’
e IMIAUDIAMINIANA19TE HINA W S UADNTE VUM IIFBIUUINTY 15192
=l ~ I Yo dy @ 1 = d‘ 1 [
awsaaglnouwieu 1318691 dulsqu Ae madouToswanisnaaonuguiaaz
Y 1l [ 1 d! 1 a 1 = dli
slvuuIveglugvesdimuanie daunssUIUMIFIGU Ao NMIkey TeaHan1TNAaDY
1 ' 1 o o o ! '
souguuaazgluunldegluglvesilasduvesdyaraniiswlsamnan
a a 1 { J 1 @ ] I '
lumsinsanszuaumsiFeguiiaznannae 11 szerdeanuiiteziiusw
@ oA 1 S v o v A 4 2 = Y
youdmlsguiuaaziar iunalandand miuInsied tazAnIdeguany Uz Yo
a o [~ @ 1 { v W ' .
nszUIMITIgU suald X, X,, ..., X, idudawnlsquin 1annnis$ndae619 (sampling)

NTEUIUMITGY X(¢,5) © a1 b, by,..., 1, HUAD



Xl = X(tlvs)
X2 = X(t2=5) (2 4)
Xk = X(tkvs)

Werstewsndsguimau k& drvnnszuaumsdaguudl dinisma
A
J o ' ' o % g .. . . . .
AINFUMTHINUIIALAUTINTEHINAWU TN ka7 (kth’-orderjomt cumulative distribution

function)
Elflvfl;Qw-wfl;k (xl,IQ,...,xk) - P[Xl S Il?‘XQ S x2,...,Xk S xk] (25)

Jd o 1 ] 1< 1 1 % @
wiouaalugvesilsnduanunuinanuieziusinseninednls ka1 (k" -order

joint probability density function)"lg])lﬁcju

le,l‘z,...,Ik (l’1,$2,...,$k) (26)

A 9 1 2K I a =® o a v
V]i]%ulﬂﬂa”lﬁﬂﬁﬁ’f]]lﬂ ﬁ]glﬂuﬂ”ﬁﬂ‘ﬁ‘]ﬂﬂﬂﬂﬂmaﬂ‘]&lﬂ!%%ﬂ\iﬂi%'ﬂ?ﬂﬂ"ﬁ!"ﬁ\iqm uag

aa [

AMNNADANT1AYA 1)

v

2.2.2 Anad
1 d' a 1 a YA " v 1 d' aa
AUNAY (mean) VDINTSUIUNITLVIGY X(t) Hewlduamnuatnaen1eana

U3OAINIAKNIY (expectation) VoA sguRaINMIdUNaing ¢ @19 9 Hudo

i 2.7)
= fa;]fl;(t)(x)dx
—00
Taoh f,(z) Ao feddunnumumiuanuminzduves X(¢) #unaiilagia li dunde
= d? ] I A Y 1 1 ~ Aa 1 A
m,(t) szuAmTuUIal Hazunieauen 1NN UNANRABYRINTEVIUNSIFIGUINT

nlasulasmunatednals
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U v v d
2.3.3 MOAAHANWUS
'@ [ [ 4 a |
AOAANAUWUT (autocorrelation) YBINTTUIUNITLFIGY X () unuAlg
R, (t,t,) Hewldlanmnuaundeneatavesnaguszrinaulsguassdd X(t) uaz

X(t,) Ddnnmsdunanszurumaiegu X(6) dnal ¢ uaz f, Mud e tune

R, (t,ty) = E{X(t))X(t,)}

(2.8)
= f fxlef (3717332)031’1332
—0o0 —0O0
Tail Foti) atty) (@15 22) WuilsdFuanuruiuanuningfududuaes (the second order

probability density function) Y9INIZUIUMIFIGY X ()

J
2.2.4 mealaladSeud
1 4 a 1
A100 1a AT oUd (autocovariance) YBINTEUIUNTLTIGN X () UNUA2Y

E4
C,(t,t,) Hemldtmeail

C,(h,ty) = E{ —m,(4))(X(ty) — mx(tQ))} (2.9)
oA NUFURUTMUTUNT (2.7) 1Az (2.8) 32 181

C,(t,ty) = R.(t,ty) — m,(t)m,(t) (2.10)

91
q./

2
wenNNITIEIENTarIAIn UL 515U (variance) ¥o9 X(¢) 100 C, (¢, 4,) Al

(2.11)

2.2.5 anduiuslad
A 1 9 9 < a aq 1 v o . 1
Anauteaulun1sNITUITMIMIAENTUWUT (correlation) 33 W

a 1w 1Y [ 1 1 v o 1 a 1
ﬂi%‘]J’J‘L!ﬂ”IiL%QfI?JG]’JLaEJ’JﬂH ElﬂlliJulg]}ﬂa”l’Jﬁﬂﬂ”liﬂ”lﬁﬁﬁiJ‘Wu‘ﬁix‘ﬁ’JNﬂi%ﬂ?i&ﬂ"ﬁlﬁ]ﬁﬁﬂﬁ@ﬂ
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@ a 1 [ @ 4 ' a 1
Aao N1SHEINAIAHAUNUT 1973 (cross-correlation) 52 HA19NTLVIUMITIFIGY X (¢)

waz Y (t) Fugail
R, (t,u) = E{X(t)Y (u)} (2.12)
R, (t,u) = E{Y(t)X(u)} (2.13)

{ < { o a ' o va
Taof ¢ uay v Wuganamdunanszurumadegu Taonaldlumsuaasgaaniaves

vduius lvdseniedulsgu X(¢) uaz Y (¢) ieanuazaindnizd@oulugiluoauning

)]

€

£4
~
U

R(r) = (2.14)

E4

H a 4 [ a 4 [ Y] 4 . .
T8N 7 =1¢—u 1519LTIALNNTAFUIT IUNTAFAUAUNUT (correlation matrix) Ve 9

NILUIUMIBIGY X (1) uaz Y (t)

v ¢ a
2.2.6 AMANLARDINBAN
ANNAYIPUIFNITA (ensemble average) ADNMTHIAUDAGUDINTZUIUMNTIFIGY
{ J % ;o 1 { {a A g qg.: Jo 1
X(t) e ¢, amil Fadumsmaundenaanarindulyldnmuevesilaidudiedia
F4 1 [
NINA1BY0INTZUVIUMITIgUANAT ¢ = £, UBNIINAURALIUFNITALAD 15189811150
a A A L Aa a4 . Aa A a &
HemaAunasdngluuunianFend1 AaaeN19Ial (time average) NAAINAINIAAYU Y
S A A A 1 I VA Y Aa Aa wAa
puannunal Uszauiiiauls Aeesninaimananduainamnson idesaluneliia
@ % o A A o o’z’ =2 Ao J 1 A 09)1 =
Mzansndalalagasanindyarainosan a9l 39ld10w9 Aundensaeanunl
v o Jdo 1
Aanuduiusiuedels

'
J =

ABUDUILTADIOTUIEDINITHIANRAYDUIFYITA ANNAIINAIAITD

[ 4

v 1 Y
Hazdaandunus nnsziilasmssiuiraa lunianamu Faieuail
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1
< X(t) >= lim — | X(t)dt (2.15)
T—oo 2T
-T
1 T
< XP(t) >= lim — | X?*(¢)dt (2.16)
T—oco 2T
-T
1 T
< X()X(t—7) >= lim P XOX(t — 7)dt (2.17)
T—oo
-T

@ v

9 v a ! { va g a .. 4
dmsunszurumasigulantaniiguaniaessnodn (ergodicity) ou Ty

o Iz finss
E{x()} =< X(t) > (2.18)
E{XQ(t)} —< X2(t) > (2.19)
E{XW)X(t -7} =< X()X(t - 7) > (2.20)

9

E4 v ] v
wenndlaunasgunuou q MdulidiamuavesnszurumaFegu X (1)

< a a 1w ' [ wva J a
ﬂzglj@\nﬂuﬁliﬂéljﬂﬂ ﬂixmumiwqqumﬂmﬁ\i%%miﬁﬂmﬁuumaaiﬂ@ﬂﬂ

aS
2.3 NPV
o S a A 9y o | ¥ A g ya ) =
°Vli]‘]sl{]élﬂ3ﬁ13uuuﬂ31ﬂlﬂﬂﬁmﬂﬂﬂﬂ5$°]J‘1Jﬂ15ﬁ@ﬁ15llﬂﬂhliﬁ18 ma“lwummmﬂ%m
~ A A 9 o [ 1 o ~ Y o = 1 2R o o Y = dy
NN NNYIVBINUAINNUY YOI YD ﬂ%gqﬂﬂWﬂWiﬁﬂH1@@Vlﬂ %Q%W!ﬂl&ﬁ@ﬂﬂiWUﬂ\‘lWHjﬁH
=3 d‘ 9 1 d‘ d’ 9 [ 1 [ a Aan [ 1 1 1 d‘
Vli]‘]sl{]ﬂ1ﬁﬁf]iﬂillﬁﬁ18§n\1 1 MNYIVDINUFDITYYIU 91N ITNITIAAIVIIFIT NITUINURAY
1 ] o 9 o 4 o 1 a
V1IN Lla$ﬂWiﬁWﬂ'J'lﬂJﬂclf@QﬁiUuﬂJﬂﬂ‘!ﬁWﬁiU3$‘U°]an§ﬁﬂﬁWﬁ%ﬂHﬁ Gdﬁﬂlﬂuﬂ1iﬁﬂ‘]ﬂ1’ﬂ Llﬁﬂi\i

Y A Y} Aq ¥ A a Y
uammzmmiﬂaamﬁmauﬁaﬂwﬂﬁmmquﬁqsﬂ"lﬂamﬂs



13

2.3.1 mMsenulSinaminiems

Ansauvastudadeyaunillinsdedoyasonasnaz nilaya Tﬂaeﬁlﬂga

w ]

A GIfﬂ‘VIfNi’]’E]ﬂll”Illi‘]JLL‘U‘U]lﬂi]”lﬂﬂL‘WEN M %Qﬂﬂﬂ?ﬂlulﬁﬁﬁﬂlﬂﬂﬂi AID YN

{z,,2y,..., 3} Taoauinzdulumsdondedoyavownazgatinui
P(X =) = p, 2.21)

{ 4 ) ] [~ 1 o 1 1w
Tagh k = 1,2,..., M magdiohanuinzdulumsdsdeyansauiuaziiauiny 1 wue

o, =1 (2.22)

M=

a a ] o a ] I
miuamﬂSmmsunmﬂﬂEJEJ1ﬂmm’mﬂ‘*uaqmt]yﬁﬂ’;1uu1%xsﬂuﬁﬂ’;1il

@ [ a
Lﬁﬂ?%ﬁﬂllﬂ%ﬁﬂﬂﬂé}ﬂﬂﬂ‘uﬁﬂ”lWﬂ'ﬂil!']JLli]i\i uagﬁé’ EJ”Ill']JﬁJ”Iﬂl“'IJTJﬁ”ﬁ@]”IiJLaellﬁ”luﬁﬂﬂbh

%

(Cover and Thomas, 1991) Taglianuduiusaail

1
I(xk) = log, p_
%

(2.23)

a Yy v Yy g 1 (a ' s & Ya Y g
AMNUYITUUVNAU uaﬂﬂwmmwﬂimmmnmsmmmq}msmwm "lﬂuEJ”I?J&lWL']J‘L!

1 o J ] I a t4 09/1 o A o = a dgl <]
ﬁ’mﬂamjmmmmmﬁlzLﬂmlmmimﬂmq]mimuu HUAD L‘Vi@!ﬂ”lﬁmiﬂlli@ﬂ”lﬁ!ﬂﬂ"lluiﬂﬂﬂ

P
= < =~

wiiSinminaisines uazmc{gmmﬂﬂﬁiammﬁmmffaElﬂﬂzuﬁmmﬂinmﬁﬁmﬂ A
NNMIHGWAWTUMT (2.23) WU Mmsiguana fhaulegad

D) I(x,) = 0dmiu p, =1

2) I(z,) > 0dmiu 0 < p, <1

3) I(z),) > I(z;) d w3 py, < p;

) I(wpz;) = I(z,) + I(z;) 1 d sy o, waz 2 dudassaenulugeain

2.3.2 msuenuSanasenlnsil
[ o a 1 J 1 4 a
ugdmsiadSnainasveunamssiuaazimamsaiaudoauns (2.23)

vuaniluals Tewd udnaililszgnd1dau suineganls nazdesnmsniiudelFinm
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] d‘ 9 1 o a 9 d‘ 1 d' a [
GUTJﬁWi‘V]ulﬂfﬂ']ﬂll’ﬁaﬁﬂWLUWUﬂiJ”aLﬂaEJI@EJﬁ’JiJiﬂﬂﬂ’N ununvzaulalsuuinaisves

4 1 o Y] a [l { 1 o a { 1 Y
WaNITULAAZIVANTITULINNY ﬂiumﬂlnmﬂﬂﬂmﬁwmtmmmm@%’aua‘ﬁ a1

U

A

a A =~ J = 1 dy 9 1 A aa
Hrean1z5en31 U Insy (entropy) Llﬁ3ﬂTL!ﬁ'HJTﬁﬂ“l’ﬂulﬂﬁﬂﬂﬂﬁﬁWﬂuﬂﬁﬁlWQﬁi‘lﬁﬂlﬂ\i
9

] 1 4 1 L4
VNITITUDIUAASLHANTITU ?ﬁ@ FINTIATNIIVDIUNANTIU il

H(X) = E{l(z;)}

= Z il () (2.24)

A J

Tasn E{.} unuaundodiada nion1nanug

v
IS) a1

a = ! IS
MnHeweu InsUauauns (2.24) wudneu Instiauaudanuiaule

q

Uszmsniiane

0< H(X) < logy, M (2.25)

Y L4

A A o o A & 910’1' 1 o a 9
maMﬂ@mmugﬂlmmmﬁmaﬂ‘utumﬂu“hJ'1ﬂ1nwmmaummmmmayla ANAUNIT

g

<3 1 v W o’dy = =} 09; [ Voo
(2.25) EHUN mmﬁuwufﬁmmmnwammmmmuimﬂmmqﬁqmmzmmqw

9 [ 1

dmsvveuwamdigavoaou Insil wgdeliannnuioming o 1eue ns

J A

dy o Y 1 a 1 1
gadauantaiilalagdie mszannidemwauauns (2.24) uaaza1ves p, log,(1/p,)

q

=)

2

=l

0 o ' ' o & g & < <
mhnsawdulisnnat 0 e asiu H(X) > 0 are netieuInstazliauiu o nmwiz

[ Y L4

AAa = =~ ] [~ a J 1 v W I A A
TUNY f,lJaﬂ‘]sJfl!“ri"LNGlfL!LG]WHJﬂ’J13J1!1‘ﬂ$L1Ju51Uﬂ1§LﬂﬂL1Ju I AIUAUANHUNYADUAINIY

9

2

1 I a I qg/’ 1 A A 1 £ g ~ A A g
unziulumafad]u o Mavue nanfe U p, Amiadlu 1 uay p, Mvaelauilu o

=l

davveuwauutsueniteu Instziimgegalinu log, M d1mnsunlag

4

' { a I § o o ¢ o
azidenaaznu wuInstlgegaindulldezifadundeedydnyaing M juuuniini

1 IS a 1w " W o
uazitlulumafaminy 1/ M wdunuatiuey

2.3.3 HUUdIaD IO IN YRR

a { I a { [ 1 o a [} q’/‘ Qy 1
msyodureniIuNndunisesuraNeIn LAt uHAYIIE1TNITY TudIu

v
A o W

1 < a 1 = 1 &£ A 1 @ &£ g A
@I’f]hlﬂﬂglﬂuﬂ'liwéﬂ'ﬁﬂﬂﬁﬁu AIAYVITEUUDNAIUN U AD FDITYY I Gﬁdlﬂuﬁaﬂaiﬂu
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v v Y v
msihdsinmsnnurassudaiaade lUfgamnetaenisnnesy sosdygaiugiui

L) 9

o a 1 dy Y 2 (D=1 o 1 [ d‘
mmwmmma”lﬂu GlﬁﬂJﬂﬂ!ﬁiJUﬂlliJiJﬂ’ﬂiJ%1 (memoryless) HN1YAITNIT FUYIUNVIDDN

g9
Y v

1 9 v
YOIFOITYY I D 1AM HI dzVURgNUTy g IMNA 1w & nardenamiiu hivuny
9
ay

o Ay v Y} ' y & A o Ay Y v 3 A
ﬁﬂlufleﬁﬂ!ﬂVlﬂﬂ@ulm’lﬂTﬂ@uﬁuTulaﬂ HUHDNIINUA i}lﬂﬂl“l/lﬂ’lulﬂl’]i!a$ﬂ1u@ﬂﬂﬂ%$ﬂ§.ﬂll'ﬂﬂ
v Y

v v I o T W
ﬂlaﬁﬁﬂgaﬂymﬁmﬂﬂmm%uﬂu

D.

a v

Ansauvassuidadauananil Felisudadadnyaisuiusinanuandis
9y

[ 1

4 !391’ d’ 3 LR 3 d' T
Aunanua M gUuny {z, ...,z } Wetloudygradsnarndrgresdynradn Ll

25}

o v Y o 9 A 1 [ qul A
AN wu vz ladganudiuesniiuanaenuisiua N gduny {y,,,,...,yy } Haziilo

U

) J 1% J I o [ {
hesnlsznoudinanumaiiuTassarauusiaedd dwaaclugli 2.1

_ p(yj|5”i) A
ol (31
T @ ® Yo
X < > Y
T3 o y3
Ty Yn

,:' o 1 13 = o
21]1’1 2.1 HUUADIYDI ﬂluﬂJUWi‘l‘!LL‘U‘UhliJiJﬂ’ﬂiJﬂ']

= 1

o 1 1 1 o { 1 <
nngldunahidvesyesdyaaiilimsdiousiniuninilu p(y, | ;)

o

' o : 1 ] IS { o <3| 4
Usgnevoglunuudiaes Fazmnedemanuinaduidyagradivesniziiy y; e

IR o

niwhfloudyanu z; digvesdyaandl viomidy PY = y; | X = z;) Wufe dun

1] b
'
3 =

] I < 1% ]
NI1WANNUIZT U p(yj |:E) ATUNNLUUY NISTINITOUTTYYAUANHUSUDITOIAYYIUN

1 D]

1 o l 4 % Y 1 o a 4
Tutinnmd ldednauysel Fausonaasgudnyuzussresdyaalugiuminduina

Yo

M x N 'lasail
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py lz)  plys[z) - plyy |2))
Py [ @) plya [79) o plyy | 22)

P-= : : : (2.26)
Py [ zy) p(ya [2p) o plyy | 20)

a 4 v a LR o & o Y
TagiSonuning P 1uun3ndyesdaynal (channel matrix) 5902 ludainniunsoe

v
[ o

= ) 1 I ] 1 ] [ P 9 1 A
umimwuﬂmmmﬂzgﬂummaiy,ig”lm X !,mazﬁtyaﬂymwﬁammq%maigigm UUABDLI

A H ]
w3 p(z;) = P(X = z;) dmSudaydnvel 2, fvvuanegluwa {2, 2,,...,2,,} 110

v

o Y

] I Y 1 3 A a A =
ﬂ15Llﬁ]ﬂLlﬁ]Qﬂ’JT?JU”Ii]%LTJUﬂJ’EN@’JLUJiE‘IiJ X funsunsiuua ﬁ\i@]ﬂ]lﬂVIL'ZTTﬁuGLﬁ]ﬂﬂ NITLLIN
] I o 1 & g o d'SJ ] o o
sasnnuzluvesdmliqu Y suiludyananaivesnvessesdynia lumsmiuia
1 [~ o [ o @ o
ﬂ1ﬁllﬂﬂllﬁ]\1ﬂ'}1ﬂu1ﬂglﬂu“ll’ﬁNﬂ'JLl‘lJ3@:(1] Y ﬁnﬂiﬂ‘l’n1ﬁjﬂﬂﬂ1ﬁﬂﬁaﬂﬂ15ﬂl@\1ﬂ1il!ﬁ]ﬂl!ﬁ]\‘l

1 < Ia . 5 . . s v J
ANMUUILT U VUNNTINDA (marginal distribution probability) Aail

M
=Y"P(Y =y, | X = ;)P(X = ;) (2.27)

4
1Y o 1 ] [ v .. ege . . .
UBNMINHEITINITOATUIUWIAINTLINLIIANNUIVZ T UT I (joint probability distribution)

v J

woudwlsgu X uaz ¥V 1dninanudusiusg

p(xiayj) = P(X - xiaY - y])
=PY =y; | X =12)P(X = 1) (2.28)

= p(yj | z;)p(z;)

2.3.4 YN
Y

1NN VIR UT1aIve I duana ludruns g1l

o o

Y1

9

£
184 B

o9 9

[

d

X Aedygrunteowdigyesdynin uay ¥ Aedynrmivioonvesrosdynyin
a3 ! : 4 o 1 [

a Y nie dyane X vldnldsuuilacly iflesarnmssuniuaindisesdayn o

DRe

Yoy
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1 3 09; o 1 1 =Y =
Tagludmvesdyna X 1w mamnsadivaamanu ldudueuTagedoieomeou Tnsil

£4
~

(Uszant Userinuenans, 2540) 1aaa

L] (2.29)
p

H(X) = Zp(xi)lOgQ ()

1=1

eanuazadnlumsesueludrduda lhisnzdaulasanmvesaums H(X) Tniilu

M N
H(X) = p(z;)log, > oy, | =)
i=1 %) )5
M N 1
= Zzp(yj ‘ $7)p($7)10g2
i=1 j=1 p(xi)
(2.30)
S>3 bl ) log |
= p\Y;,x;)10g
i=1 j=1 ! ? p(xt)
S5 bl ) loga|
= p(z;,y;)log
j=1i=1 ’ ’ p(z;)

dosmauany biniuenvesdyana X ananeuinst H(X) uda vin
a 1 1 a d? v ] 1 A [ Yo o
amwmammmmzmﬂaﬂiwﬂ%lJmm"hJuuuwmm X LiJfJﬂ1ﬂi‘leﬂﬁ‘UﬁﬂJui}lﬂﬂ! Y = Y

g Aa 9 Y 1 A o Yo ] A a FY A o
Wunseusoenad ﬂaTJﬂ@ﬂWﬂiUUlﬂiUﬂﬂ?ﬁ'ﬁlwumu Llﬁgﬂgﬂ@\‘]uliJaiJ'J'IGUTJﬁ'lTU@\‘]ﬁiUUiUWﬂ‘!

g

<} [l o { [ o o c?;’ @ a
Y ffeundisvesdynin X Ngnsuniulasyesdynio auiunnsuaznosaInim
DLimiveuvesdgyana X Niimswlasuntlaslledls iefeununeunee 1dsudynn

YV Tagtsrezisuanmsmianeu Instvesdlsdu X nasanilasunsiuaives

=

o 1 ~ 9 Y & o~ <3| v W Y o Y
@Ijllﬂiqu Y = Y, L3gUVIDYLLAT GHQLEUEJUHJu‘ﬂ’J'nJﬁN‘WHﬁWlﬂﬂQu

M

1
HX|Y =y;)=) pz;|y;)logy|——— (2.31)
’ 72—; ! ? p(; ‘y]‘)

Y [ 4
Amnmsdmand ualdnaregluuy nazwasumlasldawe y; daiu

M H(X|Y =y,) aunsaweuiudumdsquiiianilu HX |V = y,), HX |Y = y,),
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9

H(X |Y = yy) drwanuinaiwiiy ply), p(y). ... plyy) audidy daiudus,
mmmasvesdulsguilnmaves ¥ az'ld
N
HX|Y)=Y H(X|Y =y,)p(y;)
=1
N M 1
=> > ol [y;)p(y;)logy |——— (2.32)
i p(z; | y;)

Il
™]=
M=

1

1
p(;,y;)1og, [m]

Il
—_

j=11
4 A A = 1 ] o A a

Wil H(X |Y) fe afuaasdennu hivtdveuvesdyaa X Ane1san

@ Yo 1 @ ~ [] [ 9 [ = VoA =

Wasn lasusvesdynw Y Nteenvessesdnanuudl dau H(X) Av afiuaadia

a1y hintuouvesdyain X auauanyazyeIurainiuila lagnann1sudl Al
1 [ 1 4 @ ] { ' @ Z 1 |

H(X | Y) degiivinaanni H(X) iilesnnlasuainasiunni duiv anulaintiveu

d 1 J Y

W99 X nasnldasuinmaiuwannngesdayanadenszanas 11a13n T uRuAT

(F9n21 Y1IA15591 (mutual information) Fadahiy
I(X;Y) = H(X) - H(X|Y) (2.33)

NAUMT (2.30) 1az (2.32) 32 1dM

N M 1 N M 1
I(X;Y) =) pla,y,)log, o) = > p(w,y,)log, 2 19
j;l 7]‘:41 7 | j=11=1 i Ji (2 34)
p Y;
=> "> p(x;,y,)log, / ]
i1 i1

o _o v o ' 1 1 A 1 1 1
INAIVINANIVYDIAIIVIINTIINHKTO [(X;Y) audaunis (2.33) WUNVIIEITIIN

unuauia fhauledad
D I(X:;Y) = I(Y; X)
2) I(X;Y) > Oteruo
3) I(X;Y) = HY)— HY | X) = HX) - HX|Y)
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# I(X;Y) = H(X)+ HY) - H(X,Y)
51ENIT0e s UIeAMaNTAYeIu1a153 0 Tao 1HBIAUA TN (venn

diagram) 1ﬁﬁlﬂgﬂﬁ 2.2

H(X,Y)
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p(z;,y;) = ply; | 7,)p(x;) (2.36)
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M
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D.

nninanuus lddedunamirauleeglsznsuiiaianuguessosdygy o

[

Gt
dgl 1w EZ) 1 [ Y o dg’ Y o
HDININICUYUDYNUAMANUAVUDITDIAYYIULDILAI GRVUBYNUAUANHUSUDIA YYD

U Q

=h.

9

o Tl lusesduanadie

99
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Y v
wazisvzFenieueu Insin wuInstldauag (differential entropy) d1MSUIMANANITIN
Y
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% 1 1 4 3 1 4 T
anlsguuuuasiiioaiu Janfuoriudiaue wazisuseneuinsl H(X) suiueouInsil
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Y v 9
h(X) vesdlsguisaesuinauiuiiues dromatl mstdeneu Instuesdulsgu
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dsudulsguuuuaeiiomnan
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moldiTenly

j f(zx)dz =1 (2.42)
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1 4
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A A @ s A @ ' dyd = o £ =
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log, e log,e
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1 e
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]g(|) >]dxdy (2.53)

fff” (z,y)log,

—00 —00

{ @ ' ! [ ' .. e . .
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C = max {I(X,;Y,): B{X}} = P} (2.59)
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Wounua A(Y, | X,) aslugums 2.60) 9214

WX} Yy) = h(Y},) — h(N}) (2.62)
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C = Blog, [1 + %] UaaoIun (2.65)
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n
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Nozaaldaegraledd 2 (Gesbert, Shafi, Shiu, Smith and Naguib, 2003; Foschini and Gans,
1998)
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--ANGLES -- - POWER GAINS - --- POLARIZATION --- ---E[THETA]--- ---E[PHIJ---
THETA  PHI YERT. HOR. TOTAL AXIAL TILT SENSE MWAGNITUDE PHASE MAGNITUDE
PHASE

DEGREES DEGREES DB DB DB RATIO DEG. ¥OLTS/M DEGREES VYOLTSM
DEGREES
0.00 0.00 -999.99 215 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
1.00 0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
2.00 0.00 -999.99 215 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
3.00 0.00 -999.99 2.15 215 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
4.00 0.00 -999.99 215 215 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
5.00 0.00 -999.99 215 215 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
6.00 0.00 -999.99 215 215 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122,57
.00 0.00 -999.99 215 2.15% 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
8.00 0.00 -999.99 215 2.15% 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
9.00 0.00 -999.99 215 2.15% 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
10.00 0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR O0.0000E+000 0.00 6.6998E-001 -122.57
11.00 0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR O0.0000E+000 0.00 6.6998E-001 -122.57
12.00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
13.00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
14.00 D0.00 -999.99 2.15 2.15 0.00000 -30.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
15.00 D0.00 -999.99 2.15 2.15 0.00000 -30.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
16.00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
17.00 D0.00 -999.99 2.15 2.15 0.00000 -30.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
14.00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
19.00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
20,00 D0.00 -999.99 2.15 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57
21.00 0.00 -999.99 215 2.15 0.00000 -90.00 LINEAR 0.0000E+000 0.00 6.6998E-001 -122.57 =/
8,025,330 bytes
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The Effect of 3D Antenna Radiation Pattern on
Narrowband MIMO Capacity : Simulation and

Measurement

#Chanchai Thongsopa', Charinsak Saetiaw', Apichart Intarapanich?
"'School of Telecommunication Engineering, Suranaree University of Technology
Nakhon Ratchasima THAILAND, chan@sut.ac.th
*National Electronic and Computers Technology Center

Phatumtani, THAILAND, apichart.intarapanich@nectec.or.th

1. Introduction

G. J. Foschini and M. J. Gan have been shown that the use of multiple antennas in both
transmitter and receiver, called multiple input multiple output system (MIMO), linearly increases the
channel capacity with the number of antennas [1]. The channel model in [2] is based on the angle of
arrival (AOA). This model, however, does allow including the radiation pattern into the capacity
calculation. The effect of fading correlation without antenna pattern on the MIMO capacity has been
studied in [3]. It has been shown that the capacity is reduced when the fading correlation exists [3]. In
this paper, we generalize the channel model so that it is able to include 3-dimention (3D) antenna
pattern effect on the capacity into consideration. Having the channel model, capacity measurements
are performed for omni-direction and direction antennas.

The paper is organized as follows. In the next section, the proposed channel model with 3D
antenna radiation pattern is discussed for both single and multiple antenna systems. Simulations of the
MIMO capacity in various propagation environments are presented in section 3. Section 4 will show
about field measurement and results by the MIMO test-bed. Finally, section 5 concludes the paper.

2. Proposed MIMO Model

In this section, a brief review of spatial correlation based on “one-ring” channel model is
given. Then, the proposed model of the MIMO system with the effect of antenna pattern is discussed.
We conclude this section with a technique for MIMO capacity calculation with effect of both spatial
correlation and antenna pattern.

The “one-ring” channel model is used for fading correlation computation [3]. Let x and y be a
transmitted and received signal respectively. The system model of a narrowband wireless system with
single antenna at the both ends can be written as

y=hx+n @)
where 4 and » are the channel impulse response and additive noise respectively. The radiation pattern
of the receive antenna will change the magnitude of the channel impulse response for each angle of
arrival (AOA) as shown in Fig. 1.

Figure 1: Schematic of the antenna pattern, incoming signal and received signal

The modified channel impulse response with the effect of the radiation pattern or antenna gain
pattern for a narrowband wireless system can be then written as [4]
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h = G(0,0)h )
It can be seen that the modified channel impulse response consists of three random variables,
i.e. 6,6 and h. The antenna gain pattern, G(6,¢), will transform the angle random variable, 6,6, toa
new random variable. Hence, the modified channel impulse response is a multiplication of two random
variables. The narrowband MIMO capacity is a function of the channel matrix will given by [4]

C =log det[[,”r + ﬁz HH, 3)
O-n

where P is the signal power and (ff,is the noise power. To calculate the capacity with effect of
antenna pattern, random matrices are generated by using realization of the channel matrix is obtained
as in [4] where the AOA for each receive antenna is randomly generated.

3. 3D Radiation Pattern Simulations

The MIMO capacity in (3) is evaluated using Monte Carlo simulations. We generate 10,000
instances of channel and collect the statistics of MIMO channel capacity. In the simulations, we use 4
transmit and 4 receive antennas at the both ends. The signal to noise ratio (P /n ) is 20 dB. The AOAs
are generated using Laplacian distribution [1]. In all simulations, the antenna is pointed into the
direction of the main lobe of antenna. Three types of antenna are used in the simulations. An isotropic
antenna is used for simulating a reference scenario. A horizontal polarized dipole and a S-element
Yagi-Uda are used to investigate the effect of antenna radiation pattern to the channel capacity.

In this simulation, the 3D radiation patterns of all antennas are normalized, by average antenna
radiation or antenna gain of all direction with normalize factor Z, :

% plw , )
fu j:) | G(0, 8) pircctionar | d0d

7, =sede , 0
L L 16O.0) e | dod
Then, the normalize radiation pattern or gain for each angle will be
G(8,9) piretional
GO, Bhaorpee = Lt )

Zy
The 3-dimentional radiation patterns of dipole and Yagi-Uda antennas are obtained
from SuperNEC version 2.9. The 3D radiation pattern in linear scale and polar scale used in
the simulations, for dipole and Yagi-Uda antennas. To compare the performance of each
antenna type, we vary the angle spread values and observe the outage capacity. The channel
capacity at a given outage probability ¢, denoted by ¢,. For example, The 10% outage
channel capacities will be writhen as ;.

— g0 Yap s SEBD

. 27 N b3 R

. .
a) Isotropic with Uniform AOA. b) Dipole with Uniform AOA. ¢) Yagi-Uda with Uniform AOA

eneie s Daraan vagsERD

d) Isotropic with Laplacian AOA. ¢) Dipole with Laplacian AOA. 1) Yagi-Uda with Laplacian AOA

Figure 2. CCDF of capacity for Uniform distributed AOA and Laplacian distributed AOA in 3D
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In the simulations, the antenna is pointed into a 3-dimention with 0 < ¢, < wand 0 < ¢, <=
in azimuth plane and elevation plane. Capacities of 10% outage with uniform distribution for
Isotropic antenna, Dipole, and Yagi-Uda S-element are shown in Fig.2a, 2b and 2c respectively. For
Laplacian AOA distribution, 10% outage capacities are shown Fig.2d, Fig.2e and Fig.2f for Isotropic
antenna, Dipole and Yagi-Uda 5-clement respectively. For uniform distribution case, the average C;,
of the isotropic antenna is about 19.7 bps/Hz for all directions. The outage capacity for dipole antenna
reduces from the ideal case by about 1.2 bps/Hz while Yagi-Uda antenna case, Cy, is about 3.7
bps/Hz less than the ideal case.

In Laplacian distribution case, the power spectrum is concentrated in the mean AOA and it
can be observed that there is a relationship between mean AOA and capcacity. The capacity of
direction antenna is greater than the isotropic case when the direction antenna is in the direction of
mean AOA. If the antenna is in a wrong direction, the capacity will be less than the isotropic case.
Hence, to gain the maximum capacity for the directional antenna, the antenna has to point into a
proper direction. Otherwise, the advantage of using direction antenna will vanish due to signal
attenuation by the antenna. The average capacity for all directions is less than the isotropic capacity,
however. For example, the outage capacity of the isotropic case for uniform AOA is 19.69 bps/Hz
which is higher than 18.50 bps/Hz and 16.11 bps/Hz for the dipole and Yagi-Uda antennas.

4. Capacity Measurements

In this section, the capacity of a directional antenna is measured for 2x2 MIMO system. A
dipole antenna is used in the experiment for comparison with 5-clement Yagi-Uda antenna. The 2-
clement dipole array is used in the experiment as a transmit array. At the receiver, cither 2-clement
dipole or 2-element Yagi-Uda array is used. The measurement campaign is performed by using the
SUT QPSK test-bed with 70 MHz IF signal which is modulated at 2.33 GHz. The transmitted signal
from each antenna is captured at cach receive antenna by using a switch. The channel’s coherence
bandwidth at this frequency is less than 16 MHz for typical indoor and outdoor environments. To
ensure far-field radiation, the transmitter and receiver are at least three meters apart. A complete
calibration of each radio’s gain, phase noise and frequency offset was performed prior to field
measurements. The block diagram of the capacity measurement system is shown in Fig. 3. Probing
signal is loaded into the QPSK signal generator. The received IF signals are digitized and stored in the
digital oscilloscope. The field measurements were performed in a laboratory with electronic
equipment and office furniture and at a car parking yard that has a very large empty ground with a few
electrical power line for an indoor and outdoor environment respectively.
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Gptional Synchronization (10 MHz)

Figure 3. Diagram of narrowband MIMO channel measurement system.

A comprehensive set of results is presented for indoor and outdoor measurement locations. A
fair comparison of MIMO array performance is made between the Yagi-Uda arrays and the reference
dipole arrays with an isotropic from simulation result as show in figure 4a and figure 4b for indoor
scenarios and outdoor scenarios respectively. It is observed in Fig. 4 that the directional antenna in
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indoor environment doesn’t improve MIMO capacity whereas directional antenna improves MIMO
capacity in outdoor environment.

MIMO Capacity MIMO Capacity

™

apacity > Abscissa]

\

1N
\
i\

2 4 ERE 2 4 6 8 10 12 % 1% 18 X
‘Capacity in Bits per Second per Herz

a) indoor scenarios b) outdoor scenarios

6 & 1 12
Capacity in Bits per Second per Herz

Figure 4. Field measurement Yagi-Uda for indoor scenarios and outdoor scenarios withag = 41 .
5. Conclusion

We have proposed the channel model with including 3-D radiation effect for MIMO capacity
calculation. We have shown that the directional antennas can improve the MIMO capacity in outdoor
scenarios when the directional antenna is in a proper direction. Capacity improvement can be achieved
when the statistic of AOA has peaky characteristic. We have shown that directional antennas are not
attractive for MIMO systems in a scenario where the randomness of AOA is high such as uniformly
distributed AOA. In a scenario where AOA is concentrated on a single direction, the antenna position
is crucial to the capacity. If the antenna is point into the mean AOA, then the capacity is increased.
However, when the main antenna beam is off from the mean AOA, the capacity does not improve. The
results from measurement verify that the AOA and antenna radiation pattern play an importance role
in narrowband MIMO capacity. AOA is controlled by the propagation environment whereas the
antenna radiation pattern depends on the antenna design. Hence, the antenna has to be design to match
specific propagation environment so that the MIMO capacity is improved.
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