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PALEERAT WONGCHAMPA : DESIGN OF SWITCHED BEAM
ANTENNAS FOR 4G MOBILE NETWORKS. THESIS ADVISOR :

ASST. PROF. MONTHIPPA UTHANSAKUL, Ph.D., 131 PP.

SWITCHED BEAM ANTENNA/BEAMFORMING NETWORKI/LTE

Nowadays, the mobile wireless communication technology has developed
rapidly and reached to the Fourth Genneration (4G) of mobile wireless
communications. The 4G has been developed for high-speed and efficient data
transmission covering the area of cell center and cell edge. However, the problem of
Inter-Cell Interference (ICI) remains since the 2G to 3G. Therefore, Long Term
Evolution (LTE) technology is envisaged to play vital role in 4G mobile
communications. In LTE systems, Fractional frequency reuse (FFR) technique has
been proposed to tackle the problem of ICI. This technique offers separating of
frequency spectrum resource into sector and reuses such frequency spectrum resource
in different areas. This method also provides maximum utilization of frequency
spectrum resource. Soft FFR technique has been developed from FFR technique. This
technique allocates different signal power in different area in order to reduce
interference single in the area of cell edge. However, the FFR technique cannot
completely mitigate the ICI problem. Therefore, this thesis studies and proposes a
new design of switched beam antennas in cooperation with FFR technique to
efficiently reduce the effect of ICI, thus the system quality can be improved. In this

thesis the optimum numbers of antenna elements and beams for cellular systems are



analyzed. Also, the new beamforming network is designed. The prototype is

constructed and also tested to evaluate its real performance.
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GSM = Global System for Mobile communications
LTE = Long Term Evolution

ICI = Inter-Cell Interference

SINR = Signal to Interference plus Noise Ratio
FFR = Fractional Frequency Reuse

Soft FFR = Soft Fractional Frequency Reuse

A = ANuEIAAY

k = winsavaauTAuMAY 27/4

Yij = ANuaalavesdIgaIMALAaTAY

I = mﬁ’uﬂsz?{m%mmﬂimﬁﬁﬂix@j'umﬂmmﬂ
w = mdulszansmasaniminvesdyaa
A = LOUNAA

(04 = path-loss exponent

£ = Anadaladianain
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dothaazdaglaumsag e

e 1
AF=|— -
e -1

_ izl I(N/2y _ o=i(N/2)w
- j(172)y _e—j(1/2)1//

e

‘ sin(Nl//)
ey L2 ") @

o a 1 4 o w [ 3’/ 1 ]
‘5}1ﬂ?ﬁuﬂﬁlﬁ)ﬂﬂéﬁﬂﬂﬂﬂgﬁiﬂﬂﬂﬁuEJﬂﬁNﬂJ?Nﬁ'"IfJ@"IﬂWﬁLLﬂ?ﬁWI‘]J PNUUMUBITSYSH I

YOI INA d =0 1Ay g =0 AdUY y = kd cos O+ =0 AIUANNIN (2.7) VLAINIID

aagasldminy
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o57)
sin| —y
AF = (2.8)

9
AU ﬁlzﬁﬂ’ﬂlﬁ!}@ﬂu1ﬂ il ﬂ\iuulj1ﬁ13J”I§ﬂ‘]JS$1|"IiLlFIWﬁiJﬂTi"l@B]}L‘Vnﬂ‘]J

(3]
sin| —w
AF = 2 (2.9)
17

2

1 ~ = [ Y A A o VR Y
MPIFAVDIAUNITN (2.8) 1AL (2.9) WUAUNINY N envzmuualimailseneu

o v a Y o Y 1 [ . o ?xja
umammﬂummgmm'ﬁmmﬂmuﬂiwmqqqmmgmazaumimmuwﬁq ANUUTUNTT

WaITIveInlsznouIdA A

(2.10)

P

(2.11)

242  @EIMANDIRAUNULIFITZINY
o w a I ~ 4
A0 INALDITIAUFITLUI (planar antenna array) (Hugduvunlszgndun
o w 9 A Y a 1 @ Y] v 3
nnguuuaeemanadausuudui laesinelu 2.4.1 meomauaazagninea iy
ANAIUNIT ONITHNINAYDIMALDIAIAVITFITLUIY T19DINAULDIFIALITITE UL 111
] 1Y dld 1 1 a 9 A d‘ 1
sUMsuRnaIOUNBangunUUDEUdY Aoauisanluguuazilasuu)asunugUnsus
Y
[ [ o @ a 4
WU 14 AU IMALDIA A LITITTU AN U s s aeA Rtz a0 1T uuy
1 @ A = A o A v 2 o w
sUMsuiwdsunlanuauganazinsesndr saldniniuareoimannlrdiauszuiy

1 9
awnsanazHuyran luyuenaznn 9 AA50UA1 360° AIUUAIGDINALDITIAUTZUIUT
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Y o P vy . '
manzAumsi T Idluanesa ms¥nieszesIna (remote sensing) M3doans1¥aeuas
=3 vy AN Y a v A .
sdITzUVMEIMmNIal8 i Idesure 13 lumiadeved B. Allen, M. Ghavami (2005)
(51EUITAAUIVMINGINUYBIAIBIMALDIa e UTz I TaelFaunish .12) 14
WUIREINUAEINALDISITVUULIEY 1Az TAIE15E N VLIS ULANA A UFIAINITD

9 2 a A A 9
wla Teesuaninsayy y awinaaslugdi 2.6 a2la

cosy=a,ea, =4a, O(éx sin@cosg+4a, sinfsing +a, cosé’)

=sindcos ¢ (2.13)

A 4 % 1 o w 4
1oy &, ADNNNDIUIINUIBVBINU Xy z 1Az r MWAIAY 1D
Y

NNTAUURWIZUUILAY x 15192 Taad115 NVt I 1A LA

A . s 4
e &, &, &

z

M
_ j(m-1)(kdy cos y+py)
AF, =D 1€

X
m=1

I ej(m—l)(kdxsinﬁcos¢+ﬂx) (214)

1

M
ml
m=

d' = 1w a a’ 9 J 9 A ]

e 1, AemdulszansnizuanizauuesdeoIniauaazay d, A0ITe1H19DY
dwomauaazaulunuinnu x uaz 4, Aemanuaiulduesaeeimauaazaulununu
X HBNMTAUURIZUUAAY » IFWASINUAUNNTAUAU x 15192 1AM seReUIaIa AL
N

N j(m—=1)(kd, sin@cosg+p,)
AF, =>"1,e d ' (2.15)
n=1

tﬂ' A " @ a Q( 9 1 9 A ]

o 1, Aemduillsz@nTnzuanszquueIdIoIMALAAZAY d, ABTZUTHIIVDN
meoImaudazdulunuInny yuaz g, Aemianudiudavesmeeimiauaazduly

Y Y H
UUINY y AU INTOHINAITENO VLD ITIAVYDINAUNY X LA y i’)i]ﬂu‘ﬁ%@“ﬁﬁﬂﬂ’)'l

9
puuszu ladremsguailsznounId e DYeInINY x uag y iharenuag Ia

N
j(m=1)(kd, sin & X j(n=1)(kd, sin@cosg+p, )
AF =Z|1{Z|mle’< (Ksindcosgf )}e ' ' (2.16)
1

n= m=

—
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A a4 4 A
V4 NANNNAAULAUNINU
A

ANNIENUAJYDINA

9

31U 2.6 A IMANDIMAVUVUTSUIVTIUIY 2x2

Y agqg Y a 1 9 &) S (Y 9
mﬁwﬁﬁlmmnwagﬂmmmammmmamumiuunu x lag y ummmmz"lﬂ
I =11 2.17)

o Y a a0 T W = [} 9 [ 3’4
Lm%ﬂ”l“l/iL!ﬂﬁlﬁll’f)llwﬁﬂﬂMﬂHﬂWﬂ“}J‘Hu\‘]ﬁu’Jﬂfﬂﬂﬂ Lo = 1o muummmmaﬂgﬂ

mn

AUMT (2.16) AUNADININY

M N
AF = Ioz ej(m—1)(kdxsin9cos¢+/3x)zej(nfl>(kdysinﬂcos¢+/iy) (2.18)

m=1 n=1

WUReInuAUEesIMAL s UL LId s ansaidumsaiallsznenldeglugl

s o 7 { { : Vo
asgu 1 Taglglensu lniauiuaasluaumsi (2.10) wag 2.11) Feag laminy

sin(My/ j sin(Nl// j
AF, (6,¢)= L 2 JL_ a2 (2.19)

M Sin(%j N sin Yy
2 2
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v, =kd, sin@cos g+ S, (2.20)

y, =kd,sinfcosg+ S, (2.21)

1
2.5 STUUMYOIMANG
] 9
FLUUMYDINIALNG (smart antenna systems) 'lﬁlmwwmmmzmclumﬁ f.71.1980
I Y 1A ! Y o A X 4 [ Y o
Wudun uaduszuuaeeiniamngldagniauuie I luszuuisarsuaaou lagniiun
I [ 4 I { A % 1 1
Uszgnd lFaununudeds ISameswilufition Feszuuaeememniazilsznouaionguuos
Y
e IMevate 9 au daisesaanulugluuuaie q fu saunumsdszuaradyanunan
naweznedwviaiedsulsalszansnmldnuszuudeas 1§ae wu
A o = A A y v X 0o g ¥ 3
1. 1SR VEURIAEDINMAYIvEIeNUNAT o UARU 1NN tazsi IdaNwE 2 Tu
A v 2
MIToIVOYAGIVY
Y
2. USulgaadesnmvesszuy ldaau
d' 1 Ly % a d’ Y 1 3’, = 1
3. 1lesnnszuvmeoImenasziuyran lmwizluianeandesmamniu 39
= [ a A o 9 @ [ A Y ~
gapdenasallluiianmedn hldlszrdandanunazgaogmsldaunuames
4. aadyYIUINITNADA
d‘ 1 1 é 1 9
51N 27 vaasdIuilszneuvImEDIMAmNIGITEUVAI80IMIMNTENBUAIY 2
daunan 9 laun seeimeondidunayszuvilszunanadyna(signal processing systems)
= o Y A a ¥ a9 . . .
Faluszuvilszuranavzinminnlumsinan wvesdygundiu (Direction of Arrival :
DOA)  uwagmsduraiensgldinau auhnldudaslumie@evss Liberti,].J.C..and
é dy LY Y ' o d‘
Rappaport,T.S.(1999) #45zUVHUaIMITnaadyyIaunIndon la lagnisnogildinauvony
d' %

v v Aa o Ay < A v Aa o
van hdsnamevesdyaundosnms luvuzivugagudnsonses lldananevesdyg o

) A

o X g9 p o a v Y

UNINaon IﬂfJ‘Haﬂﬂ"lil,‘]J’E’]\iﬁuclufﬂi‘VIﬁ]%ﬁua'lﬂa‘Llﬁnﬂ’iﬂ@‘ﬁﬂ']ﬂulﬂjﬂﬂﬂTiﬁlﬁb'ﬁg‘U‘U
o v a Y o Y A A A

D INIALUDIANAULUUITSHUIUIBUAUITUIU 2 @umwgmﬂﬂugﬂw 2.8 %Tﬂgﬂ D a9y

aalauesdynIuNuIANNTENUAe0IMAIAAZ AN d ADTZOLHINTENINEIWINMA W D

A =

1 QU a Q( 1 90‘ v o
mMaudszansmsaraiminvesdayaim 0, uag 6, ALyYNNNIANNTENUAEDINAVDY

3

[

TyanafidosmsuazdyanaunsndeanuawuangUdyauviesnae

o9

Your = Y1t Y2 (2.22)
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i

T LNT NN

sruvilszunana

Ty

Y

Yoy 191U1991

31N 2.7 szvvmeomang

vazmvualidnanaideosmsuasdyanaunsnaeaanniznuaeomauaazauz 1a

g

Yag = A (2.23)
Yy = A (2.24)
Vig = Aje’” (2.25)
y, = Ael (2.26)

4 o { 9) { 9} { o
WO Yy Yy Yag MAZ Y, A0 dynnaiidesmsnanniznudee madui 1 dynaunsn

L)

o

AOANANNTENUAIBDIMARUN 1 dyandeInsiannTzNUaIweIMAAUY 2 uas dyn s

1 H Y
Lmiﬂfff’i)ﬂ‘ﬁﬁﬂﬂi%‘ﬂﬂﬁWﬂﬂWﬂWﬁﬁu‘ﬁ 2 NUAINY ALY

Yo=Y T Y2i =W, (Ad + AI) 2.27)
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_ _ 9% ié
Yi =Yg+t Yi =W (A +Ae (2.28)
1 ~ A Y
UNUATTUNITIN 2.8 LA 2.9 ﬂ\?clut’fuﬂ'ﬁ‘ﬂ 2.3 %z”lﬂ

Your = A (Wz +Wlej0i )"‘ Ay (Wz + Wlejgd ) (2.29)

A o v o

4 1w J
!iWﬁ}ﬂQﬂWﬁW%uﬂl@\‘l A MNUFUTNDNIIA ﬂJquﬂﬂ‘!Ll‘ﬂiﬂﬁﬂﬂﬁlﬁjﬁﬂﬂ'lﬂlla$ﬁj@\1fﬂﬁWfﬂuGUfN A4,

v & Y

1w A o [ o Ay Y o Y
MNNY Ad INDYIAITNHN mm1mmm&mmm”h muummﬂﬂw

w, +wel% =0 (2.30)

W, + Wlejad =1 (2.31)
iadhedaaunisdi (2.30) 15192 18

w, = —w,el’ (2.32)
unuaumsh 2.32) adlu 231 1214

—wel% +wel% =1 (2.33)

1

w, (e —e)=1 (2.34)

v
v

Vo a £ g L ) {
sz lamdulszanimsalaimiin (weighting coefficients) YOIAGDINAAUN 1

SRIaST

1
W=7 (2.35)

1 i i
(ej‘gd _eJ‘9| )

1 v W 1 o a £ 1 4 o { 4 !
LGB‘L!L?]EJTJﬂ‘L!ﬂ‘]Jﬂ"Ii‘VﬂﬂTﬁll‘]Ji8ﬁ‘ﬂ‘ﬁﬂTiﬂ’N“L!"I‘H“L!ﬂ"lJi’]\iﬁWﬂ”lﬂWﬂﬁJu‘ﬁ 1 Lﬁi’)%ﬂ‘ﬁ"ﬁﬁﬂﬂﬁﬁ



YIUBDDN, Yout

YIUHUNITNTDA

4 A
319 2.8 szVUMELIMPINULUDY

2.30) 15192 18

W -W,
176
el

(%

UNUFUNIN (2.35) aalu (2.31) azld

erjgd
277 e =1
el
6y
e
W, | 1-— | =1
2
eJ9.
ejt9. _eiﬁd
W, 7 =1
el

Z 1 o a £ 1 ¥ o { [ Y
@Nuul'ﬂi]$llﬁjﬂWﬁﬂJﬂ'ﬁZﬁ‘ﬂﬁﬂTifI’NuTlfiuﬂGUfNﬁWElfﬂﬂWﬂﬁ’uﬁ 2 1Moy

YauNAeIMILa Y IUUNINTOANIANNTEND

(2.36)

(2.37)

(2.38)

(2.39)

21
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elf

Yo =\ Gia _gits

(2.40)

Woeunumaums (235) uag (2.40) i ldluaumsn 2.29) gamesieg ladgyanaviesn

SRIasT
Your = A4 (2.41)

9

1 1 I (% 1 a Jdo
‘i%‘]J‘]JE’HEJ’mﬂ1ﬁLﬂQﬁﬁﬂiﬂllﬂ\ihlﬁjlﬂu 2 Usennasil sTuuageIMAnIUUaIngan

AdU (switched beam systems) Hag I VU 189 1MALNLU VYT LA (adaptive antenna systems)

251 syuumgeImAmatUUaiIaiaInay
1 a do A Y o_ v
szuvdgoImennuualagdinay UsznevlidreameeiniAualdiay
1A50918n03Ud1AAY (beamforming  network) Fawsoadwanauld M dndulunm

= % (% A o d’ d' d' 1 [ a QJ 1
RYINU LAzNUADNAIAAY (beam  selector) @]"IZJVILL@'@QG],HE‘]JVI 2.9 MANYTZANTNI509
9

%‘ o . o [ o AA o A = a A th
Umiin (weight, 7) dwmsudnanavieeniiidinau® lldiianei m” ansovaaslu

[

qUMS (2.42) A9l

w (2.42)

1m

T =[w, w

0,m N—l,m]

A A v 3 @ Y A th ) o ' ° A a ~ th =
o w ADAIUINUNUDIT YD INIAAUN 1 m‘ﬁ’i‘UﬂTﬁﬂ’e)g‘iJﬁ”lﬂﬁMMﬂﬁﬂN% m BN

n,m

[

9
wanueenanInlon laaail

y=T"x (2.43)

A A [ Ao 9 = [] a 4
e x AodganansuinnndwoIma Fuaasey lugilvouunsnd
o J a J o § ?x’/ v 1
M3V IMANUUEIATA AU TENOUAIY 4 TuADUAIL
1. A5I9MINANNAINLTIVDIT Y10
A o A~ &£ o A A A Y
2. Wendnauieanilsdnaungniden liedaumunzay
3. T¥dnauluianeiibendod1d lulimsindoun
[ d‘ o d‘ a o o d‘ 1 d‘ 9q 9 d’ d‘ v 1 d‘ dy
4. dulasudinawanlddsdrnaulnidiedldadoun lldidauou wenviniinissiu

Ty ueenvesdeoImarals 9 avh ldaeemeuuliudondmauannsoaing
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o

:
A
A

AnaeNaINaY

31/dn
S

Ty 1091900 ()

v A

A ] '
IATDVIUNDI

F

A 9 dy 1 a o o A
gﬂ‘ﬂ 2.9 Iﬂ‘i\i’diNWH;@WU%@Q‘R‘U‘U?ﬂﬂﬁﬂfﬂmﬂ\‘iLLU“]JET’JWKQWﬂﬁu

' A Y 2 X o q 9 a A
slnuumsuwinszaeaanlanainvatewnin - Funldszunimudenvesgiuuunms
UNTNIZNBDVFUMIUANGIUNNANIIMS IFageIniad L@,

9 Y = ' a 2o A yyo &
mawnsaagldenuazderdevesszuvdisoimanwuuaiagainau laaail

Y A
Tof
= o Y 9
1. IANuFUsoU0Y
a [ 9 <3 [ ] = o A
2. ansadamudyan ldsiasinueasimsliunlasudnay
dd’ Y o ] Y] Aa A 1
3. Tuns@inszuulgsuaumeeimea linnin dsz@nTamvesaseimeinanuy
a o o A Y A [ 1 ] o A
Apranausz lndiesiumeeimetnauulivanauy
Jordy

o

1. lunsaindyana lddanu Imsuatis Imsunsnaoavesdy

g g

2
-]
e
=~
anlk
a0}
g}

2

2
2

=< 9 = a A @ 4
mm“lm;umwmmﬂ  HU mﬁmmmmwamiumsmmﬁmw)wm‘lw

q g

'
[ o

2. s iMsveedyaui luianeiogszniednauy
(% = o w

3. ﬂﬁaﬂfﬁWH’Juf’fﬁUﬂHmLmjﬂﬁ@ﬂu"ﬁ)@iﬂﬂﬂ

o 9

2.5.2  szuumgomamanuulSuaa
a dy I a { I { o 4 dy
meo1masialitluaisoinmiarianainisolsulasudiaauldylylu

a F2 a = 1 %’ [y d' o [ o 4' = d' 1
nanela 9 llﬂiﬂﬂ@ﬁﬁz Tagaziiarnruiminmeninisdsuainaun uasliaiunisenin
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v

a @ @ I ) ' o a £ J %’ Y
gane3 NuuULSUAI (adaptive algorithm) Wudiduiamamdulseansmsataiminves

o (3 o

daana Taenanmsiauvesszuuaeilsdyaiaannsgnuamoeinsuaazaudynuoe

g 9

1 { 1 U a U % 4 o 1 % a QJ 1 g o 1 1 %
gnduniaiudanes iunuulSuaanemuimmimdulsz@nsnmsarahminudardesny

]
v (% ~ v v

{ ! %1 v 4 [ % ?x}l
Tasoruihminiegauinudyganannsznuaeoimasaiuielddyguviesna

g9

aunsn (2.44)

y = WX (2.44)

1o X AoduaNaNINanNnNILNUAIgINIAEazaY

o9

o Id a dy A ax o [ a £
szuvaziiouiugduuurestanuuitl)iFes 9 SFmsmramimdulssdns

[ 1

= deg [ [ AR A A Y = 1 = v 9 1
aunanivaredsyunuoanesnunnenld seaznandaluiidess i annszuauns
[ 1 1 9 Ly [ v Aa d' Y v A v
aenanvzdwwaliszuuansaiuyndn ludafienandesmsuaziuysoansogagud lild
nenvesdyaaunIndoamunuaadlugilin 2.10

9y A2 Y ' [ Yo 2
LiWﬁ"lll15ﬂﬁ§‘]JGUf’JﬂLlagﬂlﬂlﬁﬂqlﬂﬂig‘ll‘llﬁ"lﬂf’nﬂ']ﬂmQLL‘U‘]J‘]JT]J@'JIIQ JU

9y
VDA

1 [ A 1

1. isandmdynuidesnodyaasunIugs

5

) =\ [ ~ . .

2. ludeatimsiSuifieudise1me (calibration)

= a a = dd’ o v ' o
3. fszansnmawilunsainsinudyaiusuniunnniauaeena
Y
SRIGHY

~ o 1 1 a Jdo 4
1. 1A uFo UgIINNNAIB NN DDA IATEInAY
2. Apamsdggudnoehame 14 Iddszaninngaga

Y ' <
3. @]ﬂ\?ﬂ’liwujﬂﬂigmjawaﬂj’]Nﬁjqq

2.6 IANAMIHUEINAY

=2 9 A

NNNAVITNAUDITOAVDITZ VU IBDINIAAIN I T uaInaunan 11
a Ay v o o A R T a '
NAN1NADINT 18 TasmIvudInauvoITzUUaIe01IMeAnatuI lavatamaiia @y A9
~ Y, [ [ A a Tas A Yo a o 9
nasugailoudyna nsdarssniodlaees uaisn lasuanuioniimldluszuy
' an @ 4 a 4 . ! a v { o a o
T1991MANIAD ITUVVINE@DT NI N (Butler matrix) 4 11U ITBULUNATAVD ALV

14 a s A I as A = a o X o [
ADITLIUNTNDY Lu’ﬂﬁ]1ﬂlﬂu3‘ﬁﬂ1§”ﬂ\‘ﬂﬁlllﬁgilG]L!‘V!’L!ﬂWiW'ﬁ@WHG]NfJTﬁEJﬂWﬁﬂﬂ'sﬂﬁl'Ni]i“Uu

a Jd

ES o & v o J [ a Jdo 4
UANITWUNINIUY ﬂ\‘luu}ﬁ\ilﬁ1H$ﬂ°]JﬂTi’LHlI11%}\‘111!'ﬁ3%ﬂﬂﬁ1891ﬂ1ﬁﬁ3@l%ﬁ1ﬂauﬂlﬂﬁ

9
Y

a =
NTHIYU
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\

T A9
YYIUNADINIT

Tyanaunndon

/

danesnuuuy |

SIESTER)

T uv100n, y

A 9 1 [
317 2.10 Taseasavesaeemanauuuliua?

Ay v o A Y] dJ a d
2.6.1 !ﬂ'iﬂslﬂﬂﬂﬂg‘l]ﬁ]ﬂa‘l—!!!ﬂﬂﬂﬂ!ﬁﬂﬁ!&lﬂiﬂ%

' a Jdo 4 .
Gl,ui$‘U‘Uﬁ'lfJf]'lﬂWﬁLﬂ\'1ﬂ53Lﬂ“I/]ﬁ’lﬂﬁnfnﬁlﬂ\3LLUUﬁ?ﬁ‘ﬁﬁWﬂﬁu(stched—beam

o A

’:91 A o 1 3 @ s < J A I~ o Y A g o @
antenna) HazUAI0291111TN (weight) 1 ueenlsgnaundian ienaziihminndludlilsy
A o A ﬁhgl a A Y (A ao’ o A Y 1 = gﬂ = 1 A ]
mendnaulidlllunanendosms Tasarnraniniini ldnannaiu iFeni1 nsev1e
U o 4 . o : 1 a do : S 1
nogUdnau (beamforming network) 11109 FIe10INANLLUAIATEMAULUIZTIAT V1Y

v o A I Y [ ) A A dy a d’9} A T 1 o A A
nogUdmauiludiliuamauied 1l lunamendesmsunumzas nsevrenegildnaun

v
A A

J = g = ag Yo a 1 SA  ax o o
NANINUUDIIISUND1YID LWI’J‘ﬁ“I/]llﬂi‘]Jﬂ”ﬂlluﬂilcluiz‘]J‘]Jﬁ’WfJi’)”lﬂWﬁLﬂﬁﬂﬂfJ ATUVVUNLADT

a 4 é Qddy g’; 9 Y o o [ a 9 . ] g’;
LUNINY “]N’J‘ﬁuLlu%%cl%hlﬂﬂ‘Uﬁ’186WﬂiﬁLLﬂﬁla"lﬂ‘]JLL‘U‘ULG]NLﬁu (lineararray) tN1UU

1 o J a d KR 9y 9 = [ o w
drutlsznovuestinaesuming Feilsznoudreaieeinia 4 au MeEeanwiluuolday
puuFudy 19s¥euasuuylausa 90° (90° hybrid coupler) 2995 JuddaiaNal (cross over)
4 . , e 4 4 ae
uazNasiaoule 45 (Phase shift 45°) agndaslugdi 211 swinaasluauitsves

v o v J a o 4 [ {
Moody , H. (1994) TAgrannNIsNINUUDIL N0 IUNS N ﬁ@!ﬁ@ﬁﬁ ﬂJﬂil!iJW]ﬂﬂiS‘V]‘]Jﬁ

g

] U Ao A 1 a ° o Y o ?xja o
deomadyaraszgnas linduFouasuuulavia 90" uazaa lvddyana Mniudyg o

1 ] (3

prrudnaowla 45 udrvegnaiiuda luidaananasdureuasuuylauia 90° 3,

) : : 9 Y o Yy v o 4 { o § v { ° o ° @
AT agameudinzildadiwdinauniidnaunanduldn 4147, 75.5°, 104.5 uas

138.6° uaaaluaisnan 2.1
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S-Parameter Phase in Degrees
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S-Parameter Magnitude in dB
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S-Parameter Phase in Degrees
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S-Pararneter Magnitude in dB
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S-Parameter Magnitude in dB
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S-Parameter Magnitude in dB
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S-Parameter Phase in Degrees
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Abstract

In this paper, the proposed 5x3 beamforming network for mobile wireless networks is
presented. The beamforming network  1s considered as one important component of smart antenna
technology to form a switched-beam capability which can solve the problem of intercell interference.
The proposed beamforming network is designed to be suitable for mobile wireless networks with 3
sectors per cell. The proposed system can adjust beams into three desired directions within a sector
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Ant#1 Ant#2 Ant#4 Ant#3
(8) (c) (p)
F G
H I J

"'
O

180 -180
port | port 2 port 3

Tasi

A = 45 — [180 cos(90 — 8)]

B = 180co0s(90 + 6)

C = 360cos(90 + 8)

D = [540cos(90 + 8)] — 135

E = [810cos(90 + )] — 202.5
F = —180cos(90 + 4)

G = 180cos(90 + 8)]

H = —180cos(90 + 8)

I = [360 cos(90 + 8)] — 135

J = ([540cos(90 + 8)] — 135)/2

K = 180 — [810 cos(90 + 8) — 202.5]
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Performance Evaluation of Automatic Switched-Beam Antennas for
Indoor WLAN Systems
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Abstract: - In this paper, the design of a compact low cost switched-beam antenna for users in Wireless Local
Area Networks (WLAN) 1s introduced. Four antenna elements are arranged 1n 2x2 lattice. The modification of
beamforming network based on Butler matrix is originally proposed for 2x2 planar array. The design is verified
through computer simulations and also the prototype of automatic switched-beam antenna is constructed to
confirm 1ts performance. Moreover, the validation of performance enhancement is investigated through the
signal strength measurements at the users operating in existing WLAN infrastructure. The results confirm the
advantage of switched-beam antenna employing modified Butler matrix by improving signal strength with
average power of 4.37 dB over the use of omni-directional antenna.

Key-words: - Antenna arrays, Beamforming, Butler matrix, Measurement, Signal strength, WLAN

. communication systems [4]. The improvement can
1 Introduction be seen through the following benefits:

NOWADAYS, Wireless Local - Area Networks -An increase in the rate of expansion, resulting in
(WLANSs) has been popularly installed as one of energy-saving, prolonged lifetime of batteries,

the basic infrastructure for indoor networking [1]. more comprehensive coverage, and higher speed in

This WLAN system is usually designed to offer data communications

high data-rate transmission in indoor environment )

and slowly moving mobile terminals. The key -An_ improvement of the system perfc_)rmz_mce
factor to indicate the quality of air interface is the stability — signals reflected from other directions
received signal strength which is sensitively expose the system of greater opportunity to receive
influenced when situated in indoor environment. the signal

From literatures, there are many techniques to -A Reduction of signals interfered from other
enhance the signal strength in  wireless systems, especially, communication systems in
communication systems. Among those techniques, unauthorized band without signal interference
smart antennas promise an increase in performance control

of wireless communication systems without the

need of additional radio spectrum or transmitted -A Reduction of interfered signals across other

power [2-3]. The smart antennas have been an systems

upsurge of interest since 1980. They constitute with Therefore, the smart antennas have been
a set of antenna array in various forms and signal increasingly popular to improve signal quality for
processing unit containing spatial/temporal signal wireless communication systems. Especially for
processing algorithms to improve wireless WLANS, improvement of signal strength can be

easily obtained using smart antennas with low-cost

ISSN: 1109-2742 782 Issue 12, Volume 9, December 2010
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switched-beam antennas. The simplified type of
smart antennas offering the mentioned advantages
without any additional costs and complications is
switched-beam antennas [5-6]. For these antenna
systems, a number of predefined beam patterns
forming its main beam to different directions are
produced. A suitable beam having the maximum
signal strength is selected. So far, many researchers
have introduced the switched-beam antennas to
WLAN system in order to increase the signal
strength, hence the system quality can be enhanced.
However, there was no evidence so far in literatures
to illustrate the true advantages of using switched-
beam antennas under real circumstances. Even
though the work presented in [7] has indicated the
advantage of applying smart antenna system fto
WLAN through the measured throughputs but
those results were obtained under close
environment in laboratory. The impairments caused
by multipath and shadowing are questionable in
real circumstances. Therefore, a contribution of this
paper is to provide the real insight of WLAN
enhancement by a full prototype of switched-beam
antennas. The beam switching is accomplished
automatically using an economic micro-controller.
The obtained experimental results reflect the real
advantages and brighten the road for commercial
products.

The remainders of this paper are as follows.
After brief introduction, a brief concept of smart
antenna technology is described in Section 2. In
Section 3, the utilized array sensors are discussed.
The design of beamforming network utilized in the
prototype is detailed in Section 4. Section 5 shows
the full prototype of the proposed switched-beam
systems. Afterwards, the prototype is constructed
and tested to confirm its performance. Section 6
shows the experimental results. Finally, Section 7
concludes the paper.

2 Smart Antenna Technology

Smart antenna technology is an antenna technology
with capacity of beamforming in which its main
lobe is directed to one specific direction while
turning nulls or sidelobes to directions of
interference signals. This phenomenon gives rise to
the wireless communication systems performance
in term of signal quality. In general, smart antennas
can adjust the beam to direction of interest while
reducing the effect of interference signals from
other directions such as co-channel interference. In
addition, they can reduce the time delay of signal
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caused by environment that signals arrive at
receiving side over than one path, so called
multipath signal. This is because the signals
reflected from objects such as wall, door, glass, etc,
although the same source of signals, reach the
destination at different time. This impairment can
be eased using smart antennas. Adoption of smart
antennas in future-generation wireless
communication systems would require the smart
antenna feature to be an inherent part of the system
design in order to provide the expected beneficial
impact on efficient use of the spectrum,
minimization of the cost of establishing new
wireless networks, enhancement of the quality of
service, and realization of reconfigurable, robust,
and transparent operation across multitechnology
wireless network. To this end current research
effect in the area is focusing on the following
critical issues:

- The design and development of advanced smart
antenna processing algorithms that allow adaptation
to varying propagation and network conditions and
robustness against network impairments

- The design and development of innovative smart
antenna strategies for optimization of performance
at the system level and transparent operation across
different wireless systems and platforms

- Realistic performance evaluation of the proposed
algorithms and strategies, based on the formulation
of accurate channel and interference models, and
the introduction of suitable performance matrices
and simulation methodologies

- Analysis of the implementation, complexity, and
cost efficiency issues involved in realization of the
proposed smart antenna techniques for future-
generation wireless systems

Smart antenna systems can improve link quality
by combating the effects of multipath propagation
or constructively exploiting the different paths, and
increase capacity by mitigating interference and
allowing transmission of different data streams
from different antennas. More specifically, the
benefits of smart antennas can be summarized as
follows:

- Increased range/coverage: The array or
beamforming gain is the average increase in signal
power at the receiver due to a coherent combination
of the signals received at all antenna elements. It is
proportional to the number of receive antennas and
also allows for lower battery life.

Issue 12, Volume 9, December 2010
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- Lower power requirements and/or cost reduction:
Optimizing transmission toward the wanted user
(transmit beamforming gain) achieves lower power
consumption and amplifier costs.

- Improved link quality/reliability: Diversity gain 1s
obtained by receiving independent replicas of the
signal through independently fading signal
components. Based on the fact that it is highly
probable that at least one or more of these signal
components will not be in a deep fade, the
availability of multiple independent dimensions
reduces the effective fluctuations of the signal.
Forms of diversity include temporal, frequency,
code, and spatial diversity obtained when sampling
the spatial domain with smart antennas. The
maximum spatial diversity order of a non-
frequency-selective fading MIMO channel is equal
to the product of the number of receive and
transmit antennas. Transmit diversity with multiple
transmit antennas can be exploited via special
modulation and coding schemes, whereas receive
diversity relies on the combination of
independently fading signal dimensions.

- Increased spectral efficiency: Precise control of
the transmitted and received power and exploitation
of the knowledge of training sequence and/or other
properties of the received signal (e.g., constant
envelope, finite alphabet, cyclostationarity) allows
for interference reduction/ mitigation and increased
numbers of users sharing the same available
resources (e.g., time, frequency, codes) and/or
reuse of these resources by users served by the
same base station/access point. The latter
introduces a new multiple access scheme that
exploils the space domain, space-division multiple
access (SDMA). Moreover, increased data rates —
and therefore increased spectral efficiency — can
be achieved by exploiting the spatial multiplexing
gain, that is, the possibility to simultaneously
transmit multiple data streams, exploiting the
multiple independent dimensions, the so called
spatial signatures or MIMO channel eigenmodes. It
was shown that in uncorrelated Rayleigh fading the
MIMO channel capacity limit grows linearly with
min(M,N), where M and N denote the number of
transmit and receive antennas, respectively.

According to recent studies smart antenna
technology is now deployed in one of every 10 base
stations in the world, and the deployment of smart
antenna systems will grow by 60 percent in the next
four years. The smart antenna technology has been
successfully implemented for as little as 30 percent
more cost than similar base stations without the
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technology. Smart antennas are already part of
current releases of 3G standards (e.g., Alamouti
STBC), and more sophisticated approaches are
considered for future releases. Furthermore, there is
currently increasing interest in the incorporation of
smart antenna techniques for IEEE wireless
LAN/MAN (802.1ln and 802.162). However,
implementation costs can vary considerably, and
cost-effective implementation is still the major
challenge in the field. At the base station of
particular importance is the development of
improved antenna structures (possibly employing
micro-electromechanical system, MEMS,
technology, e.g.., micro-switches, or left-handed
materials), improved cabling structures, and
efficient low-cost radio frequency/digital signal
processing (RF/DSP) architectures. At the terminal
the application of smart antenna techniques can
have a significant impact, in terms of not only
system performance but also cost and terminal
physical size. Promising areas for further research
are efficient smart antenna algorithm design, small
low-power RF structures, and viable low-power
DSP  implementations.  Moreover,  antenna
structures, RF  architectures, and DSP
implementations are expected Lo operate efficiently
within a wide variety of air interface scenarios,
both separately and in parallel. To this end,
innovative development flow methodologies jointly
covering the RF and baseband parts of complex
wireless systems-on-a-chip should be studied. A
key output of this area of study is an understanding
of the base technologies that are required to make
the future use of smart antennas viable. The
financial impact of the deployment of smart
antenna technologies in future wireless systems
was studied in for edma2000 and UMTS. The
results showed that smart antenna techniques are
key to securing the financial viability of operators’
business, while at the same time allowing for unit
price elasticity and positive net present value. They
are hence crucial for operators that want to create
demand for high data usage and/or gain high
market share. Based on this type of analysis,
technology roadmaps along with their associated
risks can be concluded that will enable appropriate
technology intercept points to be determined,
resulting in the development of technologies
appropriate for each application area.

The smart antennas are normally categorized
mnto two types: switched-beam antennas and
adaptive antennas |8]. The brief detail of individual
type is shown as follows.
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2.1 Switched-beam antennas

The switched-beam antenna systems are the
simplest smart antenna technique as they consist of
antenna array and simple beamforming network.
The spatial filtering is accomplished by antenna
array. The configuration of array arrangement can
be one or two-dimension (1D or 2D). For ID
arrange, linear array, the array is usually spaced by
half-wavelength of the operating frequency. This is
because we can obtain only one main lobe and also
we can obtain the lowest sidelobe levels. The
beamforming network of switched-beam antennas
can be easily constructed using simple printed-
circuit board. As a result, switched-beam systems
are considered to be a low-cost system to enhance
the signal quality of wireless communication
systems. A number of predefined beams are
produced in beamforming network. All signal
received from those predefined beams are
compared 1in term of signal strength. The
configuration of switched-beam antennas is shown
in Fig. 1(a). The beam giving strongest signal
strength 1s selected to be the output of the
beamforming network. This is because we believe
that interference signal does not affect much i the
beam give strongest signal strength. The beam
switching can be simply performed using basic
swilching network which does not need fast or high
computational function. The mention process is
automatically repeated in order to confirm that we
can follow the desired user all the time. However,
gain of signal expansion is still low mn beam
direction with the limitation on signal inference
reduction in case of unclear signal or shadow
signals. Signal inference or signals arrive in several
board angles can also result in the mistakes of
signal selection. The overall goal of the switched-
beam systems is to increase gain, according to the
location of the user. However, since the beams are
fixed, the intended user may not be in the center of
the main beam. If there is an interferer near the
center of the active beam, it may be enhanced more
than the desired user

2.2 Adaptive Antennas

The adaptive antennas have a different concept
from the switched-beam antennas mentioned in last
section. Fig.l(b) shows the configuration of
adaptive antennas which is constituted by an
antenna array and signal processing unit. The
antenna array deals with the signal processing in
spatial domain while the signal in time domain is
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Fig. | beamforming lobes and nulls of (a) switched-
beam antennas and (b) adaptive antennas.

the signal in time domain is accomplished by signal
processing unit. From the figure, we can see that
the main beam can be directed to the desired user
all the time while nulls can be pointed to undesired
or interfering directions simultaneously. As a
result, the undesired signal such as co-channel
interference and multipath  signals can  be
completely eliminated from the systems. In part of
signal processing unit, the received signals are
weighted with suitable weighting coefficients in
order to eliminate the effect of undesired signals.
This part can also be called beamforming network.
In order to have the best performance, the signal
processing unit must be very fast in order to track
the user when moving from place to place. In
addition, high computational signal-processing unit
is required in order lo have accuracy in lime
domain. The adaptive antenna systems provide
more degrees of freedom since they have the ability
to adapt the radiation pattern to the RF signal
environment in real time. In other words, they can
direct the main beam toward the pilot signal or
Signal Of Interest (SOI), while suppressing the
antenna pattern in the direction of the interferers or
Signals Not Of Interest (SNOIs). To put it simply,
adaptive-array  systems can  customize an
appropriate radiation pattern for each individual
user. This is far superior to the performance of a
switched-beam system. Because of the ability to
control the overall radiation patlern in a greater
coverage area for each cell site, adaptive antenna
systems greatly increase capacily. In the presence
of a low-level interference, both types of smart
anlennas  provide  significant  gains  over
conventional sectored systems. However, when a
high-level interference is present, the interference
rejection capability of the adaptive systems
provides significantly more coverage than either
the conventional or switched-beam systems
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Adaptive antennas can locate and track signals
(users and interferers), and can dynamically adjust
the antenna pattern to enhance reception while
minimizing interference, using signal processing
algorithms. After the system down-converts the
received signals to baseband and digitizes them, it
locates the signal of interest using the Direction-Of-
Arrival (DOA) algorithm. It continuously tracks the
signal of interest and signals not of interest by
dynamically changing the weights (amplitudes and
phases of the signals). Basically, the DOA
algorithm computes the direction of arrival of all
signals by computing the time delays using a cost
function, computes the appropriate weights that
result in an optimum radiation pattern. Because
adaptive arrays are generally more digital-
processing intensive than switched-beam systems,
they tend to be more costly.

3 Array Antennas

A rectangular planar array is herein chosen with the
reason of array size reduction. Also, the 2D antenna
array can be managed to provide only one main
beam over 360". The choice of number of antenna
elements is 2x2 as it is the minimum number for
planar case. The inter-element spacing of the array
18 2/2 or 6.12 em at 2.45 GHz. The configuration of
switched-beam antennas employing 2x2 planar
array is shown in Fig. 2. As seen in this figure, the
received signal at i antenna element when the
signal is coming from azimuth direction (f) can be
expressed by

&

: jﬁ—-éi(cosl'gni—-ﬁ—ﬂ_)'l |
x, =Ae ’ 8]

where £ stands for phase constant of the signal, A
represents the signal amplitude and i is index of
antenna element shown in Fig. 2. Fig. 3 shows the
relative phase of signal at each receiving antennas
versus Direction Of Arrival (DOA) of incoming
signal. Note that the variation of relative phase in
Fig. 3 1s the key design for the beamforming
network which is detailed in Section 4.

Next, an example of radiation pattern of 2x2
planar array utilizing omni-directional antennas is
investigated. For this case, the main beam has been
managed Lo be pointed at 45", 135,225 and 315
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Fig. 2 Configuration of switched-beam antennas
employing 2x2 planar array.

Antenna 1 Antenna 2 — - Antenna 3 — - - Antenna 4

Phase (%)

0 5.‘3 1 60 1 ‘SD EfIJD 2‘50 SISD 380
DOA, g(%)

Fig. 3 Relative phase of each element on 2x2

planar array vs. DOA.

as show in Fig. 4. This can be accomplished by
adjusting relative phase shift between the antenna
elements which will be more detailed in next
section. As we can see, each beam is identical and
there is only one main beam for each pattern with
directive gain of 10.47 dBi. As shown in Fig. 2, the
beam selection is a process to select the best beam
for transmitting or receiving signals. According Lo
the obtained result shown in Fig. 4, the intersection
between adjacent beams occurs at -1.65 dB. It
reflects that one beam has to be switched to the
others when a level of signal i1s below -1.65 dB.
This presents the dynamic range of 1.65 dB.

4 Design of Beamforming Networks

The Butler matrix [9] is considered to be a typical
type of heamforming network for switched-beam
antennas as its simplicity. The switched beam
antenna constitutes of the beam-forming network as
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Fig. 4 Simulated radiation patterns of 2x2 planar
array managed to point main beam at 457, 135",
225,315,

beam adjustor to the desired specific direction.
There are many ways for beam-forming network.
The classic beam-forming network is “Butler
matrix” which can apply to the linear array 4xl
antenna solely. The important component of the
Butler matrix is circuit 90° hybrid coupler in 4x4
structures  Fig.5 shows “Block Diagram™ 4x4
Butler matrix, consisting of two cross signals, 4
antennas (linear array) , and 4 90 hybrid couplers.
When signal source reaches the linear array antenna
and passes onto the Butler matrix beam-forming
network, the phase angle is sledged through circuit
90" hybrid coupler. The 45 sliding phase direction
lays between port | and 3, and between port 2 and
4 1o produce beam-forming 45 sliding phase.
resulting in the differences of phase angles for each
four ports as shown in Table |.

{

i Hybrid
T eoupler 90°

Crossover -s---

» Phase shift45°

Fig.5 Butler matrix for 4x!I linear array antennas.
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Table |. Beam direction and inter-element phasing
for Butler matrix.

Antenna | Antenna | Antenna | Antenna Beam Inter-
Element | Element | Element | Element | Direction | Element
#1 #2 #3 # Phasing
Partl | 45 -180° 45 90 1386° | -135°
Por2 r -45° 90 =135 104.5 —45
Portd [ _j35° -0 —45 [y 75.5° 45
Portd | _gp 45 180" -45° 414 135°

It consists of 90" hybrid couplers, crossovers and
45" phase shifters. The network is designed for 4
inputs and 4 outputs. The input is connected to 4
antenna elements. Each output port represents the
summation of all 4 inputs multiplied by weighting
coefficients, which is correspondent to one specific
direction. Hence, the outcome of Butler matrix
provides 4 simultaneous beams corresponding to 4
directions. This conventional Butler matrix is
strictly designed for 4x! linear array. However,
utilizing 2x2 planar array is desirable for this paper.
Therefore, the new design of beamforming network
1s required.

In this paper, the modification of Butler matrix
is originally proposed in order to produce 4 beams
when utilizing 2x2 planar array. Fig. 6 shows the
configuration of modified Butler matrix. As seen in
this figure, only two components are required,
which are x" hybrid couplers and a crossover. The
deletion of 45" phase shifters is due to the ease of
design. In order to find the value of x, the phase
difference of all responses of modified Butler
matrix has to be examined.

Antenna

2 3 1 4
AV v Y VY
~ X
X ><

Hybrid coupler

2 4 1 3
Output Ports

Fig. 6 Configuration of modified Butler matrix.
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Table 2 presents the phase difference between
input and output ports according to the
configuration shown in Fig. 6. It is clearly seen that
each output port has the same components of phase
shifting which are (", x, x" and 2x". Then, the next
attempt is to match the sequence of phase
difference with the phase responses of each antenna
elements shown in Fig. 3. With a quick inspection,
the phase sequences in Table | can be matched
with the phase responses in Fig. 3. The output port
number 1, 2, 3 and 4 are correspondent to DOA of
signals coming from 45°, 315, 135 and 225,
respectively. Also found in Fig. 3, the x™ has to be
68" otherwise the set of DOA signals becomes non-
constructive. Therefore, the new design for 68
hybrid coupler is required.

Table 2. Phase responses between input and output
ports shown in Fig. 12

Output Antenna Element
Port 5 " ] .
2 0¢ x° 0 58
4 x® 2 0° x°
! a8 0° 20 @
) 2 x X 0°

Using the Microwave Office program package,
the size and dimension of 68  hybrid coupler is
obtained which is shown in Fig. 7(a). Also, the
fabricated coupler 1s shown in Fig. 7 (b). For
crossover, the same design presented in [10] is
utilized. The Fig. 8 shows size/dimension and the
photograph of fabricated crossover. Note that the
prototype constructed on FR4 microstrip having
dielectric constant of 4.5 and thickness of 1.67 mm.

15 mm 13.23 mm 7.2mm
| = 'r |
sl 1 A
=
10mm Limxn
2267 mm

(a)
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(b)

Fig. 7 68c hybrid coupler (a) size and dimension
(b) photograph of constructed prototype.

16.49 nom
l 515 mm

!

1577 mm

[

B

100mm | e

1577 mm
829 yum

300 mum

(b)

Fig. 8 Crossover (a) size and dimension
(b) photograph of constructed prototype.

5 Automatic Switched-Beam

Prototype

After having completed the design for antennas and
beamforming network, a full prototype of switched-
beam antennas is assembled as shown in Fig. 9.
The 2x2 rectangular array of microstrip antennas
and modified Butler matrix designed at 2.45 GHz
are utilized. The Fig. 10 shows a full system of
automatic switched-beam antennas and also the
constructed prototype. The 4 output ports of
modified Butler matrix are connected to switching
network which is controlled by microcontroller
Atmega 128. The output signal from switching

Issue 12, Volume 9, December 2010




119

WSEAS TRANSACTIONS on COMMUNICATIONS

Fig. 9 Full prototype of switched-beam antennas
employing 2x2 planar array and modified Butler
matrix.

2+2 Planar Amay

icnna.

g T
L7 L7

Antenna3  Antennad

=l

nicana

(a)

(b)

Fig. 10 Full prototype of automatic switched-beam
antennas (a) diagram (b) photograph of constructed
prototype.

network 1s coupled to measure the signal power in
power detector. The 4 signal powers from 4 beams
from modified Butler matrix is compared to find
the maximum one in micro-controller. The process
is automatically repeated every minute. As a result,
the WLAN user can utilize maximum signal
strength all the time.
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6 Measurement

The power level of signal in WLAN transmission
is able to designate quality of services including
with guaranteed data rate transmission, achievable
coverage area and acceptable bit error rate. In this
paper, the measurement of received signal strength
18 undertaken to represent the performance
enhancement of WLAN user when applying the
switched-beam antennas. The  photograph of
measurement setup is illustrated in Fig. 11. The
laptop shown in Fig. 1l 1s a general mobile
terminal that can measure signal strength from
WLAN module. This paper adopts NetStumbler
0.4.0 which is a freeware program to detect the
received power from all access points. For WLAN
module, the external unit from PLANET
Technology Corporation (WL-U356A module) is
preferred because the antenna element 1is
removable. According to the aim of this paper, the
measured signal strength utilizing omni-directional
antenna and the proposed switched-beam antennas
is recorded in laptop.  For omni-directional
antenna, the 5dBi1 monopole antenna originally
included with WLAN module is utilized. All losses
due to cable and beamforming network are taken
into account, thus the measured signal strength
indicates a true performance of switched-beam
antennas under real circumstance.

Fig. 11 Photograph of measurement setup.

The measurement is undertaken on the 4™ floor of
C-Building at Suranaree University of Technology.
The layout of measurement area is shown in Fig.
12. This floor has four access points located on area
of 75x75 m”. Four access points (AP1, AP2, AP3
and AP4) operating on IEEE 802.11 b/g standard
transmit the same power at 18 dBm. The AP3 1s
allocated with channel 1 while AP1, AP2 and AP4
are allocated with channel 11. The measurement is
performed on 20 locations distributed to cover most
area on the floor. In each location, two cases of
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antenna parts: omni-directional and switched-beam
antennas are performed and the 5 measured signal
strengths are collected and stored on laptop. Note
that the automatic beam selection is performed
when utilizing switched-beam antennas.

(e e BEEY
EEEEBEEEEEE(alanLy,
SIeEEE

ANDER-DIEE

|.]I!I!l]l]lj -

|I|L‘|f
BT

Fig. 12 Map of measurement area.

Fig. 13 shows probability of measured signal
strength comparing between using the proposed
antennas and omni-directional antenna. As
observed in this figure, the probability of signal
strength  using omni-directional antenna i3
distributed in range from -70 to -49 dBm while the
range of using automatic switched-beam antennas
is spread from -67 to -47 dBm. This indicates that
the higher signal quality can be expected by the
proposed antenna system. For the average signal
strengths calculated by the results shown in Fig. 13,
using automatic switched-beam antennas can offer
up to -58.56 dBm, thus 4.37 dB higher than using
omni-directional antenna.

HN il

i O] u CO) o
Signal steength (dUm}

Prokability

,J,.u )

Fig. 13 Probability of measured signalstrength
(dBm) of the systems employing omni-directional
antenna and automatic switched-beam antennas.
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Fig. 14 shows the outage probability of systems
employing  omni-directional and  automatic
switched-beam antennas. The star and dot points
represent the measured data while the solid and
dash lines represent the approximated curve fit to
the measured data. As noticed in this figure, at the

S S —" ———— —— ——
— Omni-directional Antenna
-~ Automiatic Switched-Beam Antennas

Cutage Probability
o
B

A
66 64 62 60
Signal strength (dBrm)

T ® % M @ B 8
Fig. 14 Outage probability of the systems

employing omni-directional antenna and automatic-

switched-beam antennas.

same signal strength value, automatic switched-
beam antennas provide lower outage probability.
Moreover at one particular low outage probability,
which is required for wireless communication
designer, the automatic switched-beam antennas
can offer higher signal strength. This means that the
automatic  switched-beam antennas  guarantee
higher signal quality at the required outage
probability over using omni-directional antenna. In
addition, the percentage of coverage area illustrated
in Fig. 15 shows the better outcome when using
automatic  switched-beam antennas. At 80%
coverage area, the proposed antenna system can
guarantee the signal quality higher than -65.64
dBm while using omni-directional antenna can only
offer at -68 dBm. These results emphasize the
success of using automatic switched-beam antennas
for enhancing WLAN signal quality.
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Fig. 15 Percentage of coverage area of the systems
employing omni-directional antenna and automatic-
switched-beam antennas.

7 Conclusion

This paper has been demonstrated the performance
enhancement of WLAN users using automatic
switched-beam antennas employing modified
Butler matrix and 2x2 planar array. The measured
signal strength is considered as enhancing indicator
under real scenario of existing WLAN
infrastructure. The original design of modified
Butler matrix for 2x2 planar array is proposed to
make the system more compact in size than
conventional 4x1 linear array. Both simulation and
experimental results indicate that the proposed
switched-beam antennas provide higher capability
of receiving signal strength and higher reliability on
coverage area.
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Abstract- The Long Term Evolution (LTE) technology is the
most possible candidate for next generation mobile
communications. One impairment of LTE is the interference
from neighbor cells, so called Inter-Cell Interference (ICI). The
Fractional Frequency Reuse (FFR) has been proposed to handle
the problem. Also lately, soft FFR technique has been
introduced for better utilization of frequency spectrum. In
addition, beamforming technique is considered to be the
solution to improve the performance of wireless communication
systems. From literatures, the true performance of
beamforming-LTE systems in term of signal quality has never
been revealed. Therefore, this paper investigates into the
mentioned performance in term of Signal-to-Interference plus
Noise Ratio and channel capacity through computer simulation.
The obtained results show that FFR technique including beam
formation improves the system performance. Furthermore,
employment of soft FFR provides the best performance to the
beamforming-LTE systems.

. INTRODUCTION

Nowadays, mobile wireless communications have a
profound impact on people’s daily lives. Also, it has grown
with unprecedented speed. Since the ¥ Generation (1G) of
mobile communications, the systems were designed to
support analog signal compatible with  voice-only
transmission. Then, the 2™ Generation (2G) of mobile
communications has been developed to support digital
systems. During that time, Global System for Mobile
Communications (GSM) was developed to manage the use of
available frequency spectrum efficiently. However, GSM
networks are able to provide only low data transfer-rate and
support only voice service. Afterwards, Code Division
Multiple Access (CDMA) technique has been applied to the
systems in order to support an increased number of users and

several types of data rather than voice such as text, image etc.

This has brought to the generation of 2.5G. Lately, the 3™
Generation (3G) of mobile communications has been
developed to support fast data transfer-rate up to 2 Mbps and
transmission of voice, image and video. However, some
impairment has been left from previous generations in which
the next generation of mobile communications is envisaged
to tackle the problem e.g. higher speed data transfer-rate,
global standard to support usage in different areas and
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stability connections for multi-media, video or wireless
teleconference.

Long Term Evolution (LTE) advanced is a preliminary
mobile communication standard, formally submitted ITU-T
in late 2009 as a candidate for the 4™ Generation of mobile
communication (4G) systems and expected to be finalized in
2011[1]. It is standardized by the 3" Generation Partnership
Project (3GPP) as a major enhancement of the 4G 3GPP
LTE standard. The main goal of LTE is to provide high data
transfer-rate, low latency, increased flexible and effective
bandwidth, and improve quality of service to reduce delay.
However, LTE technology cannot provide full benefits due
to the problem of interference signal from neighbor cells, so
called Inter-Cell Interferences (ICI). This is occurred when
users move from cell center to cell edge resulting the signal
transmitted from the cell center is reduced while interference
signals from neighbor cells is increased. From literatures, 1CI
problem can be eased using ICI randomization, ICI
cancellation or ICl co-ordination [2]. One well-known
technique for ICI co-ordination is Fractional Frequency
Reuse (FFR). For this technique, the reused frequencies are
divided into sub-bands to improve the signal quality at cell
edge. Recently. Soft FFR has been developed by managing
different level of transmitted power respective to the distance
between users and cell center. However, the mentioned
technique cannot completely mitigate the ICl problem.
Therefore. smart antenna technology in cooperating with
FFR technique is envisaged to be the best solution to
enhance the system quality. The smart antennas are firmed
technology which is constituted by antenna array and signal
processing unit [3]. The key of success for smart antennas is
to form its mainbeam to desired direction while its nulls or
sidelobes can be pointed to the directions of interference
signals, so call beamforming. As a result, it can be found that
the adoption of smart antenna technology in future wireless
systems has a significant impact on the efficient use of
spectrum, the minimization of the cost of establishing new
wireless networks, the optimization of service quality, and
realization of transparent operation across multi-technology
wireless networks.

From literatures, the work presented in [4] has revealed
that beamforming is one technique to improve the cell edge
performance. Also the authors of [5] has shown advantage of
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Fig.1. Inter-cell interference.

beamforming in 4G mobile networks in term of number of
collided mobile terminals in one beam. However, the true
benefit of beamforming for beamforming-LTE systems in
term of signal quality is still needed to be exposed.

Therefore, this paper investigates into the LTE system
performance when employing FFR technique and
beamforming at mobile terminal. Two parameters indicating
the system performance, also signal quality, are Signal-to-
Interference plus Noise Ratio (SINR) and channel capacity.
This paper begins with brief concept of ICI in Section I
followed by some backgrounds of FFR and soft FFR in
Section IIl. The system performance in term of SINR and
channel capacity is evaluated via computer simulation in
Section IV. Finally, Section V concludes the paper.

Il. INTER-CELL INTERFERENCE

Fig. 1 shows scenario of Inter-Cell Interference or ICL
The ICI occurs when users are moving away from cell center
toward cell edge. According to this, the SINR at a mobile
terminal is reduced due to two reasons as follows. Firstly, the
signal transmitted from base station to mobile terminals is
dropped because of an increase in path loss. Secondly, ICI
from neighbor cells becomes more pronounced when users
are close to the cell edge. The SINR of the system can be
expressed by

R
VI S (1)
Nl + P2(2R~r)

where o is the path-loss exponent, P; the transmit power
for the & base station, R is the cell-radius. Please note that
all base station in the svstem transmits the same level of
power. In a severely interference limited scenario, the
background noise NoW can be ignored, and then the above
expression can be simplified by

()
p=—1] .
=

@)

The 8th Electrical Engineering/ Electronics, Computer,
Telecommunications and Information Technology (ECTI)
Association of Thailand - Conference 2011

Communication Systems
Wireless/ Mobile Communications & Technologies

/

Power

f1 2

Total bandwidth

Fig2. Fractional frequency reuse.
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Fig3. Soft fractional frequency reuse.

Assuming, the path-loss model for 2-GHz frequency is
described by

PL =128.1+37.6xlog,,(r), [dB] (3)
where r is the distance between the mobile and base-A in
kilometers. The same path-loss model is adopted for the
interference coming from base-B as shown in following

equation.
PL, =128.1+37.6xlog, (2R -7) . [dB] @

The SINR experienced by the mobile terminal can be
given by

Fhe
plio 10

P m >
ICI E’L

N +P| 1010

Furthermore, channel capacity is one factor which can
describe the performance of wireless communication
systems. The channel capacity used in this paper can be
express by

C=Blog, (1+SINR), [b/s/Hz]. (6)

where B is channel bandwidth.
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I1I. FRACTIONAL FREQUENCY REUSE TECHNIQUE

Fractional Frequency Reuse (FFR) is one technique to
relieve ICI problem mentioned in Section Il. This technique

offers separation of frequency spectrum resources into sector.

The reused frequency spectrum resource is shown in Fig.2.
This method also provides maximum utilization of frequency
spectrum. Lately, soft FFR technique has been proposed for
better utilization of frequency spectrum as shown in Fig. 3.
For the soft FFR technique, the transmitted power at some
sub-frequencies is higher covering the area of cell edge. This
technique provides power allocation arrangement to improve
cell-edge SINR while degrading SINR for users towards the
other cells.

Both FFR and soft FFR have been introduced in order to
relieve the effect of ICI problem, especially at the region of
cell edge. However, the beamforming technique is envisaged
to boost up the system performance without expansion of
frequency spectrum. Next section shows the system
performance of beamforming in cooperating with FFR and
soft FFR techniques.

IV. SIMULATION RESULTS

The LTE-system performance in this paper is shown via
own developed Matlab programming. The adjacent 19 base
stations (19 cells) are assumed. Each cell is divided into 3
sectors where each sector covers 120° as shown in Fig. 4. In
addition, the configuration of cell sectorization and
frequency allocation for soft FFR in simulation is shown in
Fig. 5. The simulation includes the cases demonstrated in
Figs. 4 and 5 with and without beamforming technique.
More parameters utilized in simulation are shown in Table 1.
In case of beamforming, we apply the beamforming pattern

abivwn in Tig. ¢ tw e ool configuwativig shuown i Tigo. 4
and 3, as the case of FFR and soft FFR. Please note that
beamforming pattern presented in Fig. 6 is simulated from 5-
element linear array spaced by half-wavelength at the center
frequency. The designated band covers from 2.50 to 2.69
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Fig.6. Beamforming pattern.

TABLEI
SIMULATION PARAMETERS

Number of base station 19
Inter-base stauon distance 1000m
Pathloss model 3GPP Macro cell [4]
Number of antenna elements 5
Inter-element spacing d=i.2
Number of users random 100

GHz. The attention of the simulation in this paper is paid to
two parameters: SINR and channel capacity.

Fig. 7 shows Probability Density Function (PDF) of SINR
for 4 cases: no FFR, no FFR + beamforming, soft FFR, and
soft FFR + beamforming. As expected, we obtain lowest
performance in case of conventional systems without FFR
technique. However, this can be improved by including
beamforming technology to the base station. Moreover, the
higher performance of the systems can be obtained when
FFR technique is taken into account. Among all case, the
best performance can be obtained when we include FFR in

vovpaiating with branfunimning w the oy stens.

Fig. 8 presents the PDF of SINR gain of the system
obtained from simulation. The SINR gain is here defined as
the SINR level when utilizing soft FFR technique including
beamforming compared with the ones using only
beamforming technique without FFR technique. From 100
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VI. CONCLUSION

= — This paper has investigated into the performance of LTE
et I systems when FFR technique in cooperating with
TSR beamforming technique is taken into account. The key
L B e i parameters to show the system performance are SINR and
channel capacity. The results obtained from computer
simulation have shown that both FFR and beamforming
techniques can improve the system performance. Moreover,
case of using soft FFR technique including beam formation
provides the best performance in term of SINR and channel
capacity.
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TABLEII
SIMULATED CHANNEL CAPACITY

Type Channel capacity [b/s/Hz]

No FFR 14655

No FFR + Beamforming 20127

Soft FFR 30176

Soft FFR + Beamforming 3.8531

users, it shows that the most probability of getting SINR gain
is 11 dB. In addition, Table Il shows the obtained channel
capacity for 4 cases in simulation. It reveals that utilizing
soft FFR technique including beamforming provides the
highest channel capacity. This reflects that cooperation
between soft FFR and beamforming techniques is best choice
for performance improvement of LTE systems.
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Abstract

In this paper, the performances of using Fractional Frequency Reuse (FFR) schemes
together with beamforming technique are presented. The key performances in terms of Signal-to-
Interference plus Noise Ratio (SINR) and channel capacity are compared. The beamforming
antenna array have been both simulated and measured. The results show that the beamforming
technique improves the channel capacity and SINR. The best performance is obtained when the
system employs a soft FFR with three sectors and beamforming technique.
Keywords : Beamforming, LTE, Array Antennas, Intercell interference, Frequency reuse

1. Introduction

LTE systems are a preliminary mobile communication standard, formally submitted ITU-T
in late 2009 as a candidate for the 4™ Generation of mobile communication (4G) systems and
expected to be finalized in 2011[1]. The main goal of LTE system is to provide high data transfer-
rate, low latency, increased flexible and effective bandwidth, and improve quality of service to
reduce delay. However, LTE technology cannot provide full benefits due to the problem of
interference signal from neighbor cells, so called ICI problem. This is occurred when users move
from cell center to cell edge resulting the signal transmitted from the cell center is reduced while
interference signals from neighbor cells is increased. From literatures, the techniques to mitigate the
ICI problem can be classified as several types [2]. One of the interesting techniques is a Fractional
Frequency Reuse (FFR). The FFR technique divides a whole frequency band into several sub-bands
and wisely allocates to a specific area in order to improve the signal quality at cell edge. However,
the mentioned technique cannot completely mitigate the ICI problem. Therefore, a smart antenna
technology [3] in cooperating with FFR technique is envisaged to be the best solution to enhance
the system quality. From literatures, the work presented in [4] has revealed that beamforming is one
technique to improve the cell edge performance. Also the authors in [5] have shown the advantage
of beamforming in 4G mobile networks in term of number of collided mobile terminals in one
beam. However, the true benefit of beamforming for beamforming-LTE systems in term of signal
quality as well as channel capacity is still needed to be exposed. Therefore, this paper investigates
into the LTE system performance when employing FFR schemes including FFR or soft FFR, three
sectors per one cell or without sector and beamforming.

2. Inter-Cell Interference

An Inter-Cell Interference (ICI) occurs when users are moving away from cell center
toward cell edge. According to this, the SINR at a mobile terminal is reduced due to two reasons as
follows. Firstly, the signal transmitted from base station to mobile terminals is dropped because of
an increase in path loss. Secondly, ICI from neighbour cells becomes more pronounced when users
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Figure 4: Linear array antennas

are close to the cell edge. The SINR of the system can be expressed by (1). Please note that all base
stations in the system transmit the same level of power. In a severely interference limited scenario,
the background noise can be ignored.

0.8
!

p=[224] (1)

where « is the path-loss exponent, R is the cell-radius, r is the distance between user and
base station.

3. Fractional Frequency Reuse Technique

The FFR technique offers separation of frequency spectrum resources into sector. The
reused frequency spectrum resource is shown in Figure 1. This method also provides maximum
utilization of frequency spectrum. Lately, soft FFR technique has been proposed for better
utilization of frequency spectrum as shown in Figure 2. For the soft FFR technique, the transmitted
power at some sub-frequencies is higher to cover the area of cell edge. This technique provides
power allocation arrangement to improve cell-edge SINR while degrading SINR for users towards
the other cells. In this paper, the simulation situations of FFR schemes is presented in Figure 3 (a)
sector no FFR (b) FFR (¢) FFR sector (d) soft FFR and (e) soft FFR sector. Both FFR and soft FFR
have been introduced in order to relieve the effect of ICI problem, especially at the region of cell
edge. However, the beamforming technique is envisaged to boost up the system performance
without expansion of frequency spectrum. Next section shows the design of practical beamforming
for LTE system.

4. Beamforming

The authors had investigated the optimum number of beamforming which is suitable for
three sectors per cell (120 degree/sector) in LTE system. The optimum solution is 3 beams per
sector. Hence, the beamwidth of each beamforming is 40°. Then the authors found that the 5x1
linear array antennas provide the beamwidth of 37.9° which is appropriate for our desired solution.
Therefore in this paper, the beamforming has been designed by 5x1 linear array antennas. For
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antenna type, this paper uses a printed monopole because it is simple and can support the wideband
operation for LTE system. In this paper, five printed monopoles are linearly placed with an inter
element spacing of A/2. The manufactured array antenna is shown in Figure 4 (a) and (b). The
measured radiation pattern shown in Figure 5 is also similar to the simulated result from MATLAB

programming.

Table 1: Simulation Parameters

Number of base station 19
Inter-base station distance 1000m
Pathloss model 3GPP Macro cell [4]
Number of antenna elements 5
Inter-element spacing d=i/2
Number of users random 100

Table 2: Simulated Channel Capacity

Channel capacity [b/s/Hz]
— R T——— Simulated Measured
P ! e beamforming beamforming
Sector no FFR 1.4655 2.0127 1.9878
FFR 24513 2.9962 2.8539
FFR sector 2.8987 3.2491 3.1989
Soft FFR 2.9769 3.3697 3.2445
Soft FFR sector 3.0176 3.8531 3.7543
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Figure 9: SINR versus path-loss exponent

5. Results and discussion

In simulation, the total number of adjacent base stations is 19 cells. Every base station has
the equal power and serves equal mobile users. The scenarios of simulations are based on schemes
shown in Figure 3. For measured cases, the measured radiation pattern shown in Figure 5 is
imported to the program while evaluating the performance. More parameters utilized in simulations
are shown in Table 1. Please note that random distribution for 100 users is given. Figures 6, 7 and 8
show the Probability Density Function (PDF) of SINR for 15 cases: scenarios shown in Figure 3
with and without beamforming, and also those scenarios when including measured radiation pattern.
For sector cases, three sectors are considered as depicted in Figure 3. As expected, we obtain the
worst performance from the case of conventional system without FFR technique. However, this can
be improved by including beamforming technology to the base station. Among all cases, the best
performance can be obtained when soft FFR sector is used in cooperating with beamforming. The
results also confirm that the use of FFR, sector and beamforming can improve the system
performance. In addition, Table 2 shows the obtained channel capacity for 15 cases in simulation. It
reveals that utilizing soft FFR technique including beamforming provides the highest channel
capacity for LTE systems. Lastly, Figure 9 shows the performance of SINR versus path-loss
exponent.

6. Conclusion

This paper has investigated into the performance of LTE systems when FFR technique in
cooperating with beamforming techniques. The key parameters to show the system performance are
SINR and channel capacity. The results obtained from computer simulation have shown that both
FFR and beamforming techniques can improve the system performance. Soft FFR sector with
beamforming is the best choice for LTE systems.
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unysevld (dB) maiianshanuanlge (SINR gain) (dB)
wuuend (dB)

1 22 28 6
2 24 32 8
3 15 26 11
4 17 29 12
5 11 22 11
6 26 34 8
7 25 36 11
8 8 19 11
9 27 35 8
10 6 16 10
11 17 25 8
12 18 27 9
13 15 23 8
14 32 40 8
15 26 38 12
16 37 42 5
17 39 44 5
18 45 49 4
19 42 50 8
20 36 41 5
21 22 31 9
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wuuend (dB)

22 7 13 6
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24 15 22 7
25 29 36 7
26 10 17 7
27 16 22 6
28 31 40 9
29 39 49 10
30 40 46 6
31 1 23 12
32 18 39 11
33 24 31 7
34 5 15 10
35 6 13 7
36 16 29 13
37 23 30 7
38 18 32 14
39 22 31 9
40 16 29 13
41 36 44 8
42 11 22 11
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46 18 35 17
47 29 41 12
48 32 44 12
49 17 30 13
50 13 22 9
51 18 22 4
52 30 40 10
53 24 28 4
54 41 46 7
55 24 28 4
56 25 27 2
57 19 36 17
58 13 17 4
59 16 22 6
60 4 15 11
61 30 41 11
62 21 32 11
63 47 48 1




99

IATIAIUVOITY Y IUAD

IATIAIUVOITY Y IUAD AYYUUNITNADATIVAL SasmIiuTLve LA

- FUYUUNTNADATINAL ‘”m,ﬂunmiumumﬂﬂﬁtﬁﬁ“l%' 9T AIUVDIT Y IU

- Gm:u AYaIUTUNIUNINNTAN mafiamsnezldinauves ARdYANIUUNINTDA

o matamshanwbnls FLUVAGDINANIT IV FINVTYYIVUTUNIY

wuusend (dB) madinnsthauau 1dan (SINR gain) (dB)
wuuend (dB)

64 3 10 7
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66 18 29 11
67 34 41 7
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70 37 43 6
71 25 30 5
72 22 33 11
73 32 38 6
74 44 50 6
75 26 31 5
76 34 37 3
77 36 37 1
78 23 29 6
79 1 23 11
80 5 12 7
81 10 21 11
82 7 16 9
83 9 11 2
84 27 38 11
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