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maxlxc (r)| =~ max|x(t)| (2.13)
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I E[|xc () | MEonaums 2.14)

b |- 2£[ s 0F ]+ 3 [y O |- il (')' ] .10

nNauMsh (2.13) uaz (2.14) iedeyandaninniesds Iinsuegaaluuuy QAM

" ar d. 1 @ A e
92 130MIAN PAPR v0adgygy1as OFDM firumsueguaadnduaduniv (£, ) 18dsaums
(2.16)

73833
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2
PAPR[x.(1)]= % (2.15)
max[|x(:)|2] =2PAPR| x(1) ] (2.16)

X E[lxc (;)H /2

2.3 m"".;wmuér'w“q,nmﬁﬁaqa

dya i OFDM fowszdalUdunteesuy Foshmsvnedyaudavnioswe
fi109g4 (High Power Amplifier: HPA) nﬁ"a'lﬁ'ﬁmty'sm OFDM fifdasuifivanediszaunse
dumelBeduntesiu ud HPA ﬁ'h’faq'f;'ﬂﬂ'lfuﬁ:flmm'lﬂli'lm%uﬁwmnﬁuuwf'fq;mm
a0 luansoinsvesldnasasrvesdygaiidhumeduyaveunisswnodusa
M3vewoATuALIN (1], [3], [8-12]

Tawiio g() fofletunam lidhuSaduves HPA uay x Aedganaifidinims

Ll ]
Sunn dniudyanuilnneninaves HPA annsaudaslddsmums (2.17)
x8 =g(x) (.17

unziilodyanudunailudygiudeiiioanianal  (Continuous-time - Signal) 910

2.17) 92 1A dayanaue1mnaves HPA Aaduns (2.18)
x8[1]=g(x[7]) (2.18)
ifionadey HPA Awflafudeliior £ 1azdAIINTVLIWTIZAVOUATOIVIWAAIG
a1 [ o o’: - o - a o
fifwiy a daiuezld |f(x)|<alx| 3o f=ag uazioninageqaiiygadudaves HPA

¥ ¥
fio 4 AUPYUIALBUNAYAVDIT YN IUDUNALAIFINING v 1ddya e iya A

aunis (2.19)

lg(x)|< 4 (2.19)



19

4 i i [ 3 o
waziiiedyanaBunaves HPA TAwiify x =|xe/ 8 = pe/® duntusy Iddygyn

(919 WA HPA Aan13 (2.20)
g(x)=F[p]e/#**l°) (2.20)

e Fp] waz @[p] Avdnuazmanasuulamaneumdgauaziavesdoygo
¢ o
191y 14910 HPA

4 o w o o "o o ! 4 1 & -
inseavnumdageildiueginalihiufiegnatolszinn dawdazdssinmiudil

audnyaziidaiueen’y 1dua
. o o aa - & 1 -
1. insesvumasgauuusevhiainmes( Soft Limiter :SL) Faeu1sonIAmeund

yanazaveadygnauening 1ddsaunmsh (2.21) uas (2.22)

P<A
F[p]={jz>A @21)
®[p]=0 (2.22)

a/ d 3 ' a 4 [
1IN (2.21) uaz (2.22) Mavosdyapaeminamiue: lilimsudvumlauiiemoudiy

v ]
Foyanuduya aniusnaunsiion lddsaunsi (2.23)

x  |pl<4

" 2.23)
Ae’? |p|> 4 (

g(x)={

v A o w 4 LT ' A o
uAin3eavemasgaunuy sL e hiseuiiluninare esnniunissiniiszm
gunssin IfpaumuiAmaAidnd Idammumsdredu
2. inFevooiday Tadaman (Solid-State Power Amplifier: SSPA) fanyue

1104ummﬁgﬂuamﬂmaqﬁ'tgfg'lmmﬁum AITTUNIIN (2.24) Uaz (2.25)

Flp]=—£&— (2.24)

1
2p
l()
A

2p
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®[p]=0 (2.25)

A - - L4 “ [] P Y 1 a o A
dle p Aewiniimesnugumsasunlasmnsaiiudadugyadudiveunio

& a " W o o o o 4
Yo Famn p HANINY o 1 SSPA NeziiguanyuzindwiunIeavnIndsauy SL

23.1 wansznuonaanibidhud aduveuniesvmemiaga

ienAunitosvesdyana OFDM fimsiasuiumsdumavesdyananein i
uanwﬁgn'umﬁmrgmsmvmm‘fuﬁthq Faazih I PAPR  Tifnga uazidoviimsvoy
dynuAIna1I420 HPA sl dyaai ldmaewiyaves HPA Tdnuuzgndamaion
nagaveTy I fiea9nmsThauiigadudIvos HPA Fuueumgiilianumuiniy
fduFaanasy (Power Spectral Density: PSD) uongmuaImaunzsasiianmiaindoyo
(Bit Error Rate: BER) fif iy Famsiuvos PSD wendmAMEueh IdRansImIn
aoaszn s aaRldauduRee1d daaldanssouzvesszuuiitding (3]

Taoa ldudrannsavensuanuiiuiuduves HPA oglugilvesdasidudids
ﬂumwTvgnqaqﬁﬂ'af'nﬁ'qnum%‘wmﬁ’tymmmw‘fﬂﬂ 30091 Output Back Off (OBO)

Ao laaseunsi (2.26)

OBO =10log dB (2.26)

e (<) |

wiomusovengaanuiuFuduves HPA egluzlvesnidasimdanuening
M o o ! o - & ' o
gegarefdsnumasyedygImBuna Fa5und Input Back Off (IBO) annsantIdds

auMIn (2.27)

2

[+

IBO =10log dB 2.27)

4 a o o 1 1
2.3.1.1 MImxvHvBsImANIIiNmMduian)anFuuenduanud
4 o { a :: o = s 4
ey 1dnnieninaves HPA vugnAaMIBNNAYAve TR IMITTDININ

) - ﬁr :: - J A. J ' ) o e
mm'lmi’lunmﬁmma HPA lla3ﬁﬂﬂﬂ:lﬂﬂﬂjuﬂ'li.l11'lﬁf)ﬂ'lilﬂll‘lluﬂlﬂﬁﬂ'Iﬂ‘TIIJ‘H‘LI']ll'LIHﬂ'\ﬂQ
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a [ ' a a J 4 = ar oo a
Faannaiuuendunud eannmamuvuvesssuetnvedyanimsnlasugzinss

4 o ar J Hl
iiipanInmsaaveadaygnal (3], [13-14] Fauaaa 1dlugii 2.15

10

4 j B —— IBO=5dB

| | --- IBO=9dB
+=:=++ [BO=11 dB
_10 T . Fossinr aiflssesosiien . 4 sesnnane [BO=20 dB ,,,,,, .

005 1 15 2 25 3 35 4
Normalized Frequency, fT/N

1l 2.15 dnvazminaiuvosdya s OFDM HAININMIVOWHTYYIUYDI HPA

1ng1i 2.15 uansdnuzmlnaiuveadyg i OFDM M INMsvudgm I
o " P J ' 1 P o o 1 &
&0 HPA 22U NS Y0IA1 PSD uenduanud szulswndunua IBO lauiiie IBO
- [ ] - = d 3 i o - o
UG AuaasnyrsniduFuduves HPA Ngadua ua:lamﬂﬁﬂmnﬂnmtmﬁvgnm:qnﬂﬁ
4 - a ul: ] 4 ad 1 ' o o =
voanauniitovas satiu PSD uendmaNud 1Fnuniisanal ualunmenauniunin IBO §
' [ 1 H a : o ) a
franas uaasngranihududuves HPA uuﬂaﬂmmulamaﬁamutymmﬁvgm:qnm
A d X oL aq @ da s a 4 o q ¥a
seARALALINTY Sariua1 PSD wonaud lFnuniiauiuiuaiy wazerei Ivinansunsn

' ' ad 9/ 3 - - 4
AoATTNINIIUANNAN IFud1aRsa 1A

A'\ 5 1 s s = v
2.3.1.2 MIMuIUYeIMdn IMIdananiinveya
» ¥
nmsaaveadyauduiiosnnany liduFuduves HPA ka1 das
=Y _- = 1 Q‘ J i 4 L as
msAanaaiindeya (BER) vosszuuiiauuiiu iinsnnadunidesyvesdn u OFDM

2 - a o & 4 » <
uugniumumnﬂﬁuaﬁnauﬂwlwmu (3], [15-16] BATNWIOUAAIAITUNITN (2.28)

x8 =g(x )=kEx, + d$X‘g) (2.28)
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lifo x, Aodygudunyaves HPA Tugranar « MMesan uaz 48 AediAdy

w §

. da d :
s aduvos HPA wag dﬁX'g) ﬁaﬁm"ty1tumn’mmnﬂ'uunuuaua'lunﬂmﬂ's'ﬁ X 993

L

» ]
LY =

M-QAM wie M-PsK Taeisddunulidhudadu g() dntunnaumsi 2.28) 18

UAIAIAUNIT (2.29)
X,
d\X8) = g(x,)-k8x, (2.29)

denmnitnziiui x| fsunani 4 iy 20(x) aunsammmidsnumiy

YoIF QYR IUIVNIU (aﬁ) Anseiudeyauvugy Tédsaunish (2.30)

o3 N S I(x—g(x))z eigdx (2.30)

1Y o '
uazensanaasdnyae laezunsulandunnumunnivvesnuningiiy (pdf)

” d % o da 4 o qd
*ummyty1mta1ﬁﬂﬁnqﬂﬂﬂﬂﬂﬂﬁtym1mTﬂu HPA tasaa s sunIuninavu m;ﬂ‘n 2.16

ndf(a) pdf (2 (x))

g(x)
x - _/Il/_x -g(x)=x+d

pdf (d)

g1t 2.16 Teezunsuilanduanumunnivvesninninuiiuves x, g(x) uaz x-g(x)
HAZEISONIAT SNR () Tdnnaums (2.31)

2 2
H
l "! it f (2.31)

y=
|ch|2 Chi+ON
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e ob; =03, |Hy* fedasinisvurvvessesdoygyie (Channel  gain) uaz

2 A W " A @ o e o o a 4 A o b 2 ﬂ
o}, fodgygrusunuiiniesiviinssiiudygui « Fulledmuald of , Wuuwy
AWGN insomadaiinsAana1adayanyal (Symbol Error Rate: SER) Y04dgyanuaitoy

M-QAM 18faaums (2.32)

] T 0] S 2L
SER~4(1 JE]Q( M_]) (2.32)

TugUft 2.17 usasanuduiusveamdasimsianaiadaydnusl (SER) uazm
dasInveIdY IuADA Y IUTUAIU (SNR) Hazengleziiuiuile SNR fisanasiing
° a1 & & g -
w117 SER fifuindiu uazengileziiuiing SER 714970 Gauss Approximation B 139910

aums (2.32) wiinnulndifosiui 1dsnnssasanniiga 3]

—a&—  Simulation
31.1--- Gauss Approx B
] —=— Gauss Approx

m el Ideal

10 5 8 9 10 11 12 13 14 15
Equivalent SNR

511 217 anudiiusvesmdasinuAanmadydnyal (SER) nazA18nsIdIMYes

dygunedygIuIUNIU (SNR)

b o z
2.4 MIAAMBATIAIUMAINUGIGAUVUNUGIY
v 1 »
M3aAMIBAIIAINMAINUGIgA (PAPR) voadgyg s OFDM 1iu ive I deygraniu

#iA1 PAPR iz auiuguaania lumsvoodyginves HPA uazie limsaeuausaves
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HPA Aedganaiidunmadunaeglusniidufutunniiqe FavzdvanTomadezi i
inANsARUeATY Y I OFDM lau HPA lunisaaf1 PAPR veadgga OFDM lasiimsda
uaﬂﬁtywwfu wildinisdmuannaueundgavesdygadunaie s PAPR
mnzauiuguaula lumsvoedyyuves HPA (1], [3], [17-18] uazg’dﬁ 2.18 uaag
anyMUENISAAA1 PAPR Tﬂumsﬁﬂuaﬂﬁmmm'luuuuﬁugm Fauz1daisulumsdaven

Ayanauauaumsi (2.33) dwanslugli 2.18

PAPR reduction

Xk Yk
—»| Clipping % HPA |——»

3UN 2.18 m3aan1 PAPR TaunmisAavendaya

Xy ; xk|<A

0<k<N-1 (2.33)
Ae{arg(x" )}, |xk|2 A

Yi =

4 o l a o { A
1iie x, Aedfyn I OFDM LAY A ADUDUNARAVEITYY I OFDM NABINIT #1910

aums (233) Weszdvvesdygrudunaiinnioonn 4 syaudygrauemiyailaneeiia
fudygyudune naziisszAaudygiudunaunnimieminy 4 seduvesdynu
L

. o o 1 e @ Ted d' A ar
myAIEIUsEAY 4 Tasiisdesnsdl avesdaguee lifimsn/fouudas Fednume
¥ ¥ » L " ]
vosdgygrungnaaveandulunuuiug iy aunsoudaslddegili 2.19 uazeaanaii
dynugnanuenfie 7, 09 7 -1,

Sl [

ifodyaauuuuud OFDM x(r) fisuniiiy

N-1 .
x(f)= Y X;(r)e/ 2" (2.34)
n=0

] ] 4 '
NAUNITN (2.34) dy e OFDM fignanveadyga lunyuNugu sziidansu
AWANNITN (2.35)

y(‘)_{x(t) 0<t<tya(r-1,)<t<t, (2.35)

a f() stpst<(z-1,)
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< v o 4 o 4 z
U 2.19 dnvardygangndaveanaulunuunugu

10 (2.34) uag (2.35) o2 Idanduvesdygnalusranarfiveanaugndasen lifie
f()=4 r, <t<(7r-1y) (2.36)

winseynsuyiSosiFuend Inuidvaves £(r) 910 (236) 9z ldmuanms (2.37)

Ae~ "m0 gy (2.37)

¥ s e .
MIIEZRSTNNIN 2.37) e f(1)= 3 Fe™ aldmwauns (2.38)

n=-o0

()—; i % 'n["ﬂ ; )6"’""" (2.38)

n=

< 4 S a2 " o o - a4
1]'1ﬂ2ﬂﬂ 2.1919M71 7 HHUATWUUY llﬂﬁiTl‘!i')\‘ll.'lﬁ'mﬂtgm'iﬂlﬂ]ﬂﬂﬁﬂﬂﬂljﬂ'\l?ﬂﬂl'lﬂ
J [ : o 1 o a daa J A o o - a J
YU AIUUIN (2.38) iISI.'H'u'J'laﬁllﬂuﬂ\ﬂlﬂﬂﬂumﬂiﬁ'lﬂﬂ‘ﬁﬂﬂﬂﬂﬂﬁmfg'lﬂlﬁ:’,‘l.!'l.lu'lﬂﬂ’QQ'IJN

uaaa 1ddagai 2.20 uazezdh IMifamsunmusznhendunmidesdhafos 18
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UNh 3

nqufvesdyanamuuneg naz ssuvasdynauuulsuly

v o

IMucay

Aunadoudie senhaniedunnissi i iifadygrusuniu msdselanm
uazmsemoiiisanndyg ugaazfeudlodaiaeae sawdidygrusunuiifiann
. " bt
Funadeudun wu dayarusuninemuan dniulunisineszuulsuiuzdesdiilsia

lviviiiannyesdayn udae

s 4
3.1 YOIAYYINUIUNIUVIIVINUVLINE (AWGN)
gt 31 dygnasunauluszuufemniudaumnezdiaesiiduuy
] o A = ' o -
FoadyauIunIue Fiinnummivannaduduuvuyiinesy (Uniform  Spectrum

a 4
Density) HAZHBUNAZATINTUINUIAVUINE (Gaussian Distribution)

s() w r(t)=s(t)+n(5

AWGN | n(t)
Amplitude pdf of Power spectrum density pdf
A A A
variance=power
1/2N,

- A4

i ' U t t Amplitude

JUn 3 pumuiAveIvedgIMTUNINVIILINIUUINGT

TavdnAndardye msunIunieguugil (Thermal Noise) tazd@ygasunauma i
v ¥
. - a o o - s o A
(Electrical Noise) fiinnmivoiodyaaniusziinuauiAveadygyinsuniued 4390
gaaiadananausadiaeslfidudyapusuniuuy AWGN 14 dygnausuniuvn

VN dIHadeNIsIianNuAaNaIaliaduiiioannsaseiudygiu luusnAanaia



28

4 o a o o o " U 4 1 J
ieanindygiusuniusneiuaiunieindnnudygraidansniniosden 14 [19] &4
Handunumuunivyesnamnieziilu (Probability Density Function: pdf) woadeygyias

FUAIULVY AWGN ansouaad ldauaunsn (3.1)
1
(Drm(f)ziNO G.1)

L ) é'l d'.d. oy
3.2 YOI QUANMADINUNMITVNMBUVUHAEID
iiodadayauduWad (Impulse Signal) Tuusesdygauuuvaieidnulsiua
1981 (Time-Varying Multipath Channel) dygaiiv1dvzalsingiluvuauiod uaasdagili
o . P 1 a o o a ' o o o
3.2 ningvzmudiiionimsdaduiadonn lUinaidg i dygraniuldezdsngiiu
o 4 o = . a 5 '
yuuwadFail§ 1M mMsYsz 391 (Delay Time) HAZMTAANDUNMOUNAYATUANAT
[ v :d " 1 o ] & as -] [
fiu A2omg1isena1 14 gudnvazedimilsvesdianaluurnaisinne nsurndania
131 (Time spread) ¥OdYYIUNYNAHIMTOITYY I [20]
@ : L hd -l J LY e
AuanyulszminaesvesresdygyuuuunawInezuegiuaNulsHuYe ]
' ¥
nalulassadredanas ninsasuiiisnnsinanunlsduvesnmtiioai ldgudnyuzuos
1 v "
yeadyauuuurarwinimsulsduaunal Tudedimsdavadnanesdn llifos e
el d' o ql a A = { .’I 1
Funartuanulaosundasluvuruiadisuld desimsnlfoundasisvunavesudas
o o - - 1 o o - [ J - -:i °
wad msnldsumlaimsdszlanaszniaiad uazinudssnganenisuldouu/asimou
waansu 14 daanalugi 3.2
: a = -g o [ [ " - [ °
venontumsulsduvesnanznavuivdldsesdygiuedian himusaig
¥ ]
a2ami 14 (Unpredictable) fniuSauilumgraiiszfmuaquanyuzvesresdygrauuy
vawdnnulsAuamuna luFata delisennsanansenuvesvesdyguaodyniun

; 4 = 3 "
gnaseen 11 daamnsadoulugina 1y 1adsil
s(1) = Re[ u(r) /> | (32)
e (1) Wudygnauiezinisdeenly

u(r) L'Tluﬁ'mummunummﬁﬁmnga (Equivalent Low-Pass Signal)

£ Wuanudaauwv
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Transmitter Receiver
1=l =4 I=fl+f|1=tl+r|2
(M)
I=hh+a 1=0h t=t)+7y
=1 +7y I=1)+7y
(v)
f=fo+ﬂ !=!3 t=lj+732 I=f3+1'34
t=f3+f3l l=f3+f33
Q)]
t=t+y 1=ty 1=14+74
()

711 3.2 waneuaueBuWadveTeIdyINILLNAILID

auyAnidumalumsumsnsgnouvunaedd Tavludazdumaszaoandesiy
M3lszIararlunsunsnszeu (Propagation Delay) 11a2A21)52N0UN150ANDU (Attenuation
Facto) Aevamsdsgdananlumsunsnszaiouazdnlszneumsaaneuszulsiuaian
Suilumaunnmsnldounlaclulnssathevesianana #umaii e auouin Band-

Pass Signal) 13114 0uane 1@ serumsii (3.3)
x(t)=Zay,(1)s(r-7,(1)) (3.3)

e a, (1) Wudnlsznounmsaaneudmivdygnanivldhuduniai »



30

7, (1) Aunsdszianmlumsunsnszndmiudumai »

diouny s(r) naums (3.2) Tuaums (3.3) 9214
x(t)= Re({Zan (!)e"ﬂ”f‘r"(')u[l -1, (l)]}ejz”ff' ] (3.4)

Mnaums 34) sedunaldNdygiuuouanuddiauyanisdiusy (Equivalent

Low-Pass Received Signal) fio

r(6)=Za, (1)e /2 eyl -2,(1)] (3.5)
c(r;t)=2ay, (r)e_jzﬁffr"(')ﬁ[t—r,, (1] (3.6)

» ] ]
aums 3.6) fimnzdmivvesdyanunilszneudlvesdilsznevveaudazidunieiiiy
WUVAEATA (Discrete Multipath Component)

A' - " e A I's g ¥ - - ar :r
Wonvsanmsdsdygrunduniv las lildvequaananud 7, daiu «(r) w
14 ]
oy 1 dmfunanar e Arumaiidygranivlddmivnsdvestosdyarunainin

LUUAEA3A (Discrete Multipath Channel) Hadaerumsh (3.5) anansadon Tnaildiiu

r(1)=3a, (,)e—ﬂﬂfcfn(-')

=S a, (1) o) 5

idle 6, (1) =277, (1) vinfedyanuiiyIdezsznoudaonasiuveand (Phase)
aeaindsiuaunm Tasiiuoundgaiilu a, (1) uaziimailu 6, (r) Funainzdouianis
wlasut)asmawains (Dynamic) 404 a, (¢) udnaraiuedriannissediumailfina
msldvunlasiidrfyludygyraiu 1 luvasdoadu 6,(r) ssaldouulasly 27
sidou e 7, wasuasld 177, wieann 1/4, ududuaviites Suifuld 6, (1)
asonlasunladly 27 sidvy Tasduiutsunswasunlasvesdanmadisadnlos
winfu nanlszia T, Fadtusfuduneigvesdggraezimsndouuladaosas
anq i naziinislaouudasediei lignnsonnoaami1 14 (Random) uaasldiviugy

Fyaaiiuld (o) lwaumsi 3.7 aunsogniraesliiilunszuaunisgqu (Random
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A ao & e = oo w o

Process) tioismmudunalumsindeunsauinn annsonezldnquiiiaguinain
(Central Limit) lumisisiaoa r(r) dunszuoumsquiaFounuuinid (Complex-Valued
Gaussian Random Process) tufewansuaussduRadiulsduamnm c(nr) wilu
nszumMsguiFdouumd ludauns

HUU$1ADINITUNINILIVUVUNAIIN (Multipath  Propagation  Model) 499
(] [ o [ 'Y o q' &
goadyaa uaasliiunadyaisuld #(1) dwaumsi 3.7) Futluwamnnmsname

o o n’; d’ 14 Y

vosdgyara Usingmsainisnamoiu iesduiuwamaninmsunlsdumenarlua

(6,(r)} Aimswsfuamnauuugulaoaeandosiunmaoi {ane_jg"} Tunsdifinann

4 o o o o ‘™
msswnnmesiihu ) udnsunindaiu sziluna Iidyganivld (1) Sanfesinnnie
ﬂ o awva ~ o -j6 - o 4 a o o =
Wugudlumal§iia daunstinnnnes ja,e ,,} fimssmludnuaz i unu dygun
a L d’ : - s ﬂlv &
su'l&feeiiannn Somgiimsnlavunlawenndavesdygyraniu 1dsudumennisng

o " r.? "o o A s
M10voIdayR 04 (Signal Fading) 9 AMBGRUAMANBULUIUNMILID AN TAUANIA (Time-
Variant Multipath Characteristic) ¥83¥0 o9 104
- a o o o [ = P
ilonanouauemduRad c(rr) gnitasuilunszuiumsquiFadounuuinidni
U P o a =
Aunduilugud (Zero Mean) ttazvu1a (Envelope) [c(r;)| Hvmznanlasiimsusnusanyy
ad o ' o P o'
1503 (Rayleigh Distribution) N3 H¥0adayanaszuresdyapuiiimsnemiuiuuséd
1o W aa ' ° vt 1 = o e P
uadmiunsdin c(z;r) higmnsasnealdiinundoduguo nidiil |c(zr)| slimauvning
FununlsiFou Rician) nazvesdyanasiuresdygraniingnamonuylsidou
Harduanduius (Correlation Function) tazianduniumuunivalnaiuvesig
97U (Power Spectrum Density) #3130 1§msiimuadnyuzyosgesdygiunsnamonaiy
3814 AersawanisauauoIduNadUuoUAMUDAIAUYA (Equivalent Low-Pass Impulse
& a ﬂ ' a 9 Lt - {l 4
Response) ¢(7;¢) Faaasguanvuziunszuumsguiddounuumdniinundoiiugud
" v
Tuduls « auydan c(r0) HANHAUZAMUUUNNG (Wide-Sense Stationary) AIHUAINITAN

HafrFudaduwus (Auto-Correlation) 483 c(37) A1ty

&, (rl,rz;At)=%E[c' (rl;l)c(rz;r)] (3.8)

]
= as o

Shift) voavoIdyQ IuUNTUNY

o

Tudananvesmsiudadygraingdiulng nisaaneunaznisidouna (Phase
o = o o do &
snunanlszds ¢, s hiduiusnumsaanauuazmaemmae

- o

a e [ - 4 o ' [ [ o o o
AduRusdunalszda , nididanadneziondimanszdansznonuy hianduius
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»
o

. W ]
(Uncorrelated Scattering) . Iufillazauy@iinmisiianisnszianszarsinailszimiaaesly

Fuwus vnaumsfi 3.8) ald
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(Coherence Frequency) Y93%04daye)1a 91nHav0In TR UT lumsuasyiFoisening
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e (a7), U v Arovqiidyaland 2 dygraniinnudaeduinnna
(&), 9 1RFunansznunngesdyanadieiu dodedygudnmsiugesdygu &
-y 1 da o o P 1 - ] o 3 '
(47), dnfeundmuudianvesdygyruiigndieen’y sxiSongesdygraniui
] ] v
FoadayauuUU@enAHANA (Frequency Selective Channel) dmiunsditivoadogin
o Y o a u’: ) - 1: ' ' - 1 ' da o
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annsavir i BER Tgar BER e (B) 18 dmfumistamonuuisdd y eziins
wenusaiunuuidn Imuuidon # E[1/7]=w gufunsldmsiunduvesdygudahi
annsovi i BER vesszuvlugauthmine p, 18
mssmnwi'a'qmmsnqnﬁunﬁ'u'lﬁ“luu‘s’nmﬁmuﬁmﬂ?;uqﬂ (Cutoff) 7, Tuda
Foilimaliumdsdmunsiundudesdaana hinoiios unsdiiimsyiumdaanald

AaauNITN (3.35)
g

=37 (3.35)
0

¥ " ¥
Awoagaduga y, sxddannnmanuiteziluiey lifians@eais (Outage Probability:

] »
Pout) 10U Pt = P(7 < 79) Wi0d19890101 BER ifhmaneluySnainemigadugaluds
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Ed
-« L

& o ' o o o
‘FQ“EQﬂﬂ1"uﬂﬁ‘JUﬂ1 BER l‘ﬂ‘mmﬂuﬁ: p(}’) ﬂquu'ua'Iﬁium'lm“=Qﬂ1%lﬂw13ﬂ7€l“

o & 1o w _a — ' y
¥ 2 yo iU Aaegiimmaundodiu § uazez 1o =1/E, [1/7] i

Ey [V7]2 [ %P(r)dr (3.36)
Yo

uonvinmaiinaan lanan luuda dalidanaremaiianinis 1auua ludlun
fioy 1y msdSunldounnnimszitluisuifiannufawaia (Variable Error Probability) o

matamMsUsunlaounsidiswa (Variable-Coding Technique) 1Hudn [23]



unng
N9z UY OFDM Naimsdsuilasun CR emunsang

WD IFDIT YY1

Ed . [
Tuunilsznadnuuiiaesszuy OFDM Aiimsdiuasua CR aumssian
voareadgyg I uaznismialszdninmeesszuy 1dun anmiszdluiiee luifans
#0@15 (Outage Probability) az 6ATIANUAANAIALA (Bit Eror Rate) laul¥35iFuny

(Numerical Method) 111U$180998952uuHAA AR 3N 4.1

: Transmitter
1
] » -
Guard
: Pilot i Clipping
i | DataF{ Mod _ » IFFT > Interval | Mode
' Insertion
‘ Insertion Controller
b o A RS X TR
l
Feedback Channel
* AWGN -t
o= == e e A 1
: :
] Clipping '
: Channel '
i Mode s !
: Estimator X
1 Selector 1
: ' :
‘ Guard :
] ]
: Data <— Demodulation FFT ] Interval -
] ]
‘ Removal :
] 1
: Receiver !

AR S S S S S ———————————————— e

141 wuudrassvesszuy OFDM Niimidiunlaous1 CR AMTIIMIBYBITDIT YR I

4.1 MUV 1ADUN3BIT

1341 smudunsesdavesszuulszneudounasiuiiadeya (Data) oynsu

wuugy daeznldounndeyasynsunuirquiudeyauvvvuiu b, Afinnuiadias
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 d v
3

§mau M nqudeyaluudazdgydnyel Auiuduauiadeyanmuaredydnuel (5)

amsooulddaaunisn @.1)

b=3 by (4.1)

e X, (k) AedeyaFadoud ldninnisueqiandoya b, uuv QPSK  Aarly
A o o & o e : 1 el o
X, e{-11,j,—j} ¥alu 1 dydnualeziismondeya ¥ doya dniulundasdydnueiesdl
y o [ [
Joyadail [ Xo(k), X; (k),.... Xy (k)] niudeyalulanmniudozgnulasuldegly
o o o

Tawunadaonszuaun sl aswnAuy31o3uuuiS 7 (Inverse Fast Fourier Transformation:
IFFT) TAoii$1uIugavesnseuIums IFFT ohfy N ga wiena 1dhilanudinmides
: d'u'.v d'l -] o [ o« - - d' Al
vanua N anudiwes die 7, Asmunawesdydnual f; Aeanudvesndaunvtes B,
fio pilot subcarrier AN Mo 1 lunsssanadosdyanauaz £(r) Aeguaduiadues

upnzdaydnual Faidmualdawaums @2)
I <T,
1)= (4.2)
7(1) {0 (r>

vz 1Ad eyt OFDM Manmfie x(r) muaums (4.3)

M-1
x(1)= X Pyexp(j2nfi(t-T5)) f(¢-T;) +
s @.3)

w N-1

Y T X, (k)exp(j2nf;(t-kTy)) f(t—kTy)

k=—o0 n=0

ﬁ'a,;ty'nmzqmﬂ%‘uugﬂnuumn-umutflummsu nimiuszlddranmileiu G
Taunsianendeyaludiufisvesdydnvaiudni e Bidaumh iotloatumaifin
msunsndeasznedydnvalifonnnnmsddyanulusesdyanumsnamonaisia
F1929721909 Gl szdesfiAnnnnnmmaudninyesmslsziigaga 7, vesveadyn n

o A " e d‘
uuuMa3n Faunsouaaamunnmsld Gt 1ddsgin 4.2
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y TR

v 4

I
Gl wanYM OFDM 'l

7, e : -

g 4.2 uwunmnis lagranadleadu

aumsdoya s OFDM nasnnldgrwmilesiu uaaslddsaumsn (4.4)

M-Il
x'(i‘): 2. By exp(errf,-(l —T;'olai))f’('_y}otal)+

m=0

o N-1
Y 3 X, (k)exp(27f; (¢ —KkTyorar)) £ (t = KTiorat)

k=—c0 n=0

(4.4)

. Ll
e 7, Aodnnandeaiu 7,y =T, +T, Aoenmdydnualsaunnua uaz

4 s ' o o e ~ L) ar J s
£'(t) fogindwiadvewrazdydnuaindudusrnmtiosiu dwaaslddaums @.5)

T, <t<T,
f'(t)={:) iy ) (4.5)

(I < —Tg,t - Ts)

anyuzveIdyy I OFDM Aeuiszdsllfuniesvneidsquiiodsdaya i
faqﬁmmm'lﬂﬁ'«ﬂ?aﬁmfuwﬁf-i‘l PAPR g4 Fuiutafinasuiiufiszdosann PAPR il
ﬂaqﬁ'u1ﬁ1ﬁﬁmm1mﬁaanmnm%"awuwmﬁqqqﬁﬁ'ﬂungmﬁmﬁ'mmnmsv’i‘muﬁqa
B '"wauﬂ%"awmuﬁ'lﬁqqqéq szt it ummindhidsslnaiuuenuouamdmudu
dawalfifamssuniuseninyesdyapudraufv 14 luineiinuiizan PAPR Tavl933

o o & a e g o y
anuoAaY M (Clipping) m"ﬂqﬁ'im'ummsﬂﬂuaﬂﬁigtmmuﬁm'lﬁ'ﬂqfmms'ﬁ (4.6) [3],[17]

<A
g(x) :{ * o (4.6)

Ae‘]¢ ,|Xl >A

idle x Aodynudunn 4 AououndgagaganiaeMmnneINIsARUBATYyY I
way ¢ Aomavesdygudunn Aniunn (4.6) Saansouaasdaye s OFDM 11 ldndenn

mMifnvaAdY g IUAITUNITN (4.7)
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X() (1) <4 i
| 42O} | (1)) > 4 '
fas1aunsRaveAdyIn (Clipping Ratio: CR) ifumsfimesfildlumsiaszdy

mMsAadyn I uaas lAdIaunIs (4.8)

CR=20 Iogi dB (4.8)

Ox

{io o, Ao ms veadaundudygudunm nie o, =,[E, 1o E, =E[|x’(r)|2]

o

fomaundvvesdayaudunm
nnnquidesiialunisidigaunaia (Central Limit Theorem) Afmualduau
] »
AMuANdes N fisumnnne dyga OFDM manalnziinisuenueatuund day

doyea OFDM ndaninmsanveadgyanuannsouans ladsauns (4.9) (26-28]
xE(1)=ax'(r)+d(1) (4.9)

. ' td []
ile d, AewninuansiinduAAio (Distortion Term) MAAINNITAAUDATYY U

' { & o
a fomaanduaastemsaanauuazmsmyuveura uaaa lddaauns (4.10) [29-30]

P E[x'(,)* x£ (!)] g Aos +&erfc[ 4 } (4.10)
E|%()" ¥ (1) 20,

a 4 w o - P i
anuARfivuInMIfAveadyanu d, IMsuenuauUIMdNIn Ay (Mean) iy

0 uaziinnuls1sau (Variance) Asaun1ii (4.11) (30]

2 2
0.3 Z[I—E_A /O-J( "0.'2)0' 2 (411)

X

4.2 nyudIRRIYeIT YN IV

ndanInvereidvesdygudloiniosvoroiideguds dygiusgnderiv

) b .
Foadgaraudunioaiy luinoiinuiisziinesIfveadygyravesnisdemniy
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L) o ey 4 =S o ] Ll
FOITYYIUNITVNHIWWUVDUIAINIY mmﬁufwmmnu'luuuuaqmmuwzti'lu

(Probability Density Function: pdf) AIEUNIIN (4.12) [31-32]

2m™ g me?
pe(€)= exp| — ,620 (4.12)

ile & AofwewAgAN13919M10 (Fading Amplitude) m  1WuwisfimesAuansds
da d 4 ar o 4 A a
AMUFUITIVOINTIIMIOTIAAYY Feaziimiaaud 0.5 ¥ull e m = 0.5 uoumdgamse
wwsziimsuenuauumddnafion die m = 1 ueunaganisnamoeziimsuanueausd
- - ; [ o " a ' '
a uazd1 m Haunnvunidilnd « fezfiedvesdygia hiianisnamoniendn1dn
Wuvesdyn s AWGN 1109 317 4.3 uaan pdf ¥oITBITYYINUNTIMILUVUUIAIN
' ' &
1 oA m Unsnlavulasnall m =05, 075, 1, 1.5, 2, Uag 3 MUAIAY AUNITVOL m
o § 4 J fo o
uaas lddaaumsn 4.13) e Q Wum TumuaduAAaes (Second Moment) ¥BIN5HIN

é o 1 g é a 4
mwmmn:r?[az] uag T(x) AoWenFuinuu (Gamma Function) Fauaasldasaunish

(4.14)

R g ——————————

0.5

Probability Density Function

0 AT —— L e g =
0 0.5 1 1.5 2 25

Channel Fade Amplitude

31 4.3 A1 pdf vosveIdgy Y IUMINIMBILUVINAINET 1B m =0.5,0.75, 1, 1.5, 2, Az 3
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2
m= 2 5 m20.5 (4.13)
E[(s2 -92) ]
l"(x) = Tyx_le_ydy x>0 (4.14)
0

o &
4.3 HUVU1RRUNTBITY
dQye 1 OFDM x€ NANINIATBIINIUTBIT YR IMINTUATEI5D HonNIN9ZIAA
s & 1 s L] L] s - o =
MIIMIYeIFy g IMHBININA Ty U IUTEITYY UM INIMWILTUIAITUA T

FoyausunIu AWGN Bndae dagnuiisuBuaasl8dsaunisii @.15) [33]
r(r):?h(r,t)xg (r-7)dr+w(r) (4.15)
0

A - ' o a o o ' a P
o h(z,r) ADAINITADUAUDIAYY IUDNNATVOIFDITYIUNIAT 7 UAL w(r)
filo AWGN
¥ " ]
nniuezilasudyene oFbM manm eglugldygramennuddronisulasny

31311152 (Fast Fourier Transformation: FFT) dayanamianuduans 1ddsaunsi (4.16)

5 1 k ;
R = i ! T (O)xp (=281, (1~ Kt ) 19

uaziloouliegluginnmeszuaaslddsauns 4.17)
X=HX (4.17)

y o v o 1 ] ' as o

1ile X Av1niAes dayg 1t OFDM Aoufiszderusesdyg 1 H Avaniaos
AMANHUZNITAANOUYDITOITYYIN uaz X AvnAeidgyy s OFDM  NaIHIY
YoId Q0

q' s = [ " o 3 ﬂ' = o= v

Wesnndygraudumerdiuyesdygia i aoninanisvanionarnia vl

» ] ]

dygraufiamiaaneu aniuiesarsdyauiaaneuly Saiimsiszuuninansuves
L] as o - . { a & ar
FoadgynIa 1auf1uIm97n pilot subcarrier AN T lumlsudoya Fwaaslddsaums
(4.18)
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P = HP (4.18)

v o { a " i ¥
(e P fioanaed pilot  subcarrier  MAMG T TuiWsudoyanounezderu
[ o L d : e 1 [] s &
youdqye e az P ABIINADT pilot subcarrier MAIHIUFOITYYIUTINZYNAANOUAIY

pudnyuzyosyesdyaa Mldawsodnnum H 1ddeauns 4.19)
PP'=H (4.19)

¥ I .
ANTUNIATBITUTINIIUAUANYUTAITINNIVOIFOITYY I TITINITOFAIFY
dygruiifanisnamenandn mld Iddygroaudui hignaaneundufui dwaasly
aun1sh (4.20)

X=H'X (4.20)

nimnuasdyanalieylulamuanuinds doygraszgnfvegaadaszi 11
doyandufivin

MIRUIUNINITUINUIVDIDAT A IUAYY IUADTYYIUITUNIU (Signal to Noise
Ratio: SNR) veadaygafidunariusesdyanamsnamenaiviom idlasmamiainms
uanueIveueNlaganITIINIY 111mfu11’f'm1uﬁ'uﬁufszﬂimmnﬂﬁgnmsimmu iy
SNR (7 ) imusiasluaunis 12 18aun1snsuenuesves SNR #933msmuaamainisuen
193903 SNR M 1dTavldanudniusseniauemlaganisnamiouaz SNR Aseuns (4.21)
[23]

py(7)dy = pe(¢)de 4.21)
Tau SNR TAUNINY
2
y=—"— 4.22)
20,,
£
dy =——de (4.23)
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UMY ANMIN (4.22) 1a (4.23) aaluaums @.21) 214

Py (r)=="=pe(¢) (4.24)
unuauns (4.12) aalu 4.24) 9214
m
m" | y20,2 ym2c,?
= 7w | expl-i—2 4.25
Py (7) yr(m)[ === | gt (4.25)
(/e A1 SNR 1ndy (7 ) Hauniny [23]
2
_ O Q
¥y = "2= 3 (4.26)

unUaNNT (4.26) asluaums (4.25) 92 1Aaun150519NLI SNR vodyaudun1aiIY

t
YOI YYIUNTVIN O ANEINA

m,_ m-1
m"y my
Py( ) F(m)fm p( 75)

MIMUIUNIATSNR  veadyn o OFDM  Ngndnveadgygiaeziiuin1dein
at a 1 o r-!'v [ ar o o o J o
ANUAUNUTIEN 319 SNR voadgygunds higndnveadygiuiy SNR veadyanuiignaa

o & @
vond R uFwan lAdIauNS (4.36) [3], (28]

a’e?

}'c = 2 (4.28)

£ crd2 + 20'“,2

] t 4
unuauns (4.22) asluauns (4.28) sx1dauns SNR vesdganungnanuoadygIuaall

2
a
Ye = £

yo’dz +1

(4.29)
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[ 1 Y a s Y

4.4 sanamumsiavendyaaumuulsulimanzeay

131 4.1 auyAdunsoadauaziniesiunstu CSI svuy OFDM Hilimsliunlavu
fi1 CR MuMInamsvoaresdyanaezimsdinnlsznnvessesdyyiunio csi Wiy
Fuden Inuamsdaveadyanauivaidenszaunmsaaveadygiu Idimunzauiumsnmie

» .

voaresdya I iminuduien InuansdaveadyguessiloumszAumsdaveadygui
- o o o o o s A 1 ° 9y o a1 - ar o
wonnaulldsdnuqunisdaveadyauiniesds mlvdygrandanimslivszdy
MIAALEAT Y IUAINNITIINMILVBITBIT Y U

Aunsyleaanidlumsdsva cr m1dnnd1 SNR nseaiuiuld o dumiaves

T o 4 J
BER fhwine Tagezimisguuylumsysue cr eemidu i guuuy &1 i={0,1,2,...,7-1}
4 o o 1 : o 1 J ' e v 1

o 7 Wuswaugiuuylumsdium cr Hanua msdivat i uegiuioulvyoesl SNR

niulddaaunisn (4.30)
@onTvuah i W ¥, <y <y (4.30)

vuiuaas iy sNR A5y ldvzilumdmualfifanisdivm cr Srdygun
Sul&%A1 SNR ogludn y <y <y, szvues hidaveadyanm &1SNR 75v1Aogluge
o ar ﬂ'v L ]
72 <7 <73 STULIEARUEATYYINAIL CR=5 dB & SNR ulAegluaae 13 <y <y sz
sdnveadyy udo CR=3 dB unzd SNR #1514 >, szuuedavendya Al CR=1
o ' ' Ve o 4 o A ' a
dB &1 SNR 7150 180g1u529 70 <7 < szvvehidedonaldunTesiudeide lifiants
‘ J -~ a o 4
domsvuluszuuniomsifiaeIniag (Outage) HUIBA
VINAUNSN (4.30) 1ATDTVITIAA1 SNR vesdgaunignaady i luudaTnua

wA2RIvIA1 BER auaun1si (4.31)

2 o
BERypsk (7) = e Q(, [2y, logy M sin EJ (4.31)

d‘ i d' A = ar
31/ 4.4 uaAaA1 BER 405211 OFDM Tiwegiaauuy QPSK d4iif1 CR Tunsaauen
dayanauthu 1, 3, 5, uaz hidaveadyanu awd Wy
“ ° 3 = [ _3 - = " o
diedmuald BER dhwinefidwiidy 107 91n3dil 4.4 Beansamaunsyleas

¥4 SNR N1 lumsisun cr 1ddanrsian 4.1
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Tvua (i) 0 1 2 3 4
CR (dB) Tideadgana | lidaseadaya 5 3 1
SNR (dB) 0 5.764 6.154 7.161 9.359

4 o 1 1 v 1 s d [ o '
Wedmuan BER ithninedreaiuly Aunsylsadves SNR Nezuana1aiudae iy

drdmuald BER ifhwminoliawviiiy 107 91n317 4.4 Aunsyleaaves SNR Aldlums

J5ua CR Aeziludanisien 4.2

13191 4.2 ANy 1eaavod SNR (/e BER hnuneiinuiiny 1076

Tviua (i) 0. 1 2 3 4
CR (dB) hidadygm | hidaveadyn o 5 3 1
SNR (dB) 0 9.501 10.12 12.02 19.47
10° i i ESEpte G s ie
|| =—4—CR=1
. | —8—CR=3
10 i icicicisistuiisinii i:| == CR=5 3
t | —@— No Clipping |
102} '
10° bevem
o
w
m

= S
10 15
SNR (dB)

711 4.4 BER %0521 OFDM #ilf1 CR lumsdnveadyananiiu 1,3, 5, uazhidaven

Ay
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4.5 anuhozilunerbiifamsa@eas (Outage Probability)

Tuszuy oFDM #MiimsUsuTnualumsdaveadygIuaiun SNR insesiuiyld
- a0 e ' - o A o [l o e 4 da a - '
i SNR fimdinh », veiilemaninsessyliaunsosudyauld dendeii Tomaiaz L
- 4 J & ﬂvd ' ' d‘ LY 4
wamsdemsiuluszumiuies mgniseiiisoninnmitnziluiiey hifanisdeans

(Outage Probability) Fauaras1ddaerunisi (4.32) [23]

n
Pout = .[ Py (J’)d}' (4.32)
(1]

4.6 dnSIUARANAIAIRDY (Average Bit Error Rate)

H
=

BER nfgv03szuy OFDM niimsdiuInualunmisdaveadygimaiunl SNR #
0309505018 vzmia 1dnnsasidauvessauiafifannuianaiadesuauiaiida
aun139 (4.33) udae BER mauiloszuuiamieyluuday Inua aunisi (4.34) uaa BER

(RAu3WV0N IMua [34]

—  Yi#l
BER; = | BERp,(y)dy (4.33)
Vi
B e
BER =} BER; (4.34)

i=0
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NANTHIAMANITOUZUVDITZUL

Tuumfisznandansiimesfiidlunisiiaoeszuy fuaaslumsied 5.1 Sad1eds
AN IEEES02.11 [35] =§a1ﬂuizuuﬁﬁjﬂmmmsﬁaﬁmﬁn%ﬁtytymuuu OFDM (ing
munsodadoyanuiige uozluumiiszna1adaHansmmssauz B3z YY OFDM 7if
M30Af1 PAPR voaszuy Tasmsdaveadyanunivldanminadentesdyanaunsnavie
WA Tﬂuﬁtﬂ?m%"ui']n15ﬂizu1£ufin}mf'f'tyﬂpmuﬁ'wnwuﬁmtmmﬁ'egtgmi’itﬁﬂmime
1o AN SNR vosdyanait 145 umsvae duden Inuanisdavendayana
szifionsi1 CR vinAunsyTaad lugaii SNR of nimfuszdam CR ndunduniosduitolsl
Aaveadaynanum CR #1185y #93smstin Wszuuiinaliundoudmsiines i1y
msdedgaaliaeandesfunisnameiidaiutues mammaussousvosszuuee
finsannnanmiezdluiies iiiamsdoms (Outage Probability) 1AZBATINNUAANAIA
1Y (Average Bit Error Rate) tdanfSouiiouaussonzvosszuuininauesuszuui hifins

151 CR mumsnamwvesreadygin
Y d 4 °
5.1 WA NIF UM ATz

d.l - ol o ° = o
MINNS1 w11mmam'l'ﬂumﬂnnmmsmnu\lms:uuﬁwﬂaummas

Parameter Value

Number of data subcarriers (Ngp ) 48

Number of pilot subcarriers (Ngp ) 4

Number of subcarriers, total (Ngt ) 52 (Ngp + Ngp)
Number of IFFT/FFT point ( Npf ) 64

Total bandwidth (F) 20 MHz
Subcarrier frequency spacing (Af) 0.3125 MHz (F/Npg)
IFFT/FFT period ( Tgpr) 3.2 us (1/Af)
Guard interval duration (T ) 0.8 ps

OFDM symbol interval (Tg) 4.0 ps (Tg + Tppr)
Modulation QPSK
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5.2 AUIINUSUDIITUY

t
o a a &
Tuadetivzuaninanis s iziFuavanssouzveseuy sasenov1Ude A
" - " a 4 o a - - ' -
vztufies iifamsdeas uazdasianuAanaamay  1aveedinseissuui BER

whwaneiinumidu 10~ uaz 1076

5.2.1 anmnieziuierhihamsaems
- d a ] = " a 4 [ a o
MRz HiFuavvennminaiuiiee hivansdoms suduusnezdinsizrag
navod InuanldlunisdaveadygiuTaseziinsanszuuiiimaniines m ai dewnsy
a o2 = 4 4 = dd 1 =<
Ansziiaraveanniines m Fuilumnimesiiwendinnuuusavesmsnamelae
- - o o v ] = a L4 ar P
gHNsaNITUUNAAueadyg uA Inuaios InuaRes vamsamsieinaas 1dasg Ui 5.1
uae 5.2
g1l 5.1 Wumsinnedszuuiie BER dhvunoiiswiity 107 dfinisandawa
voaTnuai 1§lunsdaseadygra szdmualiwmisiineimsamovesvesdoyg il
AnaiiIAY 1 uaz Aroeadaaudo Tvua 123 uaz 4 mudidy snglseiunszuuigs
o d' A ar o 4
voadyauduTnua 4 (91nM151991 CR = 1) Fudumsdaveadyguesn liinnfigaseil
anuiszifuieg liifanms demsgaiiqe sesawnfeszuuiidaeadaaudio Tvun 3 2
uag 1 MudAy Wuaasliiun de Tnuavesnsdnveadygnudias svuuseiianuing
d " a t‘; 4 - na' =
Wuiies liiiansdomsievaniues uaz WeRnsanszuuiimsidmesnmssamoves
1 o - 4 1w o o o o o 1
Foadgauiiningiiniin 2 udrdaveadyaudio Tnua 12 3 uaz 4 mudrdy dezldua
1 L= v w A 1 o : < ' aa g
wwdsanuiuinauwdIdedu dniuliansaagl 14 szl lvuavesmsdaven
o/ o -t - e é £
doygruiinezi Tomanszuuee iifansdomsiovas
a A a - = o & = a1 -
1103109 5.1 leRvstanaveawiitines m Fudumsiimesnusuendaniy
TUUSIVBINTTIIINIY Wz sz UURRAvoAdy g Iud 10 Tnuafiss Tnuaidu) Wude
nsanszuviidaveadygudio Tnua 4 taz W151HWTNMININIBYBITEIT YR IUTlM
1 e o o ' 4 " & -
Y 1 Az 2 aAdey ngileziriuduiie m fisanas deifelinnuguusveanisiians
J \'r =l . 4:' "= 5 J 4' -
MIMTINNTUTIEY sruvsziinunieziluiee lhifansdeasuniu uag dioNasan
szuviidaveadygudoTnua 3 2 uaz 1 o Inua@od Tasiinisiinesnisnanioyes
¥
youdy Iy 1 uag 2 muddy wuie Ieaudoddu daiulsaanseagyl1dn
" e 4 a 4 o = ' a : &
yoadggruiinansvamoniull Temeaiiszuuee lifiamsdemsuiniu
uaz9IngUi 5.2 Wenersaszyuiiial BER hmaneminy 1076 wudiwams

= 'd [ —_oa " @ o " v o4 - 4
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ABSTRACT

This paper proposes the adaptive clipping ratio technique

to control the BER with close the target value for OFDM
system. PAPR of OF DM system is significant higher than
that of single-carrier system, which is a serious problem

when nonlinear amplifiers are used. Clipping technique
is very simplify to reduce PAPR, but the performance not
stable when use with wireless channel. The fading from
wireless channel effected to the BER with constant
clipping ratio for OFDM and the performance of system

is deceased. To solve this problem with adaptive clipping
ratio technique, numerical results shown that the outage
probability and the average BER with Nakagami fading
channel model is better than the conventional technique.

This technique uses for improve the performance of
OFDM system.

1. INTRODUCTION

An OFDM signal consists of a number of independently
modulated subcarriers, which can give a large peak-to-
average power ratio (PAPR) when added up coherently.
[1]. Large value of PAPR requires a wide linear region of
the amplifier in order to avoid signal waveform
distortion. Therefore, high PAPR causes saturation in the
power amplifier, leading to intermodulation products
among the subcarriers. The PAPR value is high, BER is
increased. Therefore, it is desirable to reduce the PAPR
in the OFDM system [2]. Several altenative techniques
have been proposed, which basically can be divided in
three categories: (i) signal distortion techniques which
reduce the peak amplitudes (i) coding techniques that use
a special forward-error correction code set that excludes
OFDM symbols with a large PAPR and (jii) scrambling
technique with each different scrambling sequences
OFDM symbol and select the sequences that gives the
smallest PAPR. Clipping is the simplest for signal
distortion technique [1].

Clipping technique used to reduce PAPR and
increase BER was presented in many papers. In [3] used
smooth and hard clipping with constant CR, [4] used
companding with clipping technique, [S] used clipping
with distortion control and [3-5] focus in only AWGN
channel. Wireless channel is more effect form mutipath
fading with increase interference noise between
subcarriers and decrease BER of detector at the receiver.

In worst case with constant CR, distortion of received
signal by fading is lower than the threshold valve of
detection. The BER is lower than target value, required to
improve performance with adaptive CR technique is
introduced.

Aadaptive CR concept use CSI at transmitter and
receiver. Receiver will use’ estimator to predict the
received SNR and feedback data to the transmitter for
adapting CR with optimize BER.

2. SYSTEM AND CHANNEL MODEL

2.1. Transmitter of OFDM

Figure 1. System model of adaptive clipping ratio
technique for OFDM system.

Figure 1 illustrates the OFDM system model with the
adaptive clipping ratio technique. In the transmitter side,
the high-speed transmitted data is first converted into
parallel data with N subcarriers. Then, the transmitted
data of each parallel subcarriers is modulated. These
modulated data are fed into an inverse fast Fourier
transform (IFFT) circuit, and an OFDM signal is
generated. The transmitted data is given by [1]

2xnk
BPE L. o g m
n W‘w k » (LI TEETY
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X, is the QPSK modulating symbols, for instance.
Xy €{=1,1, j,~j} and N is the number of subcarriers.

2.2. Clipping Technique

The clipping operation in OFDM system can be
represented by a nonlinear function g(.), then the clipped
output in time domain signal is [6]

Xn .]an.S A

A/ Blm] x> 4 @

x5 =g(x,) = {
where x, is the input signal after IFFT and A is the

clipping threshold .amplitude.
The clipping ratio (CR) is defined as

CR =20 1og;”— dB 3)

x
where o, is the rms value of signal power x,,
oy =\E;, E, =E{|x,,[zl is the input average power
signal.

Assuming the frequency domain of input signal is
independent with identically distribution (i.i.d) and the
number of the subcarriers N is large enough, then the
time domain signal after IFFT approaches as a complex
Gaussian distribution due to the central limit theorem.
The clipped signal can be expressed as

xf =ax, +d, 4)
where d, is the distortion term caused by clipping,

which is uncorrelated x, and « is a constant, which is,
according to Bussgang theorem as follow

E{x"-x‘} _"1/01 AJ;I: A
a= —E{x ) +?‘Tcrfc[——} (5)

(.)* denotes conjugation. The clipping distortion d,, isa
variable with zero mean and variance can be expressed as

Oy

o} =(l-¢":/"'2 --o:z)cr,r2 (6)

2.3, Nakagami Fading Channel

Suppose that the channel impulse response of wireless
channel is h,, n=0, 1,...,N =1, which can be written as
hy =€e’* . The amplitude £=|h,| is modeled as a

Nakagami random variable with probability density
function (pdf) as (7]
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&2

Pele) = 2r( )("'] e 8 ,c20 (1)

r() is the Gamma function, n=5{e’}. the fading

phase ¢, is assumed to be mutually independent and
uniformly distributed over [0, 27], m is the Nakagami
fading parameter that represents the severity of fading,
When m = 1, becomes the Rayleigh distribution, m = 0.5,
the distribution becomes one-sided Gaussian distribution,
which corresponds to worst case fading. When
05<sm<1 the fading channel is more severe than
Rayleigh fading and m >1, the fading is less severe than
Rayleigh fading. When m tends tow, the distribution
becomes an impulse that means there is no fading at all.
H(k) is the channel impulse response in frequency

domain can be expressed as
N1 J2amk
Hk)=Y hee N ,k=01,..,N-1 (8)
n=0
2.4. Configuration of OFDM Receiver
OFDM receiver is shown in figure 1. Assuming the

timing and frequency synchronization are perfectly
satisfied at the receiver. Therefore, ISI is not considered
in analysis. The received signal r, ,n=0, 1,...,N~1, is

input to FFT and the frequency domam ouq:ut signal
becomes [6]

N-] _J2mnk
Yk)y=Y re N
n=0

= H(k)(@X (k) + D(k)) + W (k)

where X(k) is the input unclipped signal, D(k) is the
distortion caused by clipping and W(k)is the additive
white Gaussian noise (AWGN). The channel response is
assumed independent from the input signal, the distortion
and the AWGN is assumed independent from the channel
response. The distortion D(k) can be expressed as

®

j2xnk

J_ 2 d.e
d, is approximated as complex i.i.d. random variable
with zero mean, and thus, as the number of subcarriers
increases, D(k)approach complex Gaussian distortion
with zero mean,

The signal to noise ratio (SNR) of clipped signal .
can be expressed as

Dik) = — L k=0, 1,..,N=1 (10)




a? H(k K oy
r =
¢ ‘H (Izﬂ2 o +op’
From (7), the pdf of SNR can be expressed as [7]

k=0, 1. ,N=1 (1)

m—| m —m=
at ]2 7
Py(r) r(m)[y] e 7,720  (12)

2.5. Adaptive CR

Adaptive CR technique optimizes PSD of the system and
the performance is increased. This technique is used CSI
at transmitter and receiver to maintain the target BER.
The I-mode adaptive CR scheme adjusts its clipping
mode i, where i€ {0, 1,...,/ -1} . Assuming the data rate

is constant and partition the entire SNR range into /+1
non-overlapping consecutive intervals, with boundary
::ol . Adjusting i depends on
received SNR condition, that can be expressed as (8]

points denoted as {

mode i is chosen, when y; Sy <y, (13)

YoSr<n, signal can not transmitted, which
corresponds to the mode i = 0.

From (13), the receiver is measured SNR from each
clipping mode, BER is directly relate with SNR. The
approximation of MPSK modulation BER can be

expressed as

BERypsk (¥) = éﬁg(,ﬁn log,y M sin %] (14)

Figure 2. BER performance of QPSK for defining CR
switching level.

In adaptive CR technique, decision at the recciver for
choosing CR depends on the received SNR, which
corresponds to mode i. Switching levels from the target
BER are used with the set of clipping region.

Figure 2 illustrates the BER from (14), assumes the target
BER is 107, CR switching level is shown in Table 1

Table 1. Result of M1 Identification
Mode
o) 0 | 2 3 4
CR No No 5 3 1
(dB) | Transmis. | Clipping
SR 0 5764 | 6.154 | 7.161 | 9.359
(dB) : . 4 .

3. PERFORMANCE ANALYSIS
The detail performance of analysis can be expressed as
following.
3.1. Outage Probability

When received SNR is lower than the y;, it will cause
the chance of receiver can not receive signal. This event
is called outage probability ( Py, ), that can be expressed
as [9]

Py = ? Py (r)dy ,n=0,1..,N-1 (15)
Yo

3.2. Average Bit Error Rate

The average BER of adaptive CR for OFDM system is
calculated from ratio of the bit error and the average bit
with use for transmission can be expressed as

N-11

(16)

4. NUMERICAL RESULT

The numerical result of system is proposed. Parameters in
analysis are following; N=256 subcarriers, QPSK
modulation, Nakagami fading channel model, and
switching level detail as Table 1. The numerical result is
illustrated in figures 3-6.

Figure 3 illustrates outage probability of the system,
which clipping mode () is 1, 2, 3, and 4 respectively,
fading parameter (m) is 1 and 2. It shows the outage
probability is increased when clipping mode becomes
lower. When m parameter becomes higher or fading
comes to be lower the outage probability is also increase.
It indicates that the low clipping mode and high m
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parameter, the system has low outage probability or low
suppression communication probability.

Figure 4 illustrates the average BER comparison
between the fixed clipping mode (i), i=1, 2, 3, 4, and
adaptive CR technique. Paiameter m is defined as 1.
When considering at the same SNR, the fixed system i=4
is the worst BER, next above is i=3, 2, and | respectively,
the other one, adaptive CR system is the best BER and
lower than target BER.

Figure 5 illustrates the average bit error probability
comparison between adaptive CR with the difference m
fading parameters as 0.5, 1 and 2, respectively. The result
shows this system can control output as target BER with
worst cause of fading.

5. CONCLUSION

The adaptive CR technique for OFDM system is
proposed. This technique can be control the target BER
by optimized PAPR depend on fading environment. From
results shows the performance of wireless OFDM system
is improved. For difference target BER, the table of
switch mode will be optimized.
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Figure 3. Outage probability comparison of mode i = |,
2,3and4.

Figure 4. Average BER comparison of fixed CR system
and adaptive CR system.

Figure 5. Average BER comparison of adaptive CR
system whenm = 0.5, ] and 2.
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