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ABSTRACT

The high Peak-to-Average Power Ratio (PAPR) is one major drawback of
Orthogonal Frequency Division Multiplexing (OFDM) systems. In this thesis, a new
PAPR reduction technique is proposed by using the combination of the discrete
cosine transform (DCT) and two-piecewise companding (TPWC) transform. Computer
simulation results show that the proposed scheme offers better PAPR reduction and
also improve bit error rate (BER) and power spectrum density (PSD) performances
compared with the ordinary companding method. Moreover, this thesis also gives the
comparison of the proposed scheme and the combined DCT with the other two
non-linear companding techniques. The simulation results show that the best PAPR
reduction is the combined DCT with exponential companding scheme, but the
proposed scheme offers better improvement of BER and PSD performances.
Especially the combined DCT with TPWC transform (m=2) scheme that slightly
degrades the BER and PSD performances, but gives 5 dB reduction of PAPR compared

with the conventional OFDM signals.
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mssfadnand (Multiplexing) — tiumssaudugradunuunnlvaunsagnaesiiu

1 as v/ Qs v P & < 3 1 Vo2 s 14 ¥
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b OO . . s £l =
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Joaru e lil¥iAnnnssunuiusznitsalansuiilndiAesty uidiomainueanis
farmdnduuuuleanutsann dauaniuvetaiumvdasanunsadouriuiuldluwnuainud
Tneofenautavadunsidassaainduluunuia Jadunadvilivauanudildauls
ptiiUsEANE AN N sTaRMENSLUUGITIAILduUUAY (R van Nee and R.

Prasad. 2000 : 22) fawanaslunnil 2.2

2.2 psdedayanuuruiy

nsdedoyauuurunuililussuuloewfiBiniuaginmulasgadeyauuveynsudu |

. . P FY) o . o
wuuruu (Serial to parallel conversion) g LLEJﬂ‘quaiéalum‘i (Binary Data) aynsuvi

'l

sasnsdedoyage Wiluyadeyavumniisnuwiiuaiunvigessgdninsdsdoyad

f1ad WERIRININT 2.3 Ynavesdganual (Symbol duration) azifiusnniiu vinlidayail

ANILNUMUREN1TUTEI ATy yiauuunatedn (Multipath delay spread)



TOM

nsdiafindng CDM ~

FDM

OFDM

AT 2.1 nsulSeuiiBunIsTanwangvia 3 Ussian

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch6 Ch7 Cchg& Ch9 Ch10

7,
K-> %
| Uehs
gy
=
D
(B
b 1

FDM : tof
¥ i
i 3
Ch.2 Ch.4 €h.6 Ch.8Ch. 10! :
Ch i Ch.3 ChNyBmg Ch.Y A LauAMLaTanas -
h :
i 1
1 H
i i
¥

OFDM f

= i 2 a ' v a ¢ o = .
AN 2.2 n'mﬂ?emmﬂums’lﬂumum’mmsmﬁam‘mamwé‘nmwuwamm'ma (FODM)

uaznIsHaRWANTULULLUIAILARRIA (OFDM)



I |
I ) |
l_1 0| 1] o0 } i E

A 2.3 nswdasdeyainaynsuduauiy

2.3 ANENURYIINITAIRIN

a e o s = ¢ i o o 3 o @
syuulaleviiduaslddanuniunvigesdiuau N adunv veguaniududgyaiu

o '
a e ar =

TolaWAdy Fausagadunividgesaziianaudftsaindaiutaziu vinldszuulaoeniisy

4

1l
1 s

annsndsdygnlalaglifimssunudiusagiurospaunides fegiaiu
= o T ) 0 ¢ = = 1 < ¢
A 2.4 wanspduw gl 4 AAUWI depudvesyAfuNigasazgn
J v o =] 1 LY ] o @ '3 " < o 2
AmualildudnunuwuussdiundUrestanavesdaneal (Symbol time) lngaziinavinlu
1 i ¢ & Ao L 3 P YY) f 2 o g w
uRRzAdUWIYgBstUITILIUTEU (Cycle)  LTudnuumauluntedydnual avinldusas

AauNiEaslinauiRANMIRmINTIuLarL vionEuniinseslsinuea (Orthogonality)

A 2.4 dyanainlinuaniinsiandaiuaziu



Ml 2.5 awarsuvespdunmideslinuaniinsaaandiunasiu

ey

n1seslslnusasgievlinuantifidenndssnuamantinii nan1sduiiings

(Integrate) Tuthanavewmildydnvalvomaguszvwindyguassdygiavzdodandy

= 1

L3 a:i r . qi
Aud lunsaliian i =j deeunisi 2.1

T 1 ri:j
[, sts ot = {0 X (2.1)

e niinuanifnsnaandstuiasiy Anuivoseduwiasiiendaaunsi

1

2.2

TS
= o = € 1 o w & c!'
oy f, MY ATNRYRIAAUNEREENUN k IaqWia k= 1, 2, ., N-1
f Ao ALRveREUNIEBEERUT k = 0

T, Ae munavesdydnuallowewidu Tae T, = NT

Wedyaralatevfduiinuantinsiaindsfunasiuvewsasadunnigesluuny

<f -] s 1 d] 1 a  as
a1 eihliananu (Spectrum) veaudazaduNidBsAINSIdRUURY (Overlap) 1dlu
WNUANE AW 25 AgnudngagenvesaUanfuLRagadunitas sz duiumai
= € d a0 & ¢ @ ' = ¢ a o o a1 ¢
AauwmgasoulAugud uavaUaniuvewiazndunvigosiiyaidyyraiiandumud
PR 1 1 paps @ 1 a € 4 = v & o
(Null) vin9 yandugesivesnnuddavindussessewinnaunviges Taenniasufozlyls

at / o as at ! = € 1 dl' t =
JURANTENUINNNTTIUNUNUYDIALUARTUTDILAALAAUNIIE DY LWINZLATRITUANUNTONY



s ar d; ) 1 % H o 1 1 A 1 d‘ 1
G]‘E’Jf\]"D‘Uﬁkﬂﬂﬁﬁu‘ﬂﬂx‘lﬂaquﬁﬂﬂﬂlﬂﬁﬂﬁLLWHQ"\]G]EJQWU@\‘]Lmaﬁﬂﬁu“i‘ﬂﬁﬂaﬁ S TPMEATIOMINN G

a 1 o & = a0 0
FANNa ﬂauwwaaaauﬁ]snﬂ%ﬂuqua

2.4 nMsuagianuwuulaeniiay

nmsueganuuuloleniidy (R. van Nee and R. Prasad. 2000 : 34) ifunisds
YL UUTUIUBAUANIINNTUUITRE e Ui IwIu N Yesdayanunening 2.6 lnsusay
oy niinuaniAniaindaiunaziu Javihlibifinansenusefussninstodun o

& 1 ol dl = 1 s d‘d s Q‘.; d! u
NN 2.5 iuiananSuvesniiunii viededygy afiliquaniinisiaindeiuiag
v o« a g U a 9 v v Ay i oA
fu fildlunisuegianuuulaewddudu dnsdanisaunisidauuavainudldegiaed
Usgvsnm Savmnziunailudszgndldiunisiieansdeyaninuiies (High speed data)

12 1 s 1 a e & 173 a & s <

msasresdnyaugoslumsueganiuulaewfibuiannsoldmsulamiSesunduuuus
(IFFT: Inverse Fast Fourier Transform) MiaSasdsdnyains uagvinnsfnegianlaonisudasy

\SesuuuL (FFT: Fast Fourier Transform) laSessudoyayie

Serial

Data stream——| 10

OFDM signal
Parallel

o -=:
ATWN 2.6 nMsvegasluuloleWALEy

e

yndyanuallag vesdyanaloewibraunsadvuduaunisveadineansleisil

1 N-1 j.2Ttkn
% = ﬁzho X, exp = (2.3)

3

s o L3

g X, fe yaddnualdunm

1

'
o =

N flg INMIUAAUN DY

3

k=0,1,2, .., N-1
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2.5 szuuloloWaLdu

awit 27 wansudenlaszunsuveuniesiuddateniy ludruveanieds
nszvumshaisuandeyaluunidunnazgnuvasndeyauuueynsundunuueuny uih
dluuuw (Mapping) nionisdaguuuuindeyaduyndydnvallugduuusieg wu Psk
(Phase Shift Keying) %38 QAM (Quadrature Amplitude Modulation) 1Tusiu nniufiay
wasdygaliegluununalagldnszuunsulaniiBesunfunuuia (FFT) foufidayaiu
sggnuiasnduundunuusynsudnasy udvhnsidududumduuuiu Cp: Cyclic
Prefix) LﬁﬂﬂLﬁa{]mﬁ'umsu.mnaamxm’nqé’mé’ﬂmﬁ (ISI: Intersymbol Interference) waz
ASUNINABATENINAAUNIA (ICI: Intercarrier Interference) ﬁLﬁﬂ%Uﬂﬁnﬁmmﬂmwaﬂaﬁﬁ
(Multi Path) lmen1sfnaendeyadiuevesusazdydnualloonwiduuninselidumi
vewsardnydnualloewiisudaly Weliiduranarosiuluusasdudnuel wanadaniwi
2.8

v o o an v § v s a9
gavnewlasdyenanduidialiluvdygiuueusdon  (Digital  to  Analog

as

Conversion) nautetedamialiisetu udrdieananialy

QOFDM symbol M+1 | OFDM symbol M+1

AT 2.8 MItiutiwiatasiumeamaiansiiududiuituuuIug
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Tudurauaisssuszliunszuiumsiinduiudumednuds  Tnedgygraunsudiunee
gnuvasnndaausuzdonliiludygy uddvia (Analog to Digital Conversion) 181
trnatesiuesn uwasdyguiiduiuvsynsililduuuvony wdrunssuiunsyiSes
wuuiEa (FFT) Aunuth (De-mapping) wazulasdoyauuurunundusnduwuueynsy fagld
v oa \

Tayaluuninnnadedaan

NNdnwUEMTUBEALUUTAIERIUNiBElussuuTalWRBuTY  WaSeudiey
o = ¢ = ad Ay o 1A aw w1 v o oA
fumsueganLuuRdUNiLAE) szuulelowdlduiltednitde Tdnsnissudidoyaigndi &
n3ltuaurauaudldogdiuss@nsnmn waziinunumusan1IwNgYe9ANLARUY
= 5 7 ' & v o v =t o d dawy v
wan (Frequency selective fading) unnn Wuaw anauniisszuuleendbunidenss
WU A9 iAN1TA0AWNINVINNAYaNEal UAaTAISLNINEIATYNINAAUNIVIINA ANy
30 feugaulmimsideuresaud (Frequency offset) waz dyenisuniuna (Phase

Noise) 1nnnI1 uazdimasrsanvesdygiuiAguniiaisuiumauads [Wuiu

2.6 ANTIEAUNAIALAADN1AURAY

o @ 1 4" d & 1 = 5 =
ﬁﬁy}‘ﬁﬂaqﬂiUuE}EI']\‘l‘lﬁu&‘ﬂﬂﬂﬂ'ﬁu@@}mWLLUUWa"lEJﬂaUW'WTEJEJ’NI‘L!‘SS‘U‘UIE]L@WWL'E]:JJUU A
o L2 1 al 1 lﬂ" = hd o or i l‘-'E s ‘—‘-id o as 1
mmmaammaaﬂmﬁmmﬁmqqmmuama‘un‘umaﬂLaﬁa I.'UEN?]'Iﬂﬂiy)muﬂﬁuﬂﬂﬂ'}ﬁ\iﬂ’lﬂaﬂﬁﬁﬂ
d’ 1 ‘ﬂ‘ r o s “-'l ) o v o 1 ‘AI V
L:Jawmmsawmaamcy"nmmaquadmiaqm ’QS‘V]"II'W’NT\]‘?’UEHHﬂ?ﬂﬂﬂiﬂ‘ﬂ’lx‘i@ﬂﬁ?

(Saturation) wazvhauuuulidudady vbiRsauisuldunesuagan dawalides

o ar =

TinTasvenedypinmags fdrmahvuludrafudadunitenn Sweenuuuldenn uas

v
s s =1

f51A1geun Bnnsaasldsasulasdygruweurdenludyyiniing uazieasulas

'
aa o S o

founauddvadudyginusuzdon Alidaunisiaufiniaanlunistdestuanuiaieu

S IREG ORI
T,ﬂaﬂnﬁLLé’aﬁﬂﬁmﬁwdquﬁwé’q@haamﬁiaﬁﬂﬁqma}agnﬂwm’h’f@mﬂmm"lum‘sﬂimﬁu'hﬁ

Anaulal (Envelope) vasdyanmunmaulunieli TnvAdnsdiumdruansdeniss

La?{aﬂuaqﬁmmm Sz fiedaunsi 3.1 (Jiang, T. and Wu, Y. 2008 : 258)

Max{]x, |}

PAPR = 10 log, o

dB (2.4)

e Max{|x, [’} fe mdueunlavgsgaunenis

2 = o ar P s
IXn l A NIaNLRaEUBIEY U
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2.7 wuannalun1sandnsidiuniasrlgannaniadiaay

nefnuisdagtulaiinninaueiinmsanmdnsdumaimeenoidais
aa o | aday Ay v W 0 § vig v a4 v @ ! [
wane s Fausavisiventenssunnseiu Mligldaunsadenldliimnzanduszuunldls

TuiitlvsniegundislunsanAsnsidiuniasrganfanaadunal

a A

2.7.1 msvaudyyn wazisnaIulaide (Clipping and Peak windowing)
TWsvdudyau (van Nee and Prasad. 2000 : 123) {JwisHdedian wazgnld

o

8819n7191719 Memsiiavuavesdyyllidnasaanuifruedduds Tnedygyiund

as

yuaiuszauAmwuanazlausdusen omsvavdyanuansavanaduaunislanl

{ X, Ix’ <A
Co> (2.5)
A, le >A

a o

xd s Vo -, eill ot 1al L7 i
Wasndyaagnuiuynivifeauiiaieueesdygin - wazlifinsvasendudn
AusU dawalnisnisiiivenssra vt uieulutay (In band distortion) wazns
Uaspdgunanuaueniou (Out of band radiation) UsganSnmuedssuuda oms
ﬁmwamﬁw%’m&a (BER) Lazmnununuunasnuailansy (PSD) weas
wenvzanlayvimsUdesdganuniammivenuauiinanisnisvaudyain 357a
a o‘:l;’ o E 2 e & = T as Qs d‘d!
ulnissgnununld Teemsldiuladulaeneg  andudygaifidigends  lulawunan
Tumegauaiiulainssslianansunwauigaminaa dululd ualumanduiu Juladlians
- -=|' a d' a e‘a’l’ 1 1 s 1 d‘ :!'
fianawendiulviulawunal iWesaniulaileylvdmansenusedyarududug J99y
daalvidnsiawaindndeyagau ntiiulainmneauldun lalwd (Cosine) lnwes
(Kaiser) wazuouila (Hamming) Wudu nmit 2.9 uanseagransidisiaiulaisuioandn

s =
gonvasdy g dlotavnay
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Multiplication |
: F 4 . signal
(1] 50 100 150 200 250 300
Time in samples

A 2.9 mvhieiulaidaiudyanaloenmdululawmnan

(van Nee and Prasad. 2000 : 124)

Al 2.10 wasan1sileuiisuailansuszniniovaudyann uarisiaiulaise
Hardusine9 (van Nee and Prasad. 2000 = 125) agwiwinismiulaidsannsoantyyinig

Uasedygunanuduanuauls  wdlumanduiitiaiulaidwelvinavasdnsianainin
UDYAgaTUNINTSNISVAVH Y0

80 R

80— =30 0 30 %0
Frequency/subcarrier spacing

AMA 2.10 mIwFeuifieuaiUansussninadsedudyau warisiaiulaideilandusineg

(van Nee and Prasad. 2000 : 125)

2.7.2 nMsd159a (Coding)

ao 4:? o 2% a 2 1 i d' vV oar LY
omstagvhnmsisviadeyanaurtunszuiuns IFFT welvdydnvallulamuves

vl umamgearemdueimas vannsveitilliuisnsdhaiagadeyaiiie
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anlananisimanssiuvesusazadunvides Tngsiariliiiieanmdnsauidroense
fduedsiuiivansuuuiiasnansnsduidisendefduadelds wuy madhsa
wuuuden (Block coding) dausuina (Newman Phase) #1101 uaggAuwa (Shopiro and
Rudin Phase) @eulAuifinlniagd (Goley complementary sequence) wag u1s1endiwa
(Narahashi Phase) Jusfu (nesdv’ gu3. 2551 : 38) Fiiitedosfie d1daanisnisandd
dasdumdinsensaiduadelildunnuinlvg Afeswantunsgydeiuiiondoyaiie

VU swaRunnay (coding rate loss) (Jiang, T. and Wu, Y. 2008 : 261)

2.7.3 3588 afivuuuts (SLM: Selective Mapping)

duisnmahyadeyauuiaduyadesq Sendn adawmes (clusters) $1uu VvV an
rouhlguitugamuysiadiuansistusiuin v gaiduiu wdhIssunssuauns IFFT
wdntiusgihmsidentyndeyaiilimisnsdiuidmeensomduadsitesigndweanty
Silidedesiio stutdedinssnniidudon Febimneduszuuildadunvidesinng way
foudedwaulinundiliedwmaiiuia (side information) TnaAsunudn nads
Isdenyndeyalaly Ulang, T. and Wu, Y. 2008 : 261) UBenlnezunsuvesdidaiinuuuis

Waimanagun 2.11

Bm) |
X{m N-point b .
2 IFFT & Select
Partition onl
into Bﬂ? i oy with
clusters % e N-point | Xt (Cimemim
Data " 1 IFFT N
source = Serial 2\ - PR

to Parallel

paralle] B | - : s
V-1 xw» 1} N-point <V il serial
_bé——* IFFT Z

2T 2.11 VAanlaszinsuvsudaiinuuyue

2.7.4 Fswndgansuaindiadu (PTS: Partial Transmit Sequence)

Juisnsigadeyauiunluyagonq (subblock)  $1wiu M e Aousu
nszuIuNTs IFFT ud¥nhlugaifugafaudsiia (Phase factor) Awandnafug oy M 1
Tnsnisidenyadudsiailirdnsdiuidrsendeiduaietosiian d5iidedes
Wuidafuisddaiinuands Uiang, T. and Wu, Y. 2008 : 261) udenlaozunsuresizm

Weansuaiindiaiunaninsguin 2.12
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—x® oo
Serial IFFT
to
parallel | x | Npoint

ey 71 wrr

souarce
Partition
into

04-1)
cluster | X} Nepoint
| IFFT
v Vv Y

T If necessary
! Phase optimization I'—-b
Side information

o o acl o a o w
AN 2.12 Uaaﬂiﬂ@gﬁLLﬂ'i?J“U'aQ?ﬁW'iLWEJaVIT]uallqﬂ'?ﬁ,ﬂ']u

2.7.5 35n13ABuUWURY (Companding Transform)

e as '

FBnsneuuwufe WuisnendefsndunadineiansiiaUsusesvdnunin nanife

v o

as

aviin1studa (compress) dyaanniads udawens (expand) dyananduiinasuiiels
Iedryanoniunduin Tiddenreiissansamlunmsandsndrumdeendaiduad
g9 thluldlusyuuléihe Ligeeandudou

watiannsrouinuRsgnuuaiy 2 38msluaiq Ao wwuidhudadu (inean) wazuuy
Lifudadu (non-linear)  Taginaspsswnunsuuuiduidaduiidumsiifladdunig
adlnenan MtanaRnudadu wWiaunsEunss AU uAsusEiudy gy
1eun Two-Piecewise “Companding (TPWC) (Yang and Hu. 2011 : 619-623) Linear
Systematical Transform (LST) wag Linear Nonsystematical Transform (LNST) (Huang,
et. al 2004 :° 2030-2039) luvmuriinsronunuawuuli@ududy szifaidunia
afinrnansiliguaniRnIulidudadu wy aumsienlmandea (exponential) u1as
LﬁﬂU%’ULUﬁIUuixﬁuﬁﬁym’lm 1¢iuf Exponential Companding Transform (Jiang, et. al.
2005 : 2798-2801), Nonlinear Systematical Transform (NLST) waz Nonlinear
nonsystematical Transform (NLNST) (Huang, et. al. 2004 : 2030-2039) t{ugu

fegheguiuumsnouuwuAsuuudadu detladdy TPWC uanadannd 2.13

a ) v v Aa YR @ P= = v o
laaifinainnisliaunisidunseasduiniaudusiieiy Tnsigaudsunnuduiige v

€

' '
=l o e o ot

yaunilssFudyamnImsewiiu v (x| <v) wpniiussaudyylvastu lusue

Lt 7}

Adyaaunissaudyanagendt v ([x, | >v) wwgnuiuanserudyaaas
Tnedifuusludeidu fadl
up AR ANt TssEuNSIEURTLEUR 1

u,  fAe feNudurssEuNSIEURTLEUR 2



s Ao Aildidou (shift) aumsidunsadui 2 TurIeaamaunu y
v AD YAFAYDIANMILAUNTIVIABIMNIUNL X

awdi 2.13 gUiuunisreuwuRuuiuadu sedladdy TPwe

Companding function

— — Linear
— TPWC

16

segngUsuunsasnwnuiwuubidudady Meilsidusalwuudoanandanin

b
Mo
i R
B

16

— — exp(d=1)
—#— exp(d=2)
—b— exp(d=8)
— — Linear

Companding function

T T

= A L a v w ¢ o a a a s
Mwh 2.14 UwuunsrenwnuRuulitudadu sefiiduenimuuduaidmsiimes

FiN99
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2.7.6 A5nanIAlAlYUNs1uanasU (DCT: Discrete Cosine Transform)
Whansmlalounsiuanasy (Shanlin, et. al. 2008 : 1) agyA1sansmandumus

(autocorrelation) vasyatayadunnnaunszuIuns IFFT lngnsuiasAvssesdusenauly

2 '
14 as =

gadoyaiiug Saashliudwesesduszneuluyadeyanaedugud uazuresiusznauly

1 v
YavayaliAnniy  namAsiiunistondsnuvesdynnlUlifindunigesuedu wans

1 U

as 1

FBYNAININA 2.15 MENTTUILNTUIZENNNTNanASRTIdIuMSIrsanfarauadyle

[1.1.1.1,-1.-1,-1 .-1] [0.2.563.0,-0.9,0.0.601.,0. -0.51]

Jlopret DCT [FFT
datu

A 2.15 Medumsulasrvesesrusenavluyadoyasieds DCT

NNAWA 2.15 gadoyadunnde [1, 1, 1, 1, -1, -1, -1, -1] desunszuiunis DCT
v & 1 ¢ = = o
Yaveyavzgnudadtu [0, 2.563, 0, 0.9, 0, 0.601, 0, -0.51] lngAesAUsenauiunngafe
2.563 TunnuziiFnesdussnauduy fidneeinn wiaunandu 0 suiuldirmdanuazgn
Y 1 '3 @ v ] o o &
duluaginunesiuszney luvmsindsnunnvesyadeyalifinisifouuUassail
ar v a < 2 2 2 2 2 2 2 2
WaRUVBIYABYABUN AR 17+ 17417 +174+(-1) +(-1) +(-1) +(-1) =8
WANIUTBATBYAVAIIINHIUATEUIUNS DCT /i

2.563% ’ 5 -
563°+(-0.9) +0.601%4(-0.51) = 8

NUUINNNITAAATDNIIEIUARIAgBARBA1IALRA8NlANE1241 d10150

= a ' % ' Vs -
Wiruweuanuuanaalunuaeg Iafemisei 2.1
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A1919% 2.1 NMSUSEUTIBUAMLLANANTUATUANY VaalRazIaN1TanAsRINEIUNIES

AaARBANaLadeY
, NSLANTY
x| Anugaenn .
HANSZNU MaANTY | N15TENE YDITAT
. Fugou Tu " -
o YOIANIY ooy | weumd | Aawaiedn
sl .,
Toya
nsuAuAY I ‘ ’ . .
ada a r-:? “Lll ﬂrl 11] ELEU
wazIowAIulAIBe
L e Tai #n Taf lai
WhaavuuUTs lai aR 9 lai
as = a = 2 ' ' '
FwwFeansruaiindiaiu Tl GR o lai
NIADUUNUAA fai §1 lai T
TonamInlalyunIuanasy i §in Ta fai

2.8 MUALNLNYIVDY

NUITBNNYIVINUAITARAIBAII@IUNIAIAIEAGDNAGRAEvaId g el oLew
AdumeItAouRNYRY kaZAT DCT Nldlunmsituasatiusenaunie
Jiang, et. al. (2005 : 2798-2801) lAUtdusN1IaNASRITEIUNAIA1LOARBAIAY

= @ 14

wasvssduynalaeiiduseisaouunuienisisidnlnuuisanauunuda F93aenan

] i
= = = =

ANs0anAeRTIdIuAIGIR s aRRaaLads dag1iusyans awunnnanilalSeuiisu

L1

fuisaeuunuRsLuuauY uameguauiiaulidudsduivinlivszdniamasdas
Aawarnindaya uazUszaniameesmnunuwiunasualaniuvesifidesnitisne
b & o v
wnuAwUUudady
Yang and Hu (2011 : 619-623) leiiausnisanAsnsidiumasmeansaniauade
vasdryadleenibunisiSaouununseilaidy TPWC Tnenisnassaudygiuiiisum
g waznsiiussaudyaranivuiadnmonisldaoaunsifiadu msaadidnsidiuid
1 1 o o =!' [ 1 =l = e H |n’ ] L7 173 Vs
meoadeiauedsulusgnedivsz@ninm  Tuvasibiviuanugenn  fudeulvinuszuy
nniin wagmemsidenswisilinesildlumsasuunuitegiavaingay fsiliiiaaunad
TENTNUIEANS NINNNTAaRAIDRTIAIUANSIANYDARENAWARY AUNSTLTUYDIERNTIHANA R
Undeya warlviussdvinmussmnuvuuiundinualaniuid daluanidell Yang and

Hu Tiausnislgrmisiiwesiluasam
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Zhu, et. al. (2009 : 161-171) dinausnisanddnsidiuidresnnaiduads
vosdanaleowddusionsld unitary matrix transformation 3uduisfiauseand
Sarduidsreandeiduedsdlndhifinnsaneuussannmiusnsfiananindeya
uazmmMUILLund s UaUAns Bnviaduisitligeenndudeuann

Shanlin, et. al. (2008 : 1-5) Iéiauanisanmsasidiuidrsonsarduaieves

o

Fynadetewddudneds DCT Wisuifsuiuisddainuuuti wasdindoansuaing
wiu Fsliarnindsfithuseuiioudeie frnugeendudaulunisunlulddesnin uas
iiaald’ Side Information luvaisdianArsnsidiurdrsendarduadslalndifsaiu
Wang (2011 : 100-104) leiauenisanAsasidiundimsondaniduadeves
Fyanaletewildusmeds DCT Fudu unitary matrix transformation wuuwils a3
ADLUNUAIAIETT  mulaw  FeanansnanAdnsduidersenseiiduaaeldesnadl
UsgAnnmniinsliiinonumuaaiivienades Tasmsids. beT wldiuenainazifia
Uszdninmnisanasasidiuindiineensaiiduadonds flivinlissans induses
Aanaraindoya uazmamuudundnvaansusesadly Tnomsldiiinanududeulinu

X g4 v oA o o & o
33‘UU°UULaﬂuaUﬂaaaﬂa'ﬁwﬁm@‘ﬂﬂqﬁﬂmLﬂuN logz Nitagn1suInedu

3N ‘ﬂl = Qs ey q!) =l 1 =l
2{ |~ log,NJ-N+1 Waeununs IS AN URLRE9RE LA
2
navaud  wezsnddeeiesinaindieiuil - fideasldiendeyamaniun
afaduluusiassmenisldis DCT suAuds TPWE Taenansaunieal sasidiurgariesn

semauady snaHananindeya kagarumniundsnuaiandy awenanluunsell
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N59LASITWLAZINIADITIUY

mﬁ%’aﬁaqmiaﬂmé’m'i']ﬁ"mﬁ'lé'aﬂ'wam&iaﬁwé’maﬁ!waqﬁmjy’]m‘[aL@Wﬁl,é’uﬁfmmi
1938 DCT 333 TPWC Transform i §3ssuilunsivesenisldnisdasssuusio
nereuinneiiliuvan Tasdandnnismmauiielildnanisvadey  vaaos waziun
Wisueulsednsnmmavinauvesszuu leeldnisdiassszuumelusunsy MATLAB

1

TuuniagnanfawuINIenNITIASIEN LaZI1aDITZUULTaIN1TanAgRIIEIUA1a9a"
YoARBNIALRAY FaUsEnaUMesIwazBenuadis DCT wazdd TPWC Transform $auwa
dauelimsuivusinsanadnduidiaieendamauads lagldds DCT  SauAvis

TPWC fls1sazidandane Uil

3.1 A5hansalabwUnsIuanasy (DCT: Discrete Cosine Transform)

1 P
ada &l s =

Baanialalyinsudnesuduaunsatinaanifinmuiliuuilang Anmed Natarjan
uag Rao mawddl 1974 gninluussgndlifunudunsiudadeus wu maandeyanm Dy
funcT  ulleifuguuundeiifaundiaiduninitedtunisudamifos (Fourier
transform) iguisafuRsiduLUUBLY Ao Discrete Fourier Transform (DFT) (0ing DI0L.

2553 : 122) lnwiiseasidondail

3.1.1 n3zUuMs DCT
nAlanafieds DCT NldlunisanAisnsidiuiasasendaridandsluudluun
# 2 ludauilazefuivsivazidenreiifainanlinizandu lnanwi 3.1 wang
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nnd 3.1 vdenlaezunsuvesszuuletenisuildss ocT

rdeyairiunssuunts OCT ansalouunuldfisannisi 3.1 (Wane, Z. 2011 -
101)

N-1 T(2k+1)m
Xdct,, = Zk=0 Xy .cos [T] (3.1)
il Xdct,, fio yadeyatiimunszuIuns DCT
N fie Srunundunides
X, fe yadeyauvuunuiignidrsiaudn
m=20,1,2 .,N-1
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1
-, m =0
VN
oy = 72 i
== m #
N

1 s -] v ar d
ludumasu nssuIums Inverse DCT azgnihanldudsainnszuiuns FFT e
wasyndeyaiiunduin Tagaunisdmiunisulaindu (inverse transformation) uamasa
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N-1 T(2k+1)m
Xy = Zm:{} o, Xdct', cos — (3.2)

Wie  Xdct| fo ynteyaiiiunszuiums DCT 1IInnAds
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NPV Shanlin |, et. al. (2008 : 1-5) lonan153tAsIgrUsEANS AHNISanan
gnI1dIUNARLeRdaMaRal lARIELNTITH 3.3
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3.1.2 Useansawueeds DCT

ludhuiferlduansisussansnmuesdsng DCT Tneniwit 3.3 wanelseanEamnns
anA1dms1duidiiweanomanais wWisuieusudygaleeniiuuuudaiy waitld
wansluilsituuanuasanuiezduavaudungy (CCOF - Complementary Cumulative
Distribution  Function) lasldduiudesdygyiuden 512 deadygi nsdrswaves
dosdtyarantuiuu Quadrature Phase Shift Keying (QPSK) @sldainaniseves Wang
(2011 : 102)

= = d' -3 ad = 1 as ! o e 1 1 o as
aWTM CCDF = 107 2§ DCT a@unsnnazann1onIaIuiIaIagannan1ad

wagldth 3 dB TuvasiivssAvSnmdusug ndnfe ShsAemainindoya uazAdm

mnutundsualansy lildsunsaamauyssansnmusogidla

, Comparisons of the CCOF of original OFDM & DCT, N=512, QPSK mapping
10 —=

Probability (PAPR > PAPR,)
=)
%

PAPR (dB)
AN 3.3 Usransnamwnisanafitefensaneds DCT

3.2 Fy-Waladreuunwunmsiuanesu (TPWC: Two Piecewise Companding

Transform)

WyaladnenunuimsudesniuitrouumuRuuuiudadusioniign
dnauelag Yang and Hu (2011 : 619-623) &saunsaanmansaiuridisesnderduady

o = oa o 1 = a o =l = i s t:g(
vosdgyanaleteniibuldegiivssdvsnm Tnoiineaudensaqssi

3.2.1 n3guUnIT TPWC

ao & e‘i’ = o L7 v o s 1 a
BABULWUAILUY TPWC U Lﬂﬂ"ﬂ’]ﬂﬂ’lﬂ‘ﬂﬂﬂﬂ’]ﬂﬁwﬂNHEGLE'{UWHFI’NNWNFI']\“]ﬂU Ty

e

= = o o o o s o i a
Nanlaguanutunge v dyanandssaudugiasinimvsemingy v (Ixnl <v) WHALNN
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3.2.2 Y52an3AMY8335 TPWC Transform

INNUIIBVBS Yang and Hu (2011 : 619-623) IeuauaiSnmsanmdnsidiunigs
Auanforauadsdieis TPWC Transform Tnsmsidendmisifimesifldluilerismdu 2
ga uandlumisneil 31 du UssAnSamnisandisnsdiuinderisenseiduads
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shenadensmisiiaesildlumsnouunuietamnaua s 3.1 vl
Wagugadswinaszansnmmsanmsnduidsisansorduai  Aunisiatuves
dasfanaminteya uagliussAvinmussmumuuiundinuaaniuid Tas Yang
and Hu (2011 : 619-623) ldfmuadiiiuds m 13 2 A1 @e 1.2 war 2 Sewavidonns
At Tussiei 3.1 aggnuandlifinnauan n

INHANSTIEDIIT TPWC 7 m = 1.2 9gliuseavsnmnisanesnsdiungas
pansafduadefinninis TPWC i m = 2 wiliuszansnwvessasidananindoya way
UseAnBnmuasmnuruuiundinuaaniuiinesnd®® TPWC @ m = 2 fweaduy
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madan e

o

MUlgladenamnsifiwesiwmungautuszuviazi lulgle

A15199 3.1 W51 esNlunIsATLIN

m u, Uy v=mag s=(u-uy)v
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2 1.009 0.14 20 1.7380

b=l U

e - mo fe Awhulsiiteuiuseaugmuaeuautugn v

3

u; - AB AR UTUTBIANNSEUA TN 1
U, - A8 AIANTUYBIEUNITHUR ST 2

8 QalUaruaItl viogandsuszAudynn

<2
O} s

o fip dnulsauuinnsgiu (Standard deviation) vasdayaadeleni
[
GhY

5 fig ATLgLAU (shift) AUNSIEUATUAUT 2 TurToamawny y
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nnudenlaszunsudeyaluuddunmazgnulasandeyauuveynsuiiuiuuruu
Wi ludhswawuu QPSK aantiuagsiunszuiuns DCT ieandnanduiusvosyndeya
Suwn Fadunisaamidnsiduiiddgendeiduaasludunsnnouiiunizuiunis IFFT
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vioneunsuoganludygnleevadn Mndudygyrassgnulanauiniduwuvaynsy
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5nAsa udrdeeunsguuns TPWC Transform ieYIN13aAAIERTIEIUNAIANEBARBNTAY
waudntunounie neuwlasdyaaiiduiivaliiudyaaueusion auedygalvuse
Fu udrdseanenmely

s

ladsdyaaeenatmaly dygatavsiudesdyyInsuniuluy AWGN fsuundl
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A5¥UIUANS De-TPWC Transform Lﬁ'é]LLﬂaG‘LﬁlﬁﬁﬂJvﬂJuﬁmLauf‘iau‘ﬁ'lﬂ'l‘iﬂammuﬁyﬁﬂfT'UJJ’l
varntudyyaeggnudatnteyasvuaynsulutuusui udunsguiunts FET
viiemiruegandyyalotenfdunduaniduyadeyaidisa inunszuiuns inverse DCT
waslildngadoyaimdrsdauuy QPSK ndumdadis rougnaensiiadudayaluud was

Foyannuwuvrunaduwuueyns fagldyadeyaluuitanmisiuaindun

3.4 aldlunuusnass (Parameters)

nM3dedaintsanesanduidimeeadeiduaisvasdyynleenfdumems
1453 DCT $2ufu33 TPWC Transform radglafvuneenee TunuusTapsdsaanndeaty
NUITEUee Wang (2011 : 100-104) il

3.3.1 Sandesdyadesiiline 512 Yosdtynyo

3.3.2 Madswavastesdyananduuuy Quadrature Phase Shift Keying (QPSK)

333 ﬁ’cyfyﬂmsummﬂuLLUULmﬁ“u'mmumn (AWGN: Additive White Gaussian
Noise)

33.4 LiRensuRansenuYed High Power Amplifier uag Digital to Analog
Convertor

3.3.5 AR89 Y8935 TPWC Transform Tueiisei] Wendeafumuideues Yang
and Hu (2011 : 619-623) uARIANT197 3.1

336 Asvduilddmiuilaitunsaouunuisuuuidninuudea vie A1 d
Wi 2

33.7 arseauilddmsuilaidunsrouunufituuy mu-law e A1 u dAnviniu 5
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3.5 AMSUUTINHANISNAABY

nstufinuanismaassainszuusiassil §ideduiinuaUsz@niamuesszuuilu 3
AU Ao gnTdundsagenreiduady SnsRawa1nintoya wWazAUMUILIUNG Y
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Suugedyanvallotewaidudiuau 50 dydnualloowddn (512 x 50 = 25,600) wazdinig

UL 50 50U LieANUgNABIiNgINEDA



uni 4

NAN15I8
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warANUVUILUUNauaAnSY FeiisvaviBunnatl

4.1 NAN1SNAAB9IYRIUSEENSNINATUNITANDASIEIUNIAIAYIARBNIA AR

AN 4.1 wamlsEansnInMsanA1onINa@IuAANANEEAABNAILRALUBIIDNITN

Yausfe 35 DCT SruduITAsuLwuAILUY TPWC tUSauiis unulseansnnilaannisiau

2
=

Ap 35 DCT uazioAouunufwuy TPWC Tasanwisniinainiee) vaaiendu TPWC uanida

@159 4.1

A15719% 4.1 Wsiwasalglunisiul e sy TPWC

m Uy U, v s
it 1.143 ] 3 Y.20 1.2160
2 1.009 0.14 20 1.7380

NAYBI TN AU INANISANANERIIAIUNAIANIEDARBAIAILRALNANIINS DS ADY

ada o

WNUAILUY TPWC Wlsagnaiden Wy @ CCOF = 10 navadiadiiiauensl93s bcT
SaMUIBRABILNUALUY TPWC (7 m=1.2) TWnaiifind F5asuunumuy TPWC @ m=1.2)
Wity 1.11 dB luvasiinave dsfidaauenisl9is DCT saufudsaeuunuRawuy TPWC @
m=2) Wnafising1 F5rouunumuy TPWC (i m=2) winiu 0.75 dB

uazlialUIeuiisunaTaaIsNuLauenUIsduY Ands DCT SNAUITABLLNUAILUY

1
acda

Lidudadunvudnlnuudoa wasuuu mulaw Yy nailléi CCOF = 10° wavedish
iiauensléis DCT SufuisrouunuRanuy TPWC (7 m=1.2) foendns DCT Jaufuis
AeuunuAUUEnTuuEsa (7 d=2) wihdu 0.5 dB wazdind13s DCT $aufuiBReuLwURS
WuU mulaw (@ u=5) wihiu 0.4 dB Fafilinadenndasiureinisldisaouununesds

nlﬁ = 1 P P ac : =3 = = & oo o 1 o a
U9 HigEawed Ao Iompuunuftuudnlnuuisa (M d=2) WuiENanAons1dIunias
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Argenrafduadelifingn aufeiSaauunudiauuu TPWC (1 m=1.2) uagisnauunuia
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A9 4.2 LARIANDRSIAIUANAIANEBARDANAURAY LasUsEanSainnisanan
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m . E S s NaR19AIDATIEIUNNAIAN
ANINIIEIUNIAIAN .
gandani1anae Weuiu

32 ganfnanIaaay B o o
OFDM adeun CCDF =

i CCDF = 10°(dB)

10° (dB)
DCT 32uAU Exponential
Companding 2.86 8.47

Exponential Companding

3.16 8.17

DCT 57uNU mu-law

Companding | 3.84 7.49
TPWC (m=1.2) 451 6.82
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4.2 #aN15MAaIYaUTEaENSNNATUSRTIRANAInUNYaYA
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= 1
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VULLUWSINUALUARSUTIANTNIE DCT saunuiseauunuianuulidudaduvisasauuy 1oy

78 DCT 5wAVISAauuwudauy TPWC (1 m=2) TWUseansn mainuvuiuiungany

.
=

auanuARNgn wananagun 4.6

q

-30

PSD(d

-40

-50

60

] a a v [ ar @ ada o =l =
AN 4.5 Usgandnneuanuriittuna i ualansuraIsniEye wWisuwiau

AUIGAILAL

-10

PSD(dB)

-60

AN 4.6 Ussansamaumnuvusuundauallans e s iiEye wWisuiiguy

uI5DUY

=30+

Original
= == DT
b | —— TPWC (m=1.2) .
==¥%== TPWC+DCT (m=1.2)
—+—TPWC (m=2)
| | ==%= TPWC+DCT (m=2) 3
kg‘#ﬂ
I S - o
‘n\m\“ﬁf‘&_“:;_#-#-.v
1 1 1 1 1 1 1 1 1
0 0,065 B 0.16Y, B2 02800 0.3L110 359 Dole, 0W5Y 05

Normalized frequency

—— Original
— —oDCT
—f— mu-law (u=5)
— mu-law+DCT (u=5)
———— exp (d=2)

exp+DCT (d=2)
—=—TPWC (m=1.2)
-=%-- TPWC+DCT (m=1.2)
—+— TPWC (m=2)
-—#-- TPWC+DCT (m=2)

1 1 1

0

0.05

0.1

1 1
0.15 0.2 0.25 0.3

Normalized frequency



38

A5 4.4 LEARIUSEANS NIWATUATILNULLUNS I UaARSY AruBiuesuealad
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i 05T
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TWsunsumsyUsEans NMnaUNISanAdRSIAIUAE AR NAILREAE

clear all
N = 512; % Number of subcarriers
n = N*50; % Number of data
nSymbol = n/N; % Number of OFDM symbol
M = 4; % Modulation level: QPSK
Nsamp = 4; % Sampling factor
= log2(M); % Number of bits per symbol
u=>5; % mu value
d = 2; % exp parameter
20%%%% TPWC parameters %%%%%%
ul = 1.143; u2 = 0.13; m = 1.2; % TPWC m=1.2
ul2 = 1.009; u22 = 0.14; m2 = 2; % TPWC m=2
2%%6%% %% %% % %% %% % %% % %% %
for ij = 1:50
%% % %% %%%%%%% Transmitter %% %%%%%%%%% %
% Create serial data
x = randint(1,n,M);
% serial to parallel data
xpara = reshape(x,N,nSymbol);
% Modulation
y = modulate(modem.pskmod(M),xpara);
ydct = dct(y);
% IFFT
yifft = N*Nsamp/sqrt(N)*ifft(y,N*Nsamp); %OF0M symbols
yyifft = N*Nsamp/sqrt(N)*ifftlydct,N*Nsamp); % dct
transmit = yifft(:); %F/S
transmityy = yyifft(:); % dct
stdd = std(transmit);
stdd_dct = std(transmityy); % dct
abs_transmityy = abs(transmityy); % dct
abs_transmit = abs(transmit);
v = m¥stdd; s =(ul-u2)*v; % TPWC m =12
v2 = m2*stdd; s2 =(u12-u22)*v2; % TPWC m =2
969%% dct %% %%

v_dct = m*stdd_dct; s dct =(ul-u2)*v_dct;

% dci+TPWC m = 1.2
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v2_dct = m2*stdd_dct; s2_det =(u12-u22)*v2_dct; % dct+ TPWC m = 2
%% %% %% %% % %% %

ys = var(transmit);

ys_dct = var(transmityy);

%% %% %% % %% % %%

PAPR = zeros(1,nSymbol); peak = zeros(1,nSymbol); average = zeros(1,nSymbol);
PAPRdB = zeros(1,nSymbol); PAPR_dct = zeros(1,nSymbol);  peak_dct = zeros(1,nSymbol);
average_dct = zeros(1,nSymbol); PAPRAB_dct = zeros(1,nSymbol);

abs_a = zeros(1,nSymbol); abs_a_sq = zeros(1,nSymbol);

abs_aa = zeros(1,nSymbol); abs_aa sq = zeros(1,nSymbol);

sigma = zeros(1,nSymbol); alpha = zeros(1,nSymbol); alpha_dct =
zeros(1,nSymbol);

yifft. mu = zeros(N*Nsamp,nSymbol); yifft_mu dct = zeros(N*Nsamp,nSymbol);

yifft_exp = zeros(N*Nsamp,nSymbol); yyifft_exp = zeros{iN*Nsamp,nSymbol);

ytpwe = zeros(N*Nsamp,nSymbol); ytpwc2 = zeros(N*Nsamp,nSymbaol);

ytpwc_dct = zeros(N*Nsamp,nSymbol);  ytpwc2_dct = zeros(N*Nsamp,nSymbol);

peak_u = zeros(1,nSymbol); average u = zeros(1,nSymbol);

PAPR_u = zeros(1,nSymbol); PAPRdB u = zeros(1,nSymbol);

peak_u_dct = zeros(1,nSymbol); average u dct = zeros(1,nSymbol);
PAPR_u_dct = zeros(1,nSymbol); PAPRdB u_dct = zeros(1,nSymbol); % dct
peak_e = zeros{1,nSymbol); average e = zeros(1,nSymbol);

PAPR e = zeros(1,nSymbol); PAPRdB e = zeros(1,nSymbol);
peak_e_dct = zeros(1,nSymbol); average e dct = zeros(1,nSymbol); % dct
PAPR e_dct = zeros(1,nSymbol); PAPRdB e dct = zeros(1,nSymbol); % dct
peak_tpwc = zeros(1,nSymbol);  average tpwe = zeros(1,nSymbol);
PAPR_tpwc = zeros(1,nSymbol); . PAPRAB_tpwc = zeros(1,nSymbol);
peak_tpwc2 = zeros(1,nSymbol); average tpwc2 = zeros(1,nSymbol);
PAPR_tpwc2 = zeros(1,nSymbol); PAPRAB tpwe2 = zeros(1,nSymbol);

peak_tpwc_dct = zeros(1,nSymbol); average_tpwc_dct = zeros(1,nSymbol);
PAPR_tpwc_dct = zeros(1,nSymbol); PAPRdB_tpwc_dct = zeros(1,nSymbol);
peak tpwc2_dct = zeros(1,nSymbol); average_tpwc2 dct = zeros(1,nSymbol); % dct

PAPR_tpwc2_dct = zeros(1,nSymbol); PAPRAB_tpwc2_dct = zeros(1,nSymbol); % dct
%%%%%20%0%% %% %% PAPR Calculation 95%%%%%%%%%

for i = 1:nSymbol

a = yifft(,ii);

peak(ii) = max(abs(a).»2);

average(ii) = mean(abs(a).”2);

PAPR(i) = peak(ii)/averagelii);



PAPRdB(ii) = 10*log10(PAPRI(i);
abs a = abs(a);
abs_a_sq(ii) = mean(abs_a.A2);
26%%%6%%%%%% % dct %%%%25%% %% % % %%
aa = yyifft(;,ii);
peak_dct(ii) = max(abs(aa).A2);
average_dct(ii) = mean(abs(aa)."2);
PAPR_dct(ii) = peak_dct(ii)/average dctfii);
PAPRAB_dct(ii) = 100g10(PAPR_dct(ii);
abs_aa = abs(aa); abs_aa_sq(ii) = mean(abs_aa."2);
%%%%%%%%%%%% Exponential companding %%%%%%%%%%%%%%%
alpha(ii) = (abs_a_sq(ii)/((1-exp(-abs a_sqliiys)A2)A(1/d)Ad/2);
alpha_dct(ii) = (abs_aa_sqi)/(1-exp(-abs_aa_sq(ii)/ys. dct)A2)A(1/d)A(d/2);
%%%%%%%%%%%% mu-law companding%%69%969696% %% %9 %%%
for jj = 1:N*Nsamp

b = yifft(jj,ii);

sgn_b = sign(b);

abs b = abs(b);

abs_b sq'=abs b.A2;

%%%%%%%% %% dct %% %% %% %% 9%%%%

bb = yyifft(j,i);

sen_bb = sien(bb);

abs_bb = abs(bb);

abs_bb sq = abs bb.A2;

yifft_mu(j,ii) = sgn_b*((log(1+u*(abs_b/averagel(ii)))Aog(1-+u))*averagelii);
yifft_mu_dct(j,i) = sgn_bb*((log(1+uX(abs_bb/average_det(i)/log(1+u))*average dctii);
yifft_exp(jjii) = sgn_b*(alpha(ii)*(1-exp(-abs_bA2/ys)A(1/d); % exp
yyifft_exp(jjii) = sen_bb*alpha_dct(ii)*(1-exp(-abs_bbA2/ys dcth)A(1/d); % dct+exp
96%%%%%%%6%%%6%%% TPWC %% %% %% %% %%%%%% %
if abs b <=v

ytpwc(jj,ii) = ul*abs_b*sgn_b; % TPWC
else

ytpwc(jj,i) = (u2*abs_b+s)*sen_b; 9% TPWC
end
if abs_b <=v2

ytpwc2(jj,ii) = ul2*abs_b*sgn b; % TPWC
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else

ytpwe2(jj,i) = (u22*abs_b+s2)*sgn_b; % TPWC

end
yifft_tpwe = ytpwe; yifft_tpwc2 = ytpwc2;
%0%%%%%%%%% % %% dct + TPWC %9%%69%% % %%% %% %% %060 % %%%

if abs_bb <=v_dct
ytpwe_dct(jj,ii) = ul*abs_bb*sen_bb; % TPWC
else
ytpwe_dct(jj,ii) = (u2*abs_bb+s_dct)*sgn_bb; % TPWC
end
if abs_bb <= v2 dct
ytpwce2_dct(jj,ii) = ul2*abs bb*sgn bb; % TPWC
else
ytpwc2_dct(jjii) = (u22*abs_bb+s2_dct)*sen. bb; % TPWC
end
yifft_tpwc_dct = ytpwc_dct;
yifft_tpwc2_dct = ytpwc2 dct;
96%% %% 502 %% % %% %% % %96%%600 %% % % 90 % %6 404969 06 969696969959 9 %% %
end
%%% %% mu-law PAPR %%9%%%%
c = yifft. mu(ii);
peak_uii) = max(abs(c).A2);
average_u(ii) = mean(abs(c).A2);
PAPR_ulii) = peak_u(ii)/average u(ii);
PAPRdB_u(ii) = 10*logl0(PAPR_u(i));
%%%%% dct + mu %6%%%%% %%
c_dct = yifft mu_dct(,ii);
peak_u_dct(ii) = max(abs(c_dct).A2);
average_u_dct(i)) = mean(abs(c_dct).A2);
PAPR_u_dct(ii) = peak_u_dctfii)/average_u_dct(ii);
PAPRAB_u_dct(ii) = 10*log10(PAPR u_dct(ii);
%%%%% Exp PAPR 9%%9%%%%
f = yifft_exp(,ii);
peak_e(ii) = max(abs(f).A2);
average_e(ii) = mean(abs(f).A2);
PAPR_el(ii) = peak_e(ii)/average elii);

]

PAPRdB_e(ii) = 10*log10(PAPR_e(ii));

%6%%%%% dct + exp PAPR %%6%%%%%



ff = yyifft_exp(.ii);

peak_e_dct(ii) = max(abs(ff).A2);

average_e_dct(i)) = mean(abs(ff).A2);

PAPR_e_dct(ii) = peak_e_dct(ii)/average e dctfii);

PAPRAB e dct(ii) = 10*log10(PAPR e_dct(ii);
%%%%%% TPWC PAPR %%%%%%

g = ytpwc(. ii);

peak_tpwc(ii) = max(abs(g).A2);

average_tpwc(ii) = mean(abs(g)."2);

PAPR_tpwc(ii) = peak_tpwc(ii)/average tpwc(ii);

PAPRdB_tpwc(ii) = 10*log10(PAPR_tpwc(ii);

g2 = ytpwc2(.,ii);

peak_tpwc2(i)) = max(abs(g2).A2);

average_tpwc2(ii) = mean(abs(g2).A42);

PAPR_tpwc2(ii) = peak_tpwc2(ii)/average tpwc(ii);

PAPRAB_tpwa2(ii) = 10*log10(PAPR _tpwc2(ii);
%%%%% dct + TPWC PAPR%%6%%%% %

g_dct = ytpwe, dct(,ii);

peak_tpwec_dct(ii) = max(abs(g_dct).A2);

average_tpwc_dctf(ii) = mean(abs(g_dct).A2);

PAPR_tpwc_dct(ii) = peak tpwc_dctlii)/average tpwc dct(ii);

PAPRAB_tpwc_dctlii) = 10*log1O(PAPR tpwc dct(in);

g2 dct = ytpwc2 dct(:,ii);
peak_tpwc2_dct(i) = max(abs(g2 dct).A2);
average_tpwc2_dct(ii) = mean(abs(g2_dct).A2),
PAPR_tpwc2_dctfii) = peak tpwc2 dctfii)/average tpwc2 det(ii);
PAPRAB_tpwc2_dct(ii) = 10*log10(PAPR tpwe2 dct(iD);
26%%%%%% %% %% %% %% %% % %%

end
PAPRdB_L(.,ij) = PAPRdB;
PAPRdB e L(.,ij) = PAPRdB_e;
PAPRAB_tpwc_L(:,ij) = PAPRAB_tpwc;
PAPRdB_tpwc2 L(:ij) = PAPRdB_tpwc2;
PAPRdB_u_L(,ij) = PAPRdB_u;

PAPRAB_L_dct(:,ij) = PAPRAB_dct; % dict
PAPRAB e L dct(.ij) = PAPRAB_e_dct; % dct

o



PAPRAB_tpwc L_dct(:,ij} = PAPRdB tpwc dct; % dct
PAPRAB_tpwc2 L dct(.ij) = PAPRdB_tpwc2_dct; % dct
PAPRAB_u_L_dct(:,ij) = PAPRAB u_dct;

end

PAPRdB_L = PAPRdB L(:);

PAPRAB e L = PAPRAB e L();

PAPRAB tpwc L = PAPRAB tpwc L(:);

PAPRdB tpwc2 L = PAPRAB_tpwc2 L(:);

PAPRAB u_L = PAPRAB u_ L(:);

PAPRAB_L_dct = PAPRAB_L dct(:);
PAPRAB_e_L dct = PAPRdB_e_L_dect(?);
PAPRdB_tpwc_L_dct = PAPRdB tpwc L dct();
PAPRdB_tpwc2 L _dct = PAPRAB tpwc2 L dct(y);
PAPRAB u_L_dct = PAPRB_u L dct();

[ofdm_ecdf, ofdmi]=ecdf(PAPRAB _L);

ofdm_ccdf = 1-ofdm_ecdf;

[ofdm_ecdf e, ofdmi_el= ecdf(PAPRdB e L);

ofdm_ccdf e = l-ofdm ecdf e;

[ofdm_ecdf_tpwec, ofdmi_tpwc]= ecdf(PAPRdB tpwc L);
ofdm_ccdf_tpwc = 1-ofdm_ecdf tpwe;

[ofdm_ecdf tpwc2, ofdmi_tpwc2]= ecdf(PAPRAB tpwc2 L);
ofdm_ccdf tpwc2 = 1-ofdm_ecdf tpwc2;

lofdm_ecdf_u, ofdmi_ul= ecdf(PAPRdB u_L);

ofdm_ccdf u = 1-ofdm_ecdf u;

lofdm_ecdf_dct, ofdmi_dctl= ecdf(PAPRdB_L_dct);

ofdm_ccdf dct = 1-ofdm_ecdf dct;

lofdm_ecdf e_dct, ofdmi_e_dct]= ecdf(PAPRdB e L dct);
ofdm_ccdf e dct = 1-ofdm_ecdf e dct;

[ofdm_ecdf_tpwc_dct, ofdmi_tpwc_dct]= ecdf(PAPRdB_tpwc L dct);
ofdm_ccdf_tpwc_dct = 1-ofdm_ecdf tpwc dct;

[ofdm_ecdf_tpwc2_dct, ofdmi_tpwc2_dct]= ecdf(PAPRAB tpwc2 L dct);
ofdm_ccdf tpwc2_dct = 1-ofdm_ecdf tpwc2 dct;

fofdm_ecdf_u_dct, ofdmi_u_dct]= ecdf(PAPRdB u L dct);

ofdm_ccdf u_dct = 1-ofdm_ecdf u_dct;

semilogy(abs(ofdmi), ofdm_ccdf,r-");hold on;
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semilogy(abs(ofdmi_dct), ofdm_ccdf dct,'r);

semilogy(abs{ofdmi_u), ofdm_ccdf u,'cs-);

semilogy(abs(ofdmi_u_dct), ofdm_ccdf u dct,'c--);

semilogy(abs(ofdmi_e), ofdm_ccdf e,'¢d-);

semilogy(abs(ofdmi_e_dct), ofdm_ccdf e_dct,'s--);

semilogy(abs(ofdmi_tpwc), ofdm_ccdf tpwe, ke,

semilogy(abs(ofdmi_tpwc_dct), ofdm_ccdf tpwe_dct,'kh-);

semilogy(abs(ofdmi_tpwc2), ofdm ccdf tpwc2,'b+-);

semilogy(abs(ofdmi_tpwc2_dct), ofdm_ccdf tpwe2_dct,bp-); axis([0 14 0.0001 11); erid on; hold
off;

legend(‘Criginal’, DCT', mu-law {u=5)', mu-law+DCT(u=5},'exp (d=2),'exp+DCT (d=2), TPWC
(m=1.2), TPWC+DCT (m=1.2), TPWC {m=2)", TPWC+DCT (m=2));

2. Wsunsumsmuszdvsamendnsifianainintoya

clear all;

N = 512; % Number of subcarriers

n = N*50; % number of data

M = 4; % Modulation level; QPSK

Nsamp = 1; % Sampling factor

k = log2(M); % Number of bits per symbol
EbNO = 0:2:18;

nSymbol = n/N; % Number of OFDM symbol
u=5; % mu value

d = 2; % exp value

ul =1.143; u2 = 0.13; m = 1.2; % TPWC m=1.2
ul2 = 1.009; u22 = 0.14; m2 = 2; % TPWC m=2
9%%6%%%%% % %%%%% %% %% % %%

ijj = 100;

peak = zeros(1,nSymbol); average = zeros(1,nSymbol);

peak dct = zeros(1,nSymbol);  average dct = zeros(1,nSymbol);

yifft_mu = zeros(N*Nsamp,nSymbol); yifft mu_dct = zeros(N*Nsamp,nSymbol);
yifft_exp = zeros(N*Nsamp,nSymbol); yifft_exp_dct = zeros(N*Nsamp,nSymbol);
ytpwc = zeros(N*Nsamp,nSymbol); ytpwc2 = zeros(N*Nsamp,nSymbol);



ytpwc_dct = zeros(N*Nsamp,nSymbol);  ytpwc2 dct = zeros(N*Nsamp,nSymbol);

rt_L = zeros(ijj,length(EbNO)); t_mu_L = zeros(ijj,length(EbNQO)); rt exp L =
zeros(ijj,length(EbNO));

rt_tpwc_L = zeros(ijj,length(EbNO)); rt tpwe2 L = zeroslijj,length(EbNO));
rt_L dct = zeros(ijj,length(EbNO)); rt_mu_L dct = zeros(ijj,length(EbNO));
rt_exp L dct = zeros(ijj,length(EbNO)); rt_tpwc L dct = zeros(ijj,length(EbNO));
rt_tpwc2 L _dct = zeros(ijj,length(EbNO)); num = zeros(1,length(EbNO));

rt = zeros(1,length(EbNO)); theoryBer = zeros(1,length(EbNO));

SNR = zeros(1,length(EbNO)); peak r = zeros(1,nSymbol);

sig_noise_mu = zeros(N*Nsamp,nSymbol); sig_noise_exp = zeros(N*Nsamp,nSymbol);
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sig_noise_ytpwc = zeros(N*Nsamp,nSymbol); sig_noise_ytpwc2 = zeros(N*Nsamp,nSymbol);

sig_noise_mu_dct = zeros(N*Nsamp,nSymbol); sig_noise_exp_dct = zeros(N*Nsamp,nSymbol);

sig_noise_ytpwc_dct = zeros(N*Nsamp,nSymbol); sig_noise_ytpwc2 dct =

zeros(N*Nsamp,nSymbol

num_mu = zeros(1,length(EbNO)); rt_mu = zeros(1,length(EbNO));
num_exp = zeros(1,length{EbNO)); rt_exp = zeros(1,length(EbNO));
num_tpwc = zeros(1,length(EbNQ)); rt_tpwe = zeros(1,length(EbNO));
num_tpwc2 = zeros(1,length(EbNO)); rt tpwc2 = zeros(1,length(EbNO));
num_dct = zeros(1,length(EbNO)); rt_dct = zeros(1,length(EbNO));
num_mu_dct = zeros(1,length(EbNO rt mu_dct = zeros(1,length(EbNO));

num_exp_dct = zeros(1,length(EbNO)); rt_exp dct = zeros(1,length(EbNO));
num_tpwc_dct = zeros(1,length(EbNO)); - rt_tpwc dct = zeros(1,length(EbNO));
num_tpwc2_dct = zeros(1,length(EbNO)); rt_tpwc2 dct = zeros(1,length(EbNO));

for ij = 1:ij

% Create serial data

x = randint(1,n,M);

% serial to parallel data

xpara = reshape(x,N,n/N);

% Modulation

y = modulate(modem.pskmod(M),xpara);

ydct = dctly);

% IFFT

yifft = N*Nsamp/sqrt(N)*ifft(y,N*Nsamp), %OFDM symbols
yyifft = N*Nsamp/sqrt(N)*ifft(ydct,N*Nsamp); % dct
transmit = yifft(:); %P/S

transmityy = yyifft(:); % dct



stdd = std{transmit);

stdd_dct = std(transmityy); % dct
varr = var(transmit);

varr_dct = var(transmityy);

abs_a sg = mean(abs(transmit).A2);

abs_aa_sqg = mean(abs(transmityy).A2); % dct

alpha = (abs_a_sq/((1-exp(-abs_a_sq/vam)A2)A(1/d))Md/2); % exp
alpha_dct = (abs_aa_sq/((1-expl-abs_aa_sg/varr_ dct)A2)M1/d)Nd/2); % dct

v = m¥stdd; s =(ul-u2)*v; % TPWC m = 1.2
v2 = m2*stdd; 52 =(ul2-u22)*v2; % TPWC m =2

%%% dct %6%%%

v_dct = m*stdd_dct; s dct =(ul-u2f*v dct; % det+TPWC m = 1.2
v2_dct = m2*stdd_dct; ~s2_dct =(u12-u22)*v2 dct; o dce+ TPWC m = 2
%%%%%%%% %% %% % Mu-Law Companding %%%%%%%%%%6%6%%%%%

for i = 1:nSymbol
a = yifft(.,i);
peak(i) = max(abs(a).A2);
average(i) = mean(abs(a).A2);
%90% %% %% % %% dct %%%%%%%6%%%% %%
aa = yyifft(,i);
peak_dct(i) = max(abs(aa).A2);

average dct(i) = mean(abs(aa).*2);

for jj = 1:N*Nsamp
b = yifft(jj,i);
sgn_b = sign(b);
abs b = abs(b);

bb = yyifft(jj,i);
sgn_bb = sign(bb);

abs_bb = abs(bb);

yifft_mu(j,) = sgn_b*(log(1+u*(@bs_b/average(i)))/log(1+u))*average(i);

yifft_mu_dct(jj,i} = sgn_bb*(log(1+u*(abs_bb/average_dct(i))))/log(1+u))*average dct(i);

yifft_exp(jj,) = sgn_b*(alpha*(1-exp(-abs_bA2/var))A(1/d); % exp
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yifft_exp_dct(j,i) = sen_bb*(@lpha_dct*{1-expl(-abs_bbA2/varr_dct)A(1/d);

if abs b <=v

ytpwc(jj,) = ul*abs_b*sen_b; % TPWC
else

ytpwcl(jj,i) = (u2*abs_b+s)*sen_b; % TPWC

end

if abs b <=v2
ytpwe2(jj,)) = ul2¥abs_b*sgn_b; % TPWC
else
ytpwc2(jj,i) = (u22*abs_b+s2)*sen_b; % TPWC

end

26%%%% %% %% %% %% dct %%6%9%%%%6%6% %% %% %% %

if abs bb <=v dct
ytpwe_dct(jj,i) = ul*abs_bb¥*sen bb; % TPWC
else
ytpwe_dct(jj,i) = (u2*abs_bb+s_dct)*sen bb; % TPWC
end
if abs bb <= v2 dct
ytpwc2 dct(jj,i) = ul2¥abs_bb*sen bb; % TPWC
else
ytpwc2_dct(j,i) = (u22*abs bb+s2_dct)*sgn_bb; % TPWC
end
end
end
transmit_mu = yifft_mu(:);
transmit_exp = yifft_exp(); % exp
transmit_tpwc = ytpwc(:); % TPWC
transmit_tpwc2 = ytpwc2(); % TPWC
transmit_mu_dct = yifft_mu_dct();
transmit_exp dct = yifft exp dct(:); % dct
transmit_tpwc_dct = ytpwe_dct(:); % dct
transmit_tpwc2_dct = ytpwc2_dct(); % dct
%%6%%%% %% %%0%6%% AWGN Channel %9%%%%%%%%%
i=1;
for EbNO = 0:2:18
SNR(ii) = EbNO+10*log10(k)-10*log10(Nsamp);
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sig_noise = awgn(transmit,SNR(ii), measured');

sig_mu_noise = awgn(transmit_mu,SNR(ii),'measured?); % mu

sig_exp_noise = awgn(transmit_exp,SNRI(ii), measured’); % exp

sig_tpwc_noise = awgn(transmit_tpwc,SNR(ii), measured'); % TPWC

sig_tpwc_noise2 = awgn(transmit_tpwc2 SNR(ii), measured?); % TPWC

sig_noise_dct = awgn(transmityy,SNR(ii), measured'); % dct

sig_mu_noise_dct = awgn(transmit_mu_dct,SNR(ii), measured’);

sig_exp_noise_dct = awgn(transmit_exp_dct,SNR(ii), measured?); % dct

sig_tpwc_noise_dct = awgn(transmit_tpwc_dct,SNRIii), measured'); % dct

sig_tpwc_noise2_dct = awgn(transmit_tpwc2 dct,SNR(i), measured’); % dct
26%%%% %% % %% %% % Receiver %5%%%% %% %% % %% %%
sig_noisel = reshape(sig_noise, N*Nsamp,length(transmit)/N/Nsamp); % S/P
sig_noise2 = reshape(sig_mu_noise,N*Nsamp,length(transmit_mu)/N/Nsamp); % mu
sig_noise3 = reshape(sig_exp_noise,N*Nsamp,length(transmit_exp)/N/Nsamp); % exp
sig_noised = reshape(sig_tpwc_noise,N*Nsamp,length(transmittpwc)/N/Nsamp); % TPWC
sig_noised?2 = reshape(sig_tpwc_noise2,N*Nsamp, length(transmit_tpwc2)/N/Nsamp); % TPWC
%9%%6%%%%%%%% dct %%%%% %% %% %% %% % % %% 00% %400
sig_noisel_dct = reshape(sig_noise_dct,N*Nsamp,length(transmityy)/N/Nsamp);
sig_noiseZ_dct = reshape(sig_mu_noise_dct,N*Nsamp,length(transmit_mu_dct)/N/Nsamp);
sig_noise3_dct = reshape(sig_exp_noise_dct,N*Nsamp,length(transmit exp_dct)/N/Nsamp); 96 exp
sig_noised_dct = reshape(sig_tpwc_noise_dct,N*Nsamp,length(transmit_tpwc_dct)/N/Nsamp); %
TPWC
sig_noised2_dct = reshape(sig_tpwc_noise2_dct,N*Nsamp,length(transmit_tpwc2 dct)/N/Nsamp);
% TPWC
%%% %% % %% % % % %06 % % %6 %% %% % %6 % % % % % % %696 2696 9% % %%
gl_fft = sqrt(N)/N/Nsamp*fft(sig_noise1,N*Nsamp);
ql fftl = q1_fft(1:N,2);
ql_fft dct = sqrt(N)/N/Nsamp*fft(sig_noisel dct,N*Nsamp); % dct
ql_fftl dct = g1 fft dct(1:N,); % dct
idct = idct(ql_fft1 det);
%%%% %% %% % %% %% Mu-Law De-Companding %%%%%% %% %% %% %% %%

varr_re = var(sig_exp_noise);

for i = 1:nSymbol

a_r = sig_noise1(sii);

peak_r(iii) = max(abs(a_r).A2);
for jjj = 1:N*Nsamp



b r = sig_noise2(jj,iii);
sgn_b_r = sign(b 1),
abs b r=abs(b n);

e_r = sig_noise3(jjjii)); % exp
abs e r = abs(e r);

sgn_e_r = sign(e r);

f 1 = sig_noised(jjj,iii); % TPWC
sgn_f r = sign(f r);
abs _f r=abs(f r);

f r2 = sig_noised2(jjj,iii); 9% TPWC
sen_f r2 = sign(f_r2);
abs_f r2 = abs(f r2);

b_r_dct = sig noise2_dct(jjj,iii);
sgn_b_r dct = sign(b_r dct);
abs_b r_dct = abs(b_r_dct);

abs_e_r_dct = abs(e_r_dct);

sgn_e_r_dct = sign(e_r dct); % exp

sgn_f r dct = sign(f r_dct);
abs_f r_dct = abs(f r_dct);

f r2_dct = sig_noised42_dctjjj,ii); % TPWC
sen_f r2_dct = sign(f_r2_dct);
abs_f r2 dct = abs(f r2 dct);
%%%%6%%9%%6%0% %% %% % %% % % %0 % % 9% %% 9% 95 %6%% %
sig_noise_mul(jjjiii) = sgn_b_r.X(explabs_b_r<(log(1+u)/averageliii)))-1)*(averageliii)/u);
sig_noise_mu_dct(jjjiii) = sgn_b_r_dct.Xexplabs_b_r_dctX((log(1+u)/average _dctiii))))-
1)*(average_dctiii)/u);

sig_noise_exp(jjj,iii) = sgn_e_r*sqrt(-varr*log(1(abs_e rAd/alpha))); % exp
sig_noise_exp_dct(jjj,iii) = sgn_e_r_dct*sqrt(-varr_dct*log(1-(abs_e r dctAd/alpha dct);
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if abs f r <= ul*v

end
%%%%%% %% %%%%%% det %% %% %% %% % %% %096%%696%% %%
if abs_f r_dct <= ul*v_dct
sig_noise_ytpwe_dct(jjj,iii) = (1/ul)*abs f r dct*sgn f r_dct; % TPWC
else
sig_noise_ytpwc_dct(jjj,iii) = (L/u2/*(abs_f r dct-s_dct)*sgn f r dct; % TPWC
end
if abs_f_r2_dct <= u12*v2 dct
sig_noise_ytpwe2 det(jjj,iii) = (1/u12)*abs f r2 dct*sgn f r2_dct; % TPWC
else
sig_noise ytpwe2_dctjjj,iii) = (1/u22)¥abs f r2 dct-s2 dct)*sen f r2 dct; % TPWC
end
rtpwe = sig_noise_ytpwc; % TPWC
rtpwc? = sig_noise ytpwc2; % TPWC
rtpwc_dct = sig_noise_ytpwc_dct; % dct
rtpwc2_dct = sig noise_ytpwc2 dct; % dct
end
end
g2_fft = sqrt(N)/N/Nsamp*fft(sig_noise_mu,N*Nsamp); % mu
g2_fftl = g2_fft(1:N,);
q2_fft_dct = sqrt(N)/N/Nsamp*fft(sig_noise mu_dct,N*Nsamp); % dct
g2_fftl dct = g2 fft dct(1:N,2);
idct_mu = idct(g2_fft1 dct);

q3_fft = sgrt(N)/N/Nsamp*fft(sig_noise_exp ,N*Nsamp); % exp
g3_fftl = g3 _fft(1:N,2); % exp

q3_fft_dct = sgrt(N)/N/Nsamp*fft(sig_noise_exp_dct,N*Nsamp); % dct



q3_fftl_dct = g3_fft_dct(1:N,); % dlct

idct_exp = idct(g3_fftl dct);

gd_fft = sqrt(N)/N/Nsamp*fft(rtpwc,N*Nsamp); % TPWC
qb_fitl = qd_fH(LN,); % TPWC

g4 fft_dct = sgrt(N)/N/Nsamp*fft(rtpwc_dct,N*Nsamp); % dct
qd_fftl dct = g4 fft dct(1:N,); % det
idct_tpwc = idct(qd fft1 dct);

g4 _fft2 = sqrt(N)/N/Nsamp*fft(rtpwc2,N*Nsamp); % TPWC
qd_fft12 = gd_fft2(1:N,2); % TPWC

qd_fft2_dct = sqrt(N)/N/Nsamp*fft(rtpwc2_dct,N*Nsamp); % dct
gd fft12 dct = gd_fft2 dct(1:N,2); % dct
idct_tpwc2 = idct(gd fft12 dct);

%00696%96%6% 96 % 969 % %% %% %6069 6% % % % 96%% % % 96%9696.% % %%

z = demodulate(modem.pskdemod(M),q1_fft1);

zerial = reshape(z,1,n);

z_mu = demodulate(modem.pskdemod(M),q2_fft1);

zerial_mu = reshape(z_mu,1,n)

z_exp = demodulate(modem.pskdemod(M),g3 fft1); % exp

zerial_exp = reshape(z_exp,1,n); % exp

z_tpwc = demodulate(medem.pskdemod(M),qd fft1); % TPWC
zerial_tpwc = reshape(z_tpwc,1,n); % TPWC

z_tpwc2 = demodulate(modem.pskdemod(M),qd _fft12); % TPWC
zerial_tpwc2 = reshape(z_tpwc2,1,n); % TPWC

%%%%0% %% %% %% dot %%%9%%%% %% %% % %656 % % % % %% % %%

z_dct = demodulate(modem.pskdemod(M),idct);
zerial_dct = reshape(z_dct,1,n);

z_mu_dct = demodulate(modem.pskdemod(M),idct_mu);
zerial_mu_dct = reshape(z_mu_dct,1,n);
z_exp_dct = demodulate(modem.pskdemod(M),idct_exp); % exp

zerial_exp_dct = reshape(z_exp_dct,1,n); % exp

%%%%% %

%%%
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z_tpwc_dct = demodulate(modem.pskdemod(M),idct_tpwc); % TPWC

zerial_tpwc_dct = reshape(z_tpwc_dct,1,n); % TPWC

z_tpwc2_dct = demodulate(modem.pskdemod(M),idct tpwc2); % TPWC
zerial_tpwc2_dct = reshape(z_tpwc2_dct,1,n); % TPWC
%6%% %% %% %% % %% % %6 % %% %% %% %% % % %% % % %696 % % %% %% 9%
[num(ii),rt(i)] = symerr(x,zerial);

[num_mu(ii),rt_mu(ii)] = symerr(x,zerial_mu);

[num_exp(ii),rt_exp(ii)] = symerr(x,zerial_exp); % exp
[num_tpwc(iirt_tpwc(ii)] = symerr(x,zerial _tpwc); % TPWC
[num_tpwe2(ii),rt_tpwc2(ii)] = symerr(x,zerial_tpwc2); % TPWC
%%%%%%%%% %% %% dct $696%9%6%% %% % % % % % %% 96 %% %% %% %
[num_dct(ii),rt_dct(ii)] = symerr(x,zerial_dct);

[num_mu_dct(ii),rt_mu_dct(ii)] = symerr(x,zerial_mu_dct);
(num_exp_dct(i)rt_exp_dct(ii)] = symerr(x,zerial exp_dct); % exp
[num_tpwc_det(ii),rt_tpwe_det(ii)] = symerr(x,zerial_tpwc_dct); % TPWC
(num_tpwc2_dctii),rt_tpwce2 dct(ii)] = symerr(x,zerial tpwc2 dct); % TPWC

theoryBerl(ii) = (1/2)*erfc(sqrt(10.M(EbNO/10))); % to compare
i = ii+1;

end

rt_LGij,2) = risk;

rt_mu_L{Gj:) = rt_mu/k;

rt_exp_L(ij,;) = rt_exp/k;

rt_tpwe L(ij,2) = rt_tpwc/k;

rt_tpwe2 L) = rt_tpwc2/k;

96%% %% %% %% %% dct %% %%%% %% %% %%
rt_L_dct(ij,2) = rt_dct/k;

rt mu L dct(ij;) = it mu dctzk;

rt_exp L dct(ij,?) = rt_exp dct/k;
rt_tpwc_L_dctfij,:) = rt_tpwc_dct/k;
rt_tpwe2 L dctlij:) = rt_tpwe2 dct/k;

end

rt_L_mean = mean(rt_L);

rt_mu_L_mean = mean(rt_mu_L);
rt_exp_L_mean = mean(rt_exp_L);
rt_tpwc_L_mean = mean(rt_tpwc_L);

rt_tpwc2 L mean = mean(rt tpwc2 L);
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%% % %% %% % dct %69%0%:%%% %% %% % %%
rt_L_mean_dct = mean(rt_L dct);
rt_mu_L_mean_dct = mean(rt mu_L_dct);
rt_exp_L_mean_dct = mean(rt_exp_L_dct);
rt_tpwc_L_mean_dct = mean(rt_tpwc L _dct);
rt_tpwc2 L_mean_dct = mean(rt_tpwc2 L dct);

X =0:2:18;

semilogy(X,rt_ L mean,'r-);hold on;

semilogy(X,rt_L mean_dct,r—); % dct

semilogy(X,rt_mu_L mean,'cs-),;
semilogy(X,rt_mu_L _mean dct,'c-); % dct
semilogy(X,rt_exp L _mean,'sd-);% exp

semilogy(X,rt_exp_L mean_dct,'s—"; % dct
semilogy(X,rt_ tpwe L mean, kx-);
semilogy(X,rt_tpwc_L_mean_dct,'kh-', LineWidth',2); % dct
semilogy(X,rt_tpwc2 L mean,'b+-);
semilogy(X,rt_tpwc2 L mean dct,bp-, LineWidth',2);

axis(0 20 10.A(-5) 1]); erid on; hold off;

legend(‘Original!, DCT,'mu-law (u=5), mu-law+DCT (u=5"'exp (d=2),'exp+DCTAd=2), TPWC
(M=1.2), TPWC+DCT (m=1.2), TPWC (m=2), TPWC+DCT (m=2));
xlabel('SNR{dB}); ylabel(BERY);

3. lUsunsumsviuseavsnweuA UL LuwE s uaaa sy

clear all;

N = 512; % Number of subcarriers

n = N*1; % Number of data

nSymbol = n/N; % Number of OFDM symbol
M = 4; % Modulation level: QPSK

Nsamp = 4; % Sampling factor

k = log2(M); % Number of bits per symbol

u = 5; % mu value

d = 2; % exp parameter

%%%%% TPWC parameters %%%%%%

ul =1.143; u2 = 0.13; m = 1.2; % TPWC m=1.2
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ul2 = 1.009; u22 = 0.14; m2 = 2; % TPWC m=2

%% %% % %% %% % %% % %%%% %% %

samp = 10;

for ij = 1:50

%%%%% %% %% %% % Transmitter 9%69%%%%%%9%%%%%
% Create serial data

x = randint{1,n,M);

% serial to parallel data

Xpara = reshape(x,N,nSymbol);

% Modulation

y = modulate(modem.pskmod(M),xpara);

ydct = dct(y);

% IFFT

yifft = N*Nsamp/sqrt(N)*ifft{y,N*Nsamp); %OFDM symbols
yyifft = N*Nsamp/sqri(N)*ifft(ydct,N*Nsamp); % DCT
transmit = yifft(;); %P/S

transmityy = yyifft(:); % DCT

stdd = std(transmit);

stdd_dct = std(transmityy); % DCT

ys = var(transmit);

ys_dct = var(transmityy):

v = m¥stdd; s =(ul-u2)*v; WBTPWC m=12
v2 = m2*stdd; 52 =(u12-u22y*v2; % TPWC m=2
%% % dct %%%%
v_dct = m*stdd_dect; s_dct =(ul-u2)*v_dct; % dct+ TPWC m = 1.2
v2_dct = m2*stdd_dct; s2_dct =(u12-u22)*v2 dct; % dct+TPWC m = 2

%9696%96%69%%6%%%%

peak = zeros(1,nSymbol); average = zeros(1,nSymbol); average dct =

zeros(1,nSymbol);

abs_a = zeros(1,nSymbol); abs_a_sq = zeros(1,nSymbol);  peak _dct = zeros(1,nSymbol);
abs_aa = zeros(1,nSymbol); abs_aa_sq = zeros(1,nSymbol);  sigma = zeros(1,nSymbol);
alpha = zeros(1,nSymbol); alpha_dct = zeros(1,nSymbol);

yifft_mu = zeros(N*Nsamp,nSymbol); yifft_mu_dct = zeros(N*Nsamp,nSymbol);
yifft_exp = zeros(N*Nsamp,nSymbol); yyifft_exp = zeros(N*Nsamp,nSymbol);
ytpwe = zeros(N*Nsamp,nSymbol); ytpwc2 = zeros(N*Nsamp,nSymbol);
ytpwe_dct = zeros(N*Nsamp,nSymbol);  ytpwc2_dct = zeros(N*Nsamp,nSymbol);
%69%6%%%%% %% %% %% PAPR Calculation %9:%%9%%%%%%

for ii = 1:nSymbol



a = yifft(:,ii);

peak(ii) = max(abs(a).A2);
average(ii) = mean(abs(a).A2);
abs_a = abs(a);

abs_a_sq(ii) = mean(abs_a./2);

aa = yyifft(,ii);
peak_dct(ii) = max(abs(aa).A2);
average_dct(ii) = mean(abs(aa).»2);
abs_aa = abs(aa);
abs_aa_sq(ii) = mean(abs_aa.A2),
%%%%%% %% %% % %% Exponential companding %9%9% %% %%%%%%%9%%%
alpha(ii) = (abs_a_sq(ii)/(1-exp(-abs_a_sqiil/ys)A2)M1/dIMd/2);
alpha_dct(ii) = (abs_aa_sq(ii)/(1-exp(-abs aa sq(ii)/ys dethA2)A(1/d)MA/2);
%696%%%% %% % %%% mu-law companding%h%%9696%%%% %% % %%
for jj = 1:N*Nsamp

b = yifft(j,ii);

sen_b = sign(b);

abs_b = abs(b);

abs b sq=abs b.AZ;

26%690%% %% % %% det 9% %9%%626%% %% %%

bb = yyifft(jj,i);

sen_bb = sign(bb);

abs_bb = abs(bb);

abs_bb_sq = abs_bh.A2,

yifft_mu(jj,ii) = sen_b*((log(1+u*(abs_b/average(ii)))/log(1+u))*averagelii:
yifft_mu_dct(jjii) = sgn_bb*((log(1+u*(abs_bb/average_dct(i)))/log(1+u)*average dctii);
yifft_exp(jj,ii) = sen_b*(alphali)*(1-exp(-abs_bA2/ys)A(1/d); % exp
yyifft_exp(jj,ii) = sgn_bb*(alpha_dct(ii}*(1-exp(-abs_bbA2/ys_dct))M1/d); % dect+exp
%99 %% %% % %% %% %% TPWC %%%% %% %% %% %% % %%
if abs b <=v

ytpwc(jj,i) = ul*abs b*sgn b; % TPW
else

ytpwc(jj,ii) = (u2*abs_b+s)*sgn_b; % TPWC

end
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if abs b <=v2
ytpwc2(jjii) = ul2*abs_b*sgn_b; % TPWC
else
ytpwc2(jj,ii) = (u22*abs_b+s2)*sgn_b; % TPWC
end
yifft_tpwec = ytpwe;
yifft_tpwc2 = ytpwc2;
209%%%%%%%%%% %% dct + TPWC %9%%9%%% %% % %% % %% % % 96% %% % %
if abs_bb <= v dct
ytpwe_dct(jjii) = ul*abs_bb*sgn bb; % TPWC
else
ytpwc_dct(jjii) = (u2*abs_bb+s_dct)*sen_bb; % TPWC

end

if abs_bb <=wv2 dct
ytpwe2_ dct(jj,ii) = ul2*abs_bb*sgn bb; % TPWC
else
ytpwc2_dct(jy,ii) = (U22*abs_bb+s2 dct)*sen_bb; % TRPWC
end
yifft_tpwe_dct = ytpwe dct;
yifft_tpwc2 dct = ytpwc2_dct;
end
end
transmit_mu = yifft_mu();
transmit_mu_dect = yifft mu_dct();
transmit_exp = yifft exp(:);
transmit_exp_dct = yyifft_exp(:); % dct
transmit_tpwc = yifft tpwc();
transmit_tpwc2 = yifft_tpwc2(:);
transmit_tpwc_dct = yifft_tpwc_dct(:);
transmit_tpwc2_dct = yifft_tpwc2 dct();
%0%%%%%%%%%%% PSD %%%%%%9%6%6%%%%9%%
[Pxx,W] = pwelch(transmit);
Wn = W/(2*pi);
Wnn = Wn(1:samp:length(Wn)/2,:);
Pxxx = Pxx(1:samp:length(Pxx)/2,:); hold on;
[Pxx_dct,W_dct] = pwelch(transmityy); %dct
Wn_dct = W_dct/(2*pi);
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Wnn_dct = Wn_dct(1:samp:length(Wn_dct)/2,:);
Pxxx_dct = Pxx_dct(1:samp:length(Pxx_dct)/2,2);

[Pxx_mu,W_mu] = pwelch(transmit_mu);
Wn_mu = W_mu/(2*pi);
Wnn_mu = Wn_mu(1:samp:length(Wn_mu)/2,:);

Pxxx_mu = Pxx_mu(1:samp:length(Pxx_mu)/2,2);

[Pxx_mu_dct,W_mu_dct] = pwelch(transmit_mu_dct);
Wn_mu_dct = W_mu_dct/(2*pi);

Wnn_mu_dct = Wn_mu_dct(1:samp:length(Wn_mu_dct)/2,);
Pxxx_mu_dct = Pxx_mu_dct(L:samp:length(Pxx_mu_dct)/2,2);

[Pxx_exp,W_exp] = pwelch(transmit exp);
Wn_exp = W_exp/(2*pi);

Wnn_exp = Wn_exp(1:samp:length(Wn exp)/2,:);
Pxxx_exp = Pxx_exp(1:samp:length(Pxx_exp)/2,2);

[Pxx_exp_dct,W_exp_dct] = pwelch(transmit exp dct); % dct
Wn_exp_dct =W_exp_dct/(2*pi);

Wnn_exp_dct = Wn_exp_dct(1:samp:lengthWn_exp dct)/2,:);
Pxxx_exp_dct = Pxx_exp_det{1:samp:length(Pxx_exp dct)/2,:):

[Pxx_tpwc,W_tpwe] = pwelch(transmit_tpwc);
Wn_tpwe = W_tpwcA2*pi);

Wnn_tpwe = Wn_tpwc(1:samp:lensth(Wn tpwc)/2,:);
Pxocx_tpwe = Pxx_tpwe(l:samp:length(Pxx_tpwce)/2,:);

[Pxx_tpwe_dct,W_tpwe_dct] = pwelch(transmit_tpwc_dct); % dct
Wn_tpwc_dct = W_tpwe_dct/(2%pi);

Wnn_tpwc_dct = Wn_tpwc_dct(1:samp:length(Wn_tpwe_dct)/2,:);
Pxxx_tpwe_dct = Pxx_tpwc_dct(1:samp:length(Pxx_tpwe_dct)/2,:);

[Pxx_tpwc2,W_tpwc2] = pwelch(transmit_tpwc2);
Wn_tpwc2 = W_tpwc2/(2*pi);

Wnn_tpwc2 = Wn_tpwc2(1:samp:length(Wn_tpwc2)/2,);
Pxxx_tpwe2 = Pxx_tpwc2(1:samp:length(Pxx_tpwc2)/2,);



[Pxx_tpwc2_dct,W_tpwe2_dct] = pwelch(transmit_tpwc2 dct);
Wn_tpwc2_dct = W_tpwc2_dct/(2%pi);

Wnn_tpwc2_dct = Wn_tpwc2_dct(l:samp:length(Wn_tpwe2_dct)/2,:);
Pxooc_tpwe2_dct = Pxx_tpwc2_dct(1:samp:length(Pxx_tpwc2_dct)/2,:):
Pxoox_C = Pxxx;

Pxxx_mu_C = Pxox_mu’;

Pxxx_exp C = Pxxx_exp’;

Pxoxx_tpwe_C = Pxxx_tpwc)

Pxoo_tpwe2 C = Pxxx_tpwc2'

%%%0%%%%% dct %% %% %% %

Pxxx_C_dct = Pxxx_dct

Pxxx_mu_C_dct = Pxxx_mu dct’;

Pxoex_exp C_dct = Pxxx_exp dct’;

Pxxx_tpwe_C_dct = Pxxx_tpwe dct’;

Pxxx_tpwe2 C dct = Pxxx_tpwe2 dct’;

Pxooc_L(ij,) = Prxx G,

Pxxx_mu_L(ij,:) = Pxx_mu G

Pxoxx_exp_L(ij,:) = Pxoex_exp_G;
Pxxx_tpwe_L(ij,2) = Pxxx tpwe G

Pxox_tpwe2 Uij,:) = Pxxx_tpwe2 G
9%%%%6%%%%% dct %% %% % %% % %604
Psoox_L_dct(ij,:) = Pxxx_C dct;
Pxoxx_mu_L_dctij,)) = Pxxx_mu_C det;
Pxoxx_exp_L_dct(ij,) = Pxxx_exp C dct;
Pxxx_tpwe_L_dctfij,;) = Pxxx_tpwe C_dct;
Pxox_tpwe2 L _det(ij,:) = Pxxx_tpwe2 C det;
end

Pxex_L_mean = mean(Pxxx_L);
Pxxx_mu_L_mean = mean(Pxxx_mu_L);
Pxxx_exp_L_mean = mean(Pxxx_exp L);
Pxxx_tpwe_L_mean = mean(Pxxx_tpwc_L);
Pxxx_tpwc2 L_mean = mean(Pxxx_tpwc2 L),
%%%%% %% dct %%6%%% %% % %%

Pxxx L_mean_dct = mean(Pxxx L dct);
Pxxx_mu_L_mean_dct = mean(Pxxx_mu_L_dct);

Pxxx_exp_L_mean_dct = mean(Pxxx_exp L _dct);

1)



Pxxx_tpwc L mean dct = mean(Pxox_tpwc_L_dct);
P _tpwe2_L_mean_dct = mean(Pxxx_tpwc2_L_dct);
%%96% %% %%%0%%% %% % %0% % %% % %
Pxxx_L_mean = Pxoxx_L_mean;

Proxx_mu_ L mean = Pxox_mu_L_mean
Pxxx_exp L mean = Pxxx_exp L mean)
Pxxx_tpwc_L_mean' = Pxxx_tpwc_L_mean’;
Pxxx_tpwc2 L mean = Pxxx_tpwc2 L mean’;
%%%%% dct %% %%%%% %%%%

Pxxx_L mean dct = Pxxx_L _mean_dct};

Pxoox_mu_L mean_dct = Pxoxex_mu_L_mean_dct};
Pxxx_exp L mean_dct = Pxxx_exp L_mean_dct),
Pxocc_tpwc_ L mean_dct = Pxx_tpwe L mean_dct}

Pxxx_tpwc2 L mean dct = Pox_tpwe2 L mean_dct)

plot(Wnn,10*log10(Pxxx_L_mean),r-); hold on;

plotWnn_dct,10*logl0{Pxxx_L mean_dct), r-);
plotiWnn_mu,10%0g10(Pxx mu_L mean),¢>-);
plot(Wnn_mu_dct,10*logl0{Pxxx_mu_L mean_dct),'c--);
plot(Wnn_exp,10*log10(Pxxx_exp L mean),'s*-);

plot(Wnn_exp dct,10*logl0(Pxxx_exp_L_mean_dct),'s--);
plottWnn_tpwc,10*log10(Pxxx_tpwc L mean) kx-);

plot(Wnn_tpwe. dct,10¥ogl0(Pxxx_tpwe L_mean_dct), kp--, LineWidth',2);
plot(Wnn_tpwc2,10¥log10(Pxxx_tpwc2 L mean),b+-);

plot(Wnn_tpwc2 dct,10*logl0(Pxxx_tpwe2 L mean_dct), bh--, LineWidth’,2); hold off;

legend(Original’, DCT','mu-law(u=5), mu-law+DCT (u=5},'exp (d=2),'exp+DCT {d=2), TPWC
{m=1.2)", TPWC+DCT (m=1.2), TPWC (m=2) TPWC+DCT {m=2)";
xlabel(Normalized frequency’); ylabel(PSD(dB));
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Abstract—The high peak-to-average power ratig (PAPR) is
one  major drawback of orthogonal frequency division
multiplexing (OFDM) systems. In this paper, a new companding
technique is proposed by using the combination of the discrete
cosine transform (DCT) and two-piecewise companding (TPWC)
transform. Computer simulation results show that the proposed
scheme offers better PAPR reduction and also improve bit error
rate (BER) and power spectrum density (PSD) performances
compared with the ordinary cempanding method.

Keywords—OFDM, PAPR, DCT, TPWC, Cnmpandifzg

I INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is a
Multi-carrier modulation that has been widely applied in high
data rate communications such ras Digital  Audio/Video
Broadcasting (DAB/DVB), IEEE 802.1 12 Wireless Local Area
Networks (WLAN), etc. This is because of its advantages
compared with single-carrier modulation in terms of high data
rate, high spectral efficiency, and robustness to frequency
selective fading. On the other hand, there are some drawbacks
in the OFDM system such as Intersymbol Interference (I1S1),
Intercarrier Interference (ICI), more sensitivity to frequency

offset and phase noise, and high peak to average power ratio
(PAPR) [1].

The high PAPR is one of principal weakness of an OFDM
system which is caused by the multi-carrier modulation
technique. The peak power of the OFDM symbol is the
summation of the signals on the N subcarriers with the same
phase and it is N times the average power.

This high peak signals make a power amplifier operating in
non-linear region, which results in poor Bit Error Rate (BER)
performance {2]-{7]. This high PAPR causes the transmit
power amplifier to incur a large back-off in order to ensure
lincar amplification of the signal. Therefore, the amplifier
requires a large dynamic range of both digital to analog (D/A)
and analog to digital (A/D) converters to cope with the high
peak signals. However, it is difficult and expensive to design
and build such an amplifier.

Currently, there are many PAPR

reduction techniques
proposed such as Clipping,

Block Coding, Selective Mapping
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(SLM), Partial Transmit Sequence (PTS), Campanding
Transform, and unitary matrix transform [2]-[11]. Here, the
companding technique and the unitary matrix transform are in
focus because of their properties of high PAPR reduction
efficiency and low implementation complexity. Companding
technique can be divided into two categories, Linear and Non-
linear companding.

The  linear companding uses linear property  of
mathematical function as linear equation to transform the
OFDM signals for PAPR reduction. Many linear companding
techniques have been proposed such as Two-Piecewise
Companding (TPWC) [6], Linear Systematical Transform
(LST) and Linear Nonsystematical Transform (LNST) [5].

On the another hand, the non-linear companding uses non-
linear  property of mathematical function as exponential
function to transform the OFDM signals for PAPR reduction.
Many Non-linear companding techniques have been proposed
such as Exponential Companding Transform [7], Nonlinear
Systematical Transform (NLST) and Nonlinear
Nonsystematical Transform (NLNST) {51

A Unitary matrix transform, such as Hadamard matrix
Transform [8], [9], inverse discrete Fourier transform matrix
[10] and discrete cosine transform (DCT) [11] have been
proposed to reduce the correlation of the input data sequence as
well as the PAPR of the OFDM signal. 1t has also been proved
that the unitary matrix transformation has no impact on BER
and the Power Spectral Density (PSD) performance. Therefore
good BER performance and high spectral efficiency are
maintained.

Recently, there are many studies that combine the
companding technique with the unitary matrix transform For
example, the combination of Hadamard transform and i -law
companding has been proposed in [9], and the combination of
discrete cosine transform and p -law companding transform has
been proposed in [11]. These combination techniques can
reduce more PAPR than the individual companding technique
and does not degrade the BER and PSD performances.

In this paper, the combination of a unitary matrix
transform, which is referred to as a Discrete Cosine Transfrom
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Fig. 1. OFDM system with PAPR Reduction,

{(DCT), and a linear companding technique, which is called
Two-Piecewise Companding (TPWC) is presented. The TPWC
presented in [6] is an effective technique for PAPR reduction,

due 1o its low computational complexity and no constraint on
the system.

The TPWC technique can be seen as an enhancement of the
LNST, where no flexion point exists and no additional side
information is needed. This process could offer a good trade-
off between PAPR reduction and BER performances by
carefully choosing the parameters and also achieves a good
PSD performance. The DCT propesed in [11] is applied to
reduce the autocorrelation of the input sequence for PAPR
reduction. By using these two techniques together, better
performance 1s achieved in PAPR reduction, BER performance
and PSD performance, Compared with the original TPWC
technique.

The rest of this paper is organized as follows. An OFDM
system model is given in section I1. Section [I] and section IV
introduce the TPWC technique and discrete cosine transform,
respectively. In section V, the performance of the proposed
technique is compared with the T PWC, and another two non-
lincar companding techniques; namely the u -law companding
transform and the exponential companding transform through

computer simulations. Finally, conclusions are given in section
VI

[I.  SyYSTEM MODEL

In this section, we consider a basic of OFDM transmitter
and the PAPR definition. Let N denote the anumber of
subcarriers used for parallel information transmission and Let
X (0 Sk <N—1) denote the Kkt complex modulated
symbol in a block of N information symbols. The output x, of
the N point Inverse Fast Fourier Transform (IFFT) of X, is the
OFDM  signal samples over one symbol interval, or
mathematically [7]

(1)

1 i J.zmkn
% = Lkl Xeexp (1)
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The input information symbols are assumed to be
statistically independent and identically distributed (i.i.d). Sc
when Nis large (e.g. N = 64), the real and imaginary parts of
Xn denoted by Re{x,} and Im{x,), are independent and
identically distributed Gaussian random variables with Zero
mean and a common variance o = E[[X,|2]/2, according to
the central limit theorem. The amplitude, or modulus, of
OFDM signal x,, is given by

xzl= \/Rez{xn} ™ Imz{xn}
The PAPR of the OFDM signals is defined as {7]

Mar{ixnlzl
ix"P

PAPR = 10log,, dB 3

Figure ] shows an OFDM system using the combined
discrete cosine transform matrix (DCT) with Two-Piecewise
Companding (TPWC). In the first step, the data are
transformed by the DCT into new modified data with less
PAPR. In the second step, the TPWC transform is applied to
further reduce the PAPR of the OFDM signals.

TH.

In order to reduce the PAPR. A companding transform is
introduced after the parallel to serial conversion in the system,
Let C[-] denote the companding function that changes only
amplitudes of the input signals. After companding, the samples
can be denoted

COMPANDING TRANSFORM

‘Yn = Clx,] - sgn(x,) {4)

Where x, = |x,|-sgn(x,) and sgn(-) is the sign
function. The companded samples are converted into analog
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waveforms by a D/A converter and then amplified by a high
power amplifier (HPA). The OFDM signals are transmitted
into the radio channel. An additive white Gaussian noise
(AWGN) model is used here in this study.

TPWC transform [6] is a linear companding that consists of
two linear equations with different slopes and the cut-off point
v as shown in Figure 2. The PAPR can be reduced if the small
amplitudes, that are lower than or equal to the cut-off
amplitude point v (|x,| < v) are expanded and the large
amplitudes that are higher than the cut-off amplitude point v
(Jxnl > v) are compressed.

The TPWC has companding function as shown below

n=

n

ui!'rn" S'QH(I"],
(uzlxrz! + 5)- sgn(xn):

Ix,l <v
x| > v

(5)

.8

where v u, »1,0< u, <lands >0

uy—Uy’

At the receiver, the received signal is expanded by the
mverse companding transform before it is sent to the FFT
process. The De-companding function can be written as

1
= Iml-sgn(in), Inl suww

Xy = (6)

uiz(lrrll-"'s)-sgn(rn)- Irn! > U v

In (6], 2 sets of parameters are given for simulations as
shown in Table |

IV, DiSCRETE COSINEG TRANSFORM
Discrete Cosine Transform (DCT) is applied in [11] w©
reduce the autocorrelation of the input sequence before the
IFFT operation for PAPR reduction. The formal definition of a

one-dimensional DCT of length N is given by the following
formuia

= o m(2n+1)k
Xo(k) = () Tz} x(n)cos [FEDK] (7
wherek =0,1,2,.., N — 1
Similarly, the inverse transformation is defined as
£(n) = T2} a(k)X(k)cos [FELLE] (8)

wheren=0,1,2,... N—1
For both (7) and (8) a(k) is defined as
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TABLE 1. PARAMETER CALCULATION

m uy Uy v=mo | §={u —uv
1.2 1.143 0.13 1.2¢ 1.2160
2 1.009 0.14 2o 1.738c
Companding function
2 : - : . . .
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—— TPWC
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¥
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s ]
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Fig. 2. TPWC trunsform.
1
ﬁ, ]C =i
alk) = b (9
gt k=0
VA
Equation (7) can be expressed in matrix form as
X, 2oC & (10)

Where X, and x are both vectors of dimension N X 1. and
Cy is 2 DCT matrix of dimension N x N. The rows (or
columns) of the DCT matrix, Cy, are orthogonal matrix
vectors. We can use this property of the DCT matrix to reduce
the peak power of OFDM signals.

V.  PERFORMANCE EVALUATION

In order to evaluate the performance of the proposed
combined DCT with TPWC transform in reducing the PAPR
and improving system performances such as BER and PSD. a
simulation was performed. Refer to [11], a baseband OFDM
system with 512 subcarriers and QPSK mapping was
considered in the simulation. The impact of the HPA and D/A
was not considered here,

Figure 3 shows the complementary cumulative distribution
function (CCDF) comparison of original OFDM signal, DCT
signal, TPWC transformed signals (m= 1.2 and m = 2),
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Fig. 3. The CCDF's of original OFDM signal and companded signals.

combined DCT with TPWC transformed companded signal,
cxponential companded signal (d = 2}, combined DCT with
exponential companded signal, p -law companded signal (i =
5} and combined DCT with p -law companded signal. At
CCDF = 1073 the PAPRs of proposed schemes are 1.11 dB
and 0.75 dB better than TPWC technique with m= 1.2 and m=
2. respectively.

The CCDF of proposed scheme with m = 1.2 is roughly 0.5
dB inferior to the combined DCT with exponential
companding, but surpasses the combined DCT with p -law
companding by 0.4 dB.

Figure 4 shows the required signal to noise ratio (SNR) for
a given BER over AWGN channels. The proposed scheme
gives a better BER performance than that of the TPWC
transform. For example, to reach a BER of 1073, the required
SNR of the proposed schemes are 1.5 dB and | dB lower than
that of the TPWC transform with m 1.2 and m X
respectively.

The BER performance of the combined DCT with TPWC
{with m = 2) is close to the BER performance of the original
OFDM. Due to the low probability of large amplitudes that
crossover the cut-off amplitude point v, the impact is limited.

One more observation from the simulation is that the
combined DCT with linear companding technique, gives more
BER improvement than the combined DCT with non-linear
companding technique compared with their original
companding techniques.

Figure 5 shows the PSD performances of the proposed
scheme as well as the others. The results show that the DCT
technique does not degrade the PSD performance. Only the
combined DCT with TPWC (with m = 2) can give a befter PSD
performance than that of the original companding (TPWQ),
due to the low probability signal occurrence of large amplitude
over the cut-off amplitude pointv, therefore, the impact is
limited.
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VI. CONCLUSION

In this paper, the combined DCT with TPWC transform
was proposed and evaluated. The proposed scheme provides
better PAPR reduction and BER performance. The proposed
scheme with m = 2 can improve the PSD performance. while
the proposed scheme with m = 1.2 can maintain the PSD
performance compared with the TPWC scheme. Moreover, the
proposed scheme with the other combination of DCT and non-
linear companding was compared. The proposed scheme with
m = 1.2 offers better the PAPR reduction than that of the
combined DCT with p —law companding scheme, but the best
PAPR reduction occurs when the combined DCT with
exponential companding scheme is applied. For the BER
performance, the results show that the combined DCT with
1PWC companding scheme gives more BER improvement
than that of the combined DCT with non-linear companding
scheme compared with their original companding schemes,
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