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Ĉm mathed �lter output
Cu onversion matrix
c[n] delayed orrelation output
ĉ peak of delayed orrelation output
D̃ signal blok of onversion metri
D number of branhes
∆̂ yli shift estimation
∆d amount of yli shift
∆f frequeny spaing between subarriers
∆max maximum peak of DC output
∆s the interval of the peaks
δ interval of yli shift
Eb/N0 bit energy per noise
F N ×N IDFT matrix
fc arrier frequeny
G index of the last non-zero element
G[.] AM|AM onversion
g0 ampli�er gain
γ average energy
γn average energy per transmitted symbolH hannel matrix
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Abstrat
Orthogonal frequeny division multiplexing (OFDM) is a multiarrier transmission teh-nique that has been reently adopted in many wireless ommuniation standards. It hasmany advantages suh as robustness to multipath fading and high spetrum e�ieny.In spite of these advantages, OFDM su�ers from its high peak-to-average power ratio(PAPR) signal whih has beome severe onstraint in OFDM systems. The high PAPRmay drive a power ampli�er (PA) into a saturation region, ause interferene amongsubarriers, and orrupt the spetrum of the signal. In order to redue the PAPR ofthe OFDM signal, many PAPR redution shemes have been proposed and analyzed.Time domain yli-seletive mapping (TDC-SLM) has been proposed to redue thePAPR. At the transmitter side, the signal andidates (SCs) are generated by summingthe original signal and its yli delayed versions. The SCs with the lowest PAPRare hosen for transmission. The onventional TDC-SLM sheme requires sending theamounts of yli delays as side information (SI) at a reeiver side. In this dissertation,yli delay estimation shemes at the reeiver side are proposed. The proposed shemesomit the transmission of the SI and improve the throughputs of the OFDM systems byupto 10 %.Chapter 1 introdues the OFDM onept and wireless ommuniation standards, andthe bakground of the researh. The PAPR redution shemes are then overviewed. Themotivation of the researh is represented in the last part of this hapter.In Chapter 2 a delayed orrelation (DC) estimation sheme for TDC-SLM at thereeiver side is investigated. At the transmitter side, only one mapping branh isassumed and a SC with the lowest PAPR is applied. At the reeiver, DC is used toestimate the yli delay. The DC proess multiplies the reeived signal in the timedomain with the onjugate of the guard interval (GI) sequene. The PAPR redution,the bit error rate performane, and the auray rate of the estimation are evaluatedunder various hannel onditions.Chapter 3 proposes a DC-mathed �ltering (DC-MF) sheme that improves theDC estimation sheme in Chapter 2. The use of the MF makes the reeiver be ableto estimate the yli delays due to the generation of the SCs from multiple branhes.1



TDC-SLM plaes the DC-MF after the frequeny domain equalization (FDE) to removethe multipath omponents of the reeived signal. This proposed sheme is also evaluatedwith the nonlinear PA.Chapter 4 summarizes the results of eah hapter and onludes this dissertation.
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Chapter 1IntrodutionOver reent deades, the development of wireless tehnology ours very rapidly. Mil-lions of people share information every day in their personal or business ativities usingell phones and the produts of wireless ommuniations. Therefore, the multime-dia tehnology for wired and wireless links that support very high speed transmissionrates, mobility, and spetrum e�ieny. Orthogonal Frequeny Division MultiplexingSystems (OFDM) is a multiarrier transmission tehnique that has been reently ap-plied in many wireless ommuniation standards suh as asymmetri digital subsriberline (ADSL) servies, wireless loal area network (WLANs), digital audio broadast(DAB), and digital terrestrial television broadast. It has many well-known advantagessuh as robustness to multipath fading and high spetrum e�ieny.In spite of these advantages, OFDM su�ers from its high peak-to-average power ratio(PAPR) signal whih has beome severe onstraint in OFDM systems [1℄. The veryhigh peak of the transmitted signal leads to intermodulation among subarriers due tothe nonlinearity of devies. The high PAPR may drive a power ampli�er (PA) into asaturation region, ause interferene among subarriers, and orrupt the spetrum ofthe signal. The high PAPR redues the e�ieny of the PA and degrades the perfor-mane of the system. Many PAPR redution shemes have been proposed that anbe lassi�ed into the following ategories; distortion (lipping, �ltering), distortionlessseletive mapping (SLM), partial transmission sequene (PTS), and oding (Hufman,Reed Muller) [1, 2℄.In this hapter, wireless standards related to this thesis are introdued. The OFDMmodulation sheme is explained, whih is used in many wireless ommuniation systemsto ahieve high data rate transmission. The motivation of the researh is then presented.1.1. Wireless Standards 3



1.1.1. Cellular NetworkThe �rst generation mobile phone uses multiple ell sites and the apability tohandover from one site to another sites as mobile user during onversation was in-trodued [4℄. In 1979, NTT Japan launhed the �rst ommerially automated ellularnetwork (1G generations). This system was based on analogue modulation using around900 MHz frequeny range with frequeny division multiple aess (FDMA). A relativelysmall proportion of population had aess to these systems. Some �aws with these sys-tems were that they did not provide a great deal of seurity and standardization wasnot ontrolled partiularly well.Following the 1G, the seond generation (2G) was ommerially launhed in 1991 [4℄.The 2G systems were developed primarily for voie ommuniations and inorporatedwith iruit-swithing tehnology. In the past deade, some data ommuniation a-pabilities have been added on with SMS (Short Message Servie) and WAP (WirelessAppliation Protool). Hene, these are quite limited in terms of funtionality andavailable apaity. The popular 2G standards inlude time division multiple aess(TDMA) and one ode division multiple aess (CDMA). Even though the 2G was theneessary revolution in the development of wireless ommuniations, it has its limita-tions. Prinipally, the 2G wireless ommuniations are lassi�ed as narrowband digitalommuniations with the maximum data rate of 14.4 kbps [5℄. Suh a low data ratean not support real-time multimedia servies as well as the wireless Internet aess inhigh-mobility environments.The 3G was designed for improved voie ommuniations, the high-speed Internet,and multimedia servies. The 3G network standards were drafted by InternationalTeleommuniation Union (ITU) and 3G universal mobile teleommuniation system(UMTS) networks were developed under 3rd Generation partnership Projet (3GPP)standards. Sine 2001, NTT DoCoMo Corp. has launhed the 3G servie based onwideband-CDMA (W-CDMA). On the other hand, KDDI Corp. has started the serviewith CDMA2000 sine 2002 [4℄. Beause many multimedia appliations are paketoriented, it is essential to optimize the 3G system e�etively for variable bit rate andpaket based transmission. These systems purpose to support the wide distane ofservies varying from low rate voie transmission to high rate spei�ally, 2 Mbps for�xed environments, 384 kbps for pedestrian, and 144 kbps for vehiular tra� [4, 5℄.High Speed Downlink Paket Aess (HSDPA) is the 3.5G upgrade for existing W-CDMA networks. HSDPA is a paket-based data servie in WCDMA downlink withdata transmission up to 8-10 Mbps (and 20 Mbps for MIMO systems) over 5MHz band-width in a WCDMA downlink. On the other hand, CDMA2000 develops 1x evolutionrevision A data only (1xEV-DOrA) for the 3.5G and supports the downlink data rates4
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Figure 1.1: Wireless standards.of up to 3 Mbps and the uplink rates of up to 1.8 Mbps.The �rst version of LTE was ompleted in Marh 2009 as part of 3GPP Release-8(Rel-8). LTE (Rel.8) depited the future of the UMTS standard as it expands from anarhiteture that supports both iruit-swithed and paket-swithed ommuniationsto an all-IP, paket-only system. It is to serve high-data-rate, low-lateny, o�ers �exi-ble bandwidth options ranging from 1.4 MHz to 20 MHz, and also applies orthogonalfrequeny division multiple aess (OFDMA) and single-arrier frequeny division mul-tiple aess (SC-FDMA) as multiple aess shemes in the downlink and the uplink,respetively. 3GPP LTE (4G) Release 10, LTE-Advaned, is expanded so as to meetthe various requirements of advaned appliations that support for heterogeneous de-ployments in order to ful�ll and exeed the target set for future International MobileTeleommuniations-Advaned (IMT-A) 4G systems. The IMT-A also has apabilitiesfor high-quality multimedia appliations by providing signi�ant improvement in thelateny and the quality of the ommuniation link. It is predited that potential newradio interfae(s) will need to support the data rates of up to approximately 100 Mbpsfor high mobility suh as mobile aess and up to approximately 1 Gbps for low mobilitysuh as nomadi/loal wireless aess [6℄. With the expansion of the wireless subsribers,various wireless standards have been developed for realizing an anywhere/anytime a-ess network as shown in Fig. 1.1. The spei�ations of the ellular systems are shownin Table 1.1. 5



Table 1.1: Digital ellular ommuniation systems.Generation 2G 3G 3.5G 3.9G 4GName GSM IMT-2000 LTE IMT-AFrequeny 900MHz 2GHz 2GHz 2GHz 3.4-3.6GHzRate 20kbps 2Mbps 14Mbps 100Mbps 1GbpsModulation TDMA W-CDMA HSPA DL:OFDM OFDM, OFCDMUL:SC-FDMATable 1.2: WLAN ProtoolsProtool Frequeny Rate ModulationIEEE 802.11a 5.2GHz 54 Mbps OFDMIEEE 802.11g 2.4GHz 54 Mbps OFDMIEEE 802.11b 2.4GHz 11 Mbps DS / CCKIEEE 802.11n 2.4GHz / 5GHz 600 Mbps OFDMIEEE 802.11a 5GHz 6.93 Gbps OFDMIEEE 802.11ad 2.4GHz / 5GHz / 60GHz 6.76 Gbps SC / OFDM1.1.2. Wireless LANIEEE 802.11 WLAN standards had been developed originally as the replaementof a Ethernet able [7℄. However, WLAN terminals have penetrated into living roomsfor the onnetions between eletrial equipments suh as personal omputers (PCs),�at displays, video game platforms, and so on. As shown in Table 1.2, Wireless loalarea networks (WLANs) have been standardized in the IEEE 802.11 group suh asIEEE 802.11a, 802.11b and 802.11g for the data rate of up to 54 Mbps [7℄. In the IEEE802.11a/g system, OFDM is used as a modulation sheme and the bandwidth per han-nel oupies 20 MHz in the 5 GHz and 2.4 GHz frequeny bands, respetively. However,the transmission range is approximately 30m. On the other hand, the bandwidth perhannel oupies 22 MHz in the 2.4 GHz frequeny band using diret sequene spreadspetrum (DSSS) and omplementary ode keying (CCK) in the IEEE.802.11b. Thoughthe transmission range is approximately 100m, the data rate is about 11 Mbps.Subsequently the IEEE 802.11n task group (TGn) began to develop an amendmentto the IEEE 802.11 standard (i.e., IEEE 802.11n). Two basi onepts are employedin 802.11n to inrease the PHY data rates: MIMO and 40 MHz bandwidth hannels.Aording to [7, 8℄, 40 MHz bandwidth hannel operation is optional in the standarddue to onerns regarding interoperability between 20 and 40 MHz bandwidth devies,the permissibility of the use of 40 MHz bandwidth hannels in the various regulatory6



Figure 1.2: Multipath Fading.domains, and spetral e�ieny. With the PHY data rate of 600 Mbps, a media a-ess ontrol (MAC) throughput of over 400 Mbps is now ahievable with 802.11n MACenhanements. To over the requirement of the high speed data transmission in 5G,WLAN standard proposed IEEE 802.11a that operates in 5 GHz and has high speeddata rate around 6.93 Gbps [9℄. The IEEE 802.11ad standard was initially developedjointly with the Wireless Gigabit Alliane (WiGig) for paket based very high through-put (VHT) up to 6.76 Gbps ommuniation over a short range using about 2 GHz ofspetrum at 60 GHz [10℄.1.2. Orthogonal Frequeny Division Multiplexing ModulationIn a typial wireless ommuniation environment, transmitted signals are re�eted,di�rated and sattered separately by various obstales as shown in Fig. 1.2 [11℄.Then, these signals arrives at a reeive antenna with di�erent delays. This environmentis alled a multipath environment. The multipath environment auses serious distor-tion to a reeived signal. The multipath fading is typially modeled with Rayleighdistribution. It assumes that the amplitude of signal that has passed through suh atransmission medium (also alled a ommuniation hannel) vary randomly, or fade, a-ording to Rayleigh distribution. Espeially, the reeived signal spetrum is distorted inthe wideband signal. This is a frequeny-seletive fading hannel and it auses deodingerror.1.2.1. Multiarrier Priniple 7
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N

as shown in Fig. 1.3. Eah low rate datasteam is then modulated on a separate narrow band subarrier and all the modulationsignals are summed together for transmission. Thereby it provides the same data rateas that of an equivalent single arrier system. The wideband signal is separated intothe original narrowband subarriers for demodulation in a reeiver side. This shemehas disadvantage beause the implementation omplexity due to the large number of�lter banks are needed in the transmitter and the reeiver as well as the ine�ient useof the available frequeny band [13℄.1.2.2. Overview of OFDMOFDM was proposed as a speial multiarrier modulation sheme [14℄. OFDM hasemerged as the key tehnology for supporting high data rate transmissions beause ofits high spetral e�ieny and its robustnesss against multipath fading hannels [15℄.The basi priniple of OFDM is to divide a stream of high-rate data into many of8
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x(t) =

1√
N

N
2
∑

−N
2

+1

Xm,k e(j2πnk∆f t)wk (t−mT ) , 0 6 t 6 T, (1.1)where X [k] is the mapped signal on the kth subarrier, ∆f is the frequeny spaingbetween subarriers, T is the total time of the transmit symbol, and wk (t−mT ) is aretangular window for eah subarrier.The disrete Fourier transform (DFT) and invers Fourier transmform (IDFT) areapplied for baseband modulation to make multiarrier systems be more pratial [13℄.The disrete time representation of Eq. (1.1) an be obtained by sampling the ontin-uous signal, under the ondition of ∆f = 1
T
and the signal an be determined by itssamples with the interval of nT

N
.

x[n] =
1

N

N−1
∑

k=0

X [k] exp

(

j
2πnk

N

)

, 0 6 n 6 N − 1, (1.2)where n denotes the disrete sampling points. One of the signi�ant advantages ofOFDM is its e�ient use of a frequeny band sine the subarrier are allowed to be9
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N-NGIFigure 1.6: Cyli Pre�x.overlapped eah other in a frequeny domain as illustrated in Fig. 1.5. Therefore, theorthogonality between the OFDM subarriers, the transmitted data is demodulatedwithout introduing inter-arrier interferene (ICI) in the reeiver.The OFDM systems add a guard interval (GI) to eliminate inter-symbol interferene(ISI). The end of the symbol is opied and appended to the front before transmissionand is removed at the reeiver before the DFT operations as depited in Fig. 1.6.Obviously the GI redues the data throughput with a fator of
N

N +NGI

. (1.3)Hene, the length of the GI is desirable to be as short as possible.The use of GI between onseutive OFDM symbols makes it immune to ISI. Also, itis less sensitive to sample timing o�sets than single arrier system. The advantages ofOFDM are given as [11℄
• Saving of bandwidthOFDM systems are more bandwidth e�ient in omparison to FDM. In the FDMtehnique numerous distint arriers are spaed apart without overlapping whilein OFDM the subarriers overlap eah other due to orthogonality feature. Beause10



of the overlapping of subarriers the usage of bandwidth improves drastially andalso the guard bands for the separation of subarriers redued.
• Ease of implementation.The hallenging problem in a multi-arrier modulation (MCM) system is to im-plement a bank of modulators at the transmitter side and demodulators at thereeiver side. The onept of data transmission an be e�iently implementedusing IDFT and DFT instead of the modulators and the demodulations.
• E�etiveness of equalizationIn a single arrier system equalization makes the frequeny spetrum of a signal�at. However, equalization ampli�es noise greatly in a frequeny domain whena frequeny response is weak. As a result, the system performane is a�eteddue to high attenuation in some bands sine eah frequeny band is equalizedwith the same importane. In OFDM systems, the wideband hannel is dividedinto �at fading sub-hannels and it redues the equalization omplexity in thereeiver. Thus, it is possible to use maximum likelihood deoding with reasonableomplexity.
• Suseptible to frequeny seletive fadingDue to the apability of parallel transmission (eah subarrier has narrow band-width as ompared to the overall bandwidth of the signal) OFDM is highly sus-eptible to frequeny seletive fading. OFDM onverts a frequeny seletive fadinghannel into several �at fading hannels.
• Protetion against Inter-symbol interfereneThe extended symbol time (due to lower data rate) makes the signal less suseptibleto the e�et of the hannel suh as multipath propagation that introdues ISI. Theuse of yli pre�x between onseutive OFDM symbols makes it immune to theISI. Also, it is less sensitive to a sample timing o�set than single arrier system.However, OFDM has several major problems in spite of having been implemented inmany ommuniation systems.
• Synhronization (timing and frequeny) at a reeiverA symbol timing o�set (STO) and a arrier frequeny o�set (CFO) e�et on theperformane of OFDM systems. Corret timing between DFT and IDFT is re-quired at a reeiver side. OFDM systems are highly sensitive to a Doppler shiftthat auses ICI. 11



• High PAPR of transmitted signalThe partiular problem of OFDM is high instantaneous signal peaks with respetto average signal power. Spurious high amplitude peaks in the ontinuous signalhappens when the sinusoidal signals of the N subarriers are summed onstru-tively. The high PAPR is a hallenge for a high power ampli�er (HPA) at atransmitter. It will be driven into a saturation range unless the HPA is designedto operate over large dynami ranges. The PAPR problem limits the usefulness ofOFDM for various appliations. Therefore, several shemes have been proposed tooverome this problem.1.2.3. Nonlinear Power Ampli�erFor the real implementation, HPA is applied before the transmission. Memorylesssolid state ampli�er (SSPA) is generally used fo OFDM systems. The input signal ofthe SSPA is desribe as follows [16℄;
x(t) = |x(t)|ejφ(t), (1.4)where |x(t)| and φ(t) are the amplitude and phase of input signal, respetively. TheHPA's output is given by

y(t) = G [|x(t)|] ej{φ(t)+Φ[|x(t)|]}, (1.5)where G[.] is AM|AM onversion and Φ[.] is AM/PM onversion. AM/PM for Rapp'smodels [17℄ as follow;
G[|x(t)|] = g0|x(t)|

[

1 +
(

|x(t)|
xsat

)2p
]

1

2p

, (1.6)where g0 is the ampli�er gain, xsat is the saturation level of the PA, and p is a parameterthat ontrols the AM/AM sharpness of the saturation region. Ampli�er is nonlineardevie, it is neessary to work in its linear region. The range of linear region of the PAis de�ned by input bak-o� (IBO). IBO is given by
IBO = 10 log

{

x2
sat

E {|x(t)|2}

}

, (1.7)where E {|x(t)|2} is the average of the input power. The IBO fator is de�ned as theratio between the saturation power of PA and the average power of the input signal.The IBO is required to shift the operation point to the left as shown in Fig 1.7.1.3. Peak-to-Average Power Ratio Redution (PAPR) Shemes12
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Figure 1.7: Typial input power vs output power for SSPA in dB.One of the most important problems in OFDM is the PAPR of a transmit signal. TheOFDM signal indiates large power variation with high infrequent peaks as ompared tothe average power as seen in Fig 1.8. The OFDM signal is omposed of independentlymodulated subarriers that may give a large PAPR when they are summed oherently.The peak power is de�ned as the power of a signal wave with an amplitude equal to themaximum envelope value. The peak-to-mean envelope power ratio (PMEPR) betweenthe maximum power and the average power for the envelope of a omplex basebandsignal, x̃(t), is expressed as follows;
PMEPR{x̃(t)} =

|x̃(t)|2

E{|x̃(t)|2}
. (1.8)The average power of the omplex baseband signal is de�ned as

Pav = E [P ] = E
[

|x̃(t)|2
]

. (1.9)When the envelope of the OFDM signal is normalized ( i.e., E{|x̃(t)|2}), the peakenvelope power (PEP) an be expressed as
PEP{x̃(t)} = max |x̃(t)|2 . (1.10)The PAPR of the omplex passband signal, x(t), an then be de�ned as

PAPR{x̃(t)} =
max

∣

∣Re
(

x̃(t)ej2πfct
)
∣

∣

2

E{|Re (x̃(t)ej2πfct)|2
}

=
max |x(t)|2

E{|x(t)|2}
. (1.11)13
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Figure 1.8: Power of OFDM Signal.In pratie, a more meaningful way to analyze the PAPR of the OFDM signal isto use the omplementary umulative distribution funtion (CCDF) [15℄. The CCDFalulates the probability of the OFDM signal exeeding a spei�ed PAPR threshold.The CCDF of the PAPR an be de�ned by
[

max
06n6N

PAPR > PAPR0

]

= 1− Pr

[

max
06n6N

PAPR 6 PAPR0

]

= 1− (Pr [PAPR 6 PAPR0])
N

= 1−
(

1− ePAPR0

)N
, (1.12)where max

06n6N
PAPR is the rest fator.PAPR redution is lassi�ed into two ategories1. Frequeny domain proessingThe high peaks our when the summation of subhannels that generally have thesame phase. The frequeny domain proessing attempts to interfere the omplexinput data to IDFT to redue the ourrene of the peaks. One of the methodstries to hange the phase of the omplex data, the others try to hange the power.In order to prevent bit error rate (BER) performane degradation, the phase ad-justments should be relatively small [18℄. Seletive mapping (SLM), partial phasesequene (PTS) and random phase updating denote the frequeny domain pro-essing sheme for PAPR redution. They generate some random phase fatorsto eah modulation symbol to hange the phase of the subarriers. The frequenydomain proessing is divided into blind and non blind.2. Time domain proessing 14



In ontrast to the frequeny proessing that attempts to avoid the ourreneof high peaks itself, the time domain proessing tries to redue high peaks thathave already ourred. It applies after IDFT transformation. The time domainproessing onsists of blind and non blind. The simple blind sheme is lippingthat ut the peak before the HPA. The lipping sheme is usually ombine with�ltering to redue outbound radiation, though it results the peak regrowth [19℄.The ombining sheme is another blind time domain proessing. It makes the signalwith large amplitude variation into the uniformly distributed signal by ompressinghigh peaks or by inreasing the level of law signals.There are several fators that should be onsidered to selet the PAPR redutionsheme as well as an maintain the high quality performane [1�3℄ as follow1. Without introduing in-band distortion and OOB radiation.2. Low average powerThe raise in power requires a high linear operation region in PA and hene degresthe BER performane.3. No BER performane degradationThe motivation of PAPR redution is to get better system performane as well asBER than that of the original OFDM system.4. Additional powerPower e�ieny should be onsidered while reduing the PAPR. If the sheme re-quires more additional power, it dereases the BER performane when the trans-mitted signals are normalized bak to the original power signal.5. No spetral spillageThe PAPR redution sheme should not destroy the inherent feature (orthogonal-ity) of OFDM signal.1.3.1. Clipping and FilteringThe simplest PAPR redution sheme is lipping in whih the peak values above aspei�ed threshold in the time domain is removed [20�22℄. The blok diagram of thelipping and �ltering sheme an be seen in Fig. 1.9. The time domain signal, x′[n], isgenerated from the IDFT blok and then modulated with arrier frequeny, fc, to get
xp[n]. The lipped signal, xp

c [n], is expressed as
xp
c [n] =







xp[n] if |xp [n]| < A

xp[n]
|xp[n]|

A otherwise, (1.13)15
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Figure 1.10: PAPR Redution by Using Tone Reservation.where A = CR ∗ √
σs, A is the lipping level, and lipping ratio (CR) is the lippinglevel normalized by the root mean square (RMS) value, σs, of the OFDM signal. Thelipping and �ltering sheme has disadvantages as follows;1. Performane degradationThe lipping and �ltering ause in band signal distortion that leads to BER per-formane degradation.2. Out-of-band (OOB) distortionIt dereases the spetral e�ieny of an OFDM system and interferene to adjaenthannels [20℄.3. Peak regrowthThe OOB signal at a lipping an be redued by �ltering. However, the signal after�ltering proess may exeed the lipping level spei�ed for lipping operation.1.3.2. Tone ReservationTone reservation (TR) uses tones to redue the high PAPR of the OFDM signal asshown in Fig. 1.10. In the TR sheme, R peak redution tones (PRTs), B[k], is addedto the original signal [15, 20℄.

X [k] +B[k] =







X [k], k ∈ R

B[k], k ∈ Rb,
(1.14)16



where R denotes the index set of data-bearing subarriers and Rb is the set of RPRT positions, X [k] is the data symbol and B[k] denotes the PRT symbol on the kthsubarrier. The orresponding time domain signal is obtained as follows;
x[n] + b[n] =

1

N

∑

k=Rb

(X [k] +B[k]) ej2πkn/N . (1.15)In the TR, the PRTs will onsume the transmit power and derease the data ratebeause the loation of the PRT tones require to be known by a reeiver. Consequently,they are transmitted as overhead information [23℄.1.3.3. Partial Phase SequeneIn PTS sheme, the frequeny domain symbol sequene, {X [k]}, is partitioned intoseveral subbloks, U , as follows [24, 25℄.
X =

[

X0,X1,X2...,XU−1
]T

, (1.16)where Xi is the subblok that are onseutively loated and also are the equal size. Thesrambling (rotating its phase independently) is applied to eah subblok in the PTSsheme as shown in Fig. 1.11. The orresponding omplex phase fator pu = ejϕu(u =

1, 2, ..., U) is multiplied with eah partition subblok [24, 26℄. Subsequently taking itsIDFT generates
x = IDFT

{

U
∑

u=1

puXu

}

=

U
∑

u=1

puIDFT {Xu} =

U
∑

u=1

puxu (1.17)where {xu} is referred to as a partial transmit sequene (PTS). In order to minimizethe PAPR, the phase vetor is seleted as follows;
[

p̃1, ..., p̃U
]

= arg min
[p1,...,pU ]

(

max
n=0,1,...,N−1

∣

∣

∣

∣

∣

U
∑

u=1

puxu[n]

∣

∣

∣

∣

∣

)

. (1.18)The lowest PAPR vetor an be desribed as
x̃ =

U
∑

u=1

p̃uxu. (1.19)
p =

{

e2iπ/W̃ |i = 0, 1, ..., W̃ − 1
} is the set of phase fators that hanges the phase of thesignal vetor in the time domain and the optimum set of the phase fator is found from

W̃U−1 sets of the phase fators. U IDFT operations and {log2 W̃U} bits of the side in-formation (SI) are needed for eah data blok in the PTS sheme. The amount of PAPRredution depends on U and W̃ . The greater PAPR redution is ourred when thenumber of data bloks, U , inreases while the omplexity also inreases exponentiallywith U . 17
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g=Figure 1.11: Partial Phase Sequene.1.3.4. Seletive MappingSeletive mapping (SLM) is a popular PAPR redution sheme. The basi idea ofthe SLM sheme is based on phase rotation [27, 28℄. The phase rotation is used togenerate U statistially independent OFDM symbols shown in Fig. 1.12. The OFDMsymbols, X, are multiplied with the di�erent phase fator, { Pu = [P u
0 , P

u
1 , ...P

u
N−1)] },where P u

i = ejϕ
u
i , ϕu

i ∈ [0, 2π) for i = 0, 1, ..., N − 1, and u = 1, 2, ..., U .
Xu = [Xu(0), ...Xu(N − 1)]

= X⊙Pu

=
[

X̄(0)P u(0), ..., X̄(N − 1)P u(N − 1)
]

, 1 6 u 6 U, (1.20)where ⊙ is the omponent-wise multipliation of the two vetors. The resultant vetoris then input into the IDFT blok as
xu = IDFT(X⊙Pu) , 1 6 u 6 U. (1.21)Then, the PAPR of these U vetors are alulated separately and the lowest PAPRamong the signal andidates (SCs), x̃ = xũ, is hosen for transmission, whih is givenas

ũ = arg min
u=0,2,...,U−1

(

max
n=0,1,...,N−1

|xu[n]|
)

. (1.22)The SLM sheme requires U times of the IDFT and {log2 U} bits of the SI for eah18



Serial to 

Parallel

Select a 

signal with 

the Lowest 

PAPR

Data 

Source

IDFT

IDFT

IDFTFigure 1.12: Conventional SLM.blok. The number and the design of the phase sequenes are e�eted to the amountof PAPR redution.1.3.5. Time Domain Cyli Seletive MappingThe time domain SLM (TD-SLM) has been proposed to redue the omputationalomplexity of the frequeny domain (FD-SLM). The TD-SLM tries to hange the powerin the time domain so that it less omputational omplexity than the FD-SLM. The lowomplexity SLM (LC-SLM) is based on TD-SLM. It was designed to use only one ortwo IDFT operation [29�31℄ and the SCs are obtained by multiplying the time-domainsignal to the onversion matries. The time domain yli seletive mapping (TDC-SLM) was introdued in [32℄. It ombines the OFDM signal with its ylially delayedin the time domain to get the lowest PAPR for transmission. In this sheme possesseshalf omputational omplexity than LC-SLM at similar PAPR and BER performane.The TDC-SLM an be desribed in Fig. 1.13.The ylially shifted signal, xc[n,∆], of the TDC-SLM in the time domain are givenas
xc[n,∆] =

{

x[N −∆+ n], 0 6 n 6 ∆− 1

x[n−∆], ∆ 6 n 6 N − 1,
(1.23)where ∆ is the amount of the yli shift. The SCs, sf [n], are the summation of theoriginal signal and its ylially shifted signal in the time domain as follows

sf [n] = xf [n] + xf [n,∆], (1.24)19
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Figure 1.13: TDC-SLM.where xf [n,∆] denotes the ylially shifted signal with the GI, whih is given as
xf [n,∆] =

{

xc[n,∆], 0 6 n 6 N − 1

xc[N + n,∆], −NGI 6 n < 0,
(1.25)where 0 < ∆ < N −NGI . After summing the original signal and its ylially shiftedsignal in Eq. (1.24), the SC that ahieves the lowest PAPR is seleted as the transmittedsignal, s[n].1.4. Side Information DetetionThe most of SLM shemes assume that the SI is sent through the dediated hannelin order to help the reeiver demodulated the reeived signal. The SI transmission is nota simple task sine it is sent together with an OFDM signal. It e�ets on the spetrume�ieny and auses throughput degradation. Many SI detetion shemes have beenproposed to avoid SI transmission.1.4.1. Conversion MatriesA novel set of onversion matries (CMs), Ci, has been proposed in [33℄ to avoid theSI transmission. The uth andidate signal in Eq. (1.21) an be written as follows;

x̃u
q = FXu

q = pu ⊗ xq = Cuxq, (1.26)20



where F is the N × N IDFT matrix, pu = FPu, xq = FXq, Pu is the phase rotationvetor, Xq denotes the qth OFDM symbol in the frequeny domain, and the irulantmatrixCu =
[

pu
1 ,p

u
2 , ...,p

u
N−1

] is refered to as the CM. The CMs have a speial struturefor a blok of an OFDM signal, with whih the equivalent hannel oe�ient of thewireless hannel ombined with the phase rotation vetor an be estimated by the�nite number of pilots in the blok. There are four restritions on the �rst olumnvetor, pu = FPu, of Cu [33℄:1. The few nonzero elements of pu are onentrated in the front of it to derease thelength of the equivalent hannel vetor.2. The �rst olumn vetor pu = FPu of Cu has K nonzero elements, where K = 3or 4.3. To maintain the power onstraint, the module of pu is normalized.4. The frequeny response Pu of the vetor pu has no signi�ant nulls.After removing GI, the qth reeived OFDM signal vetor an be expressed as
yq = h⊗ x̃q +wq, 1 6 q 6 Q, (1.27)where wq is the additive white Gaussian noise vetor to the uth reeived OFDM signalvetor. If pu is the �rst olumn vetor of Cu that minimizes the PAPR of the signalblok D̃ = [x1, ...,xq, ...,xQ], Eq. (1.27) an be written as

yq = h⊗ x̃q +wq = h⊗ pu ⊗ xq +wq, 1 6 q 6 Q, (1.28)where the equivalent hannel vetor is de�ned as he = h⊗ pu then
yq = he ⊗ xq +wq, 1 6 q 6 Q. (1.29)Let he =

[

he,0, ..., he,L′

k
−1

]T , where L′
k is the length of the equivalent hannel. Aftertaking the DFT of yq, the mth omponent of that is given as

Y m
q = He,mX

m
q +Wm

q , 0 6 m 6 N, (1.30)where He,m = HmP
u =

∑L′

k
−1

lk=0 he,lke
j
2πmlk

N is the equivalent hannel frequeny response.Sine he = h ⊗ pu, L′
k = Lk + G − 1 is easy to be found where G is index of the lastnon-zero element of pu, and Lk is the number of the taps of the wireless hannel [33℄.Beause of the small value of G, L′

k is muh smaller than the number of pilots in OFDM.The equivalent hannel oe�ient an be estimated and the weighted fator on eahsubarrier is removed in the equalization proess so that the signal an be reovered atreeiver without SI. 21



This sheme has disadvantage in reovery signal at the reeiver side beause the pilotsubarriers is required to estimate the frequeny response of the hannel. Moreover,there are several onstraints to establish the blok of OFDM symbols that are relatedto the length of the orrelated hannel response and the number of non-zero elements.1.4.2. Maximum Likelihood DetetionIn [34℄ the TDC-SLM sheme is used at the transmitter. It only requires single IDFTto generate the SCs in the time domain. The output symbol of IDFT is multiplied within-phase and quadrature reombination (IQRC) blok where the total number of IQRCis U(u = 1, 2, ..., U). IQRC onsists of multiple subunit dubbed joint rotation and o�set(JROF) and eah IQRC has L JROFs, (L×U +1) SCs are generated, the SC with theminimum PAPR is hosen to be transmitted. Maximum likelihood (ML) detetion isused to demodulate the reeive signal without the SI. The ML detetion metri for thesoure symbol is given by
min

l̂∈L,û∈U,X̃∈C
‖Ỹ − H̃Fu

l X̃‖, (1.31)where Ỹ = [Re(Y)TIm(Y)T]T, Y is the reeived signal, H̃ is the hannel matrix, X̃ isa split vetor of transmit signal [Re(X)
Im(X)

], Fu
l is a preoding matrix for the vetor of X̃,

C = {c0, c1, ..., c2N−1} is the sequene of split onstellation, l̂, û, and X̂ are l, u and X̃that minimize the ML metri, respetively.
min

l̂∈L,û∈U

N/2−1
∑

i=0

min
X̂Ψi

∈CΨi

‖YΨi
− H̃Ψi

F
(u)
l,Ψi

X̃Ψi
‖, (1.32)where Ψi, for i = 0, 1, ..., N

2
− 1, is a set of indies that satisfy the following ondition.

Ψi =

{

{(k, k)|k = i, N − i, N + i, 2N − i} , 1 6 i 6 N
2
− 1

{(k, k)|k = i, N + i} , i = 0,
(1.33)for matries or

Ψi =

{

{k|k = i, N − i, N + i, 2N − i} , 1 6 i 6 N
2
− 1

{k|k = i, N + i} , i = 0,
(1.34)for both vetors and sequenes. The ML detetor struture an be seen in Fig. 1.14.The SI, l̂ and X̂ are minimizing the ML metri l and X̃, respetively, that an foundby Eq. (1.32). The ML detetion sheme still has omputational omplexity in thereeiver side. 22
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Figure 1.14: ML Detetor for Transmitted Soure Symbol.1.4.3. Energy DetetionThe SI is estimated by the average di�erene between Ke extended symbols and the
(N −Ke) non extended symbols in vetor Xũ = (xũ[n])N with xũ[n] = pũ[n]x[n] [35℄.
X = (x[n])N is a data blok that omposed of N omplex symbols, x[n]. The index ũdesribes the SI index to be transmitted. The reeived sample in the frequeny domain,
y[n], orresponding to the nth subarrier is given as

y[n] = h[n]xũ[n] + w[n], (1.35)where
h[n] =

Z−1
∑

z=0

h̀ze
−i2πnz

N , (1.36)
w[n] denotes a omplex zero-mean Gaussian noise sample with variane σ2 = No, and
Z is equal power taps. The reeiver selets the SI index by using ML detetion thatminimizes the term

N−1
∑

n=0

|y[n]− h[n]pu[n]x[n]|2 , u ∈ {0, 1, ..., U − 1}. (1.37)The average reeived energy at the loation of n without additive noise would be given23



by
E
{

|h[n]|2|xu[n]|2
}

= |h[n]|2|pu[n]|2γ, (1.38)where γ is the average energy per omplex symbol x[n]. The average energy of thereeived sample, y[n], is given by
E
{

|y[n]|2
}

= |h[n]|2|p[n]ũ|2γ + σ2. (1.39)A metri αu[n] is expressed as
αu[n] =

∣

∣E
{

|y[n]|2
}

− σ2 − |h[n]|2|p[n]ũ|2γ
∣

∣ . (1.40)By using Eq. (1.39), Eq. (1.40) an be written as
αu[n] = |h[n]|2γ

∣

∣|p[n]ũ|2 − |p[n]u|2
∣

∣ . (1.41)The metri βu is extending a partiular loation n of the whole reeived vetor asfollows;
βu =

∣

∣

∣

∣

∣

N−1
∑

n=0

αu[n]

∣

∣

∣

∣

∣

. (1.42)The minimal value of the metris α[n]u and βu are equal to 0 when |pu[n]| = |pũ[n]| issatis�ed for all values of n, i.e P ũ = P u or equivalent ũ = u. The SI index is estimatedby determining the values of u that minimizes the metri βu. In this sheme, the SIdetetion error is e�eted by higher order modulation.1.4.4. Suboptimal Side InformationSuboptimal SI detetion is based on the ML detetion algorithm [35℄. After theDFT proess, the orresponding transformed reeived vetor is Y = {y[n]}N−1
n=0 and

y[n] = h[n]xu[n]+n[n]. The SI index ũ minimizes Eq. (1.37) whih is less than or equalto [36℄;
N−1
∑

n=0

∣

∣|y[n]|2 − 2 |y[n]h[n]pu[n]x[n]| + |h[n]pu[n]x[n]|2
∣

∣

=

N−1
∑

n=0

∣

∣|y[n]|2 − 2 |n[n]h[n]pu[n]x[n]| − |h[n]pu[n]x[n]|2
∣

∣ . (1.43)By applying expetation, the middle term E {n[n]h[n]pu[n]x[n]} vanishes beause thetransmitted symbols x[n] and noise are unorrelated. The suboptimal SI reeiverhooses the SI index, u, that gives the minimal value of αu, as the reeived SI index ũ,
αu[n] =

N−1
∑

n=0

∣

∣|y[n]|2 − |h[n]|2|pu[n]|2γ[n]
∣

∣ , (1.44)24



where γ[n] is equal to γ the average energy per transmitted symbol x[n] for low symbolenergy to noise ratio while for high symbol energy to noise ratio γ[n] is an estimate of
|x[n]|2. γ and the estimate of |x[n]|2 are di�erent only in modulation that has di�erentenergies for its modulated symbols like QAM modulation tehniques. In this sheme,the possible phase vetor is prepared in the reeiver side.1.4.5. Pilot Sequene DetetionTheNv OFDM symbol sequene, {X [k]}, are divided intoNd data symbols,Xd[mLp+

lp], and Np pilot symbols, Xp[m], as given in the following equation [37℄.
X [k] = X [mLp + lp] =

{

Xp [m] , lp = 0

Xd [mLp + lp] , lp = 1, 2, ..., Lp − 1,
(1.45)where Lp is the distane of two onseutive pilot symbols, m and lp are the quotientand remainder of k

Lp
respetively. The phase sequene Pu is divided to pilot sequene,

{P u
p [m]}, and data phase sequene

P u
p [m] =

{

1, m = 2r

ejϕ
u[m], m = 2r + 1

(1.46)where 0 6 r 6 ⌊(Np/2) − 1⌋ and ⌊.⌋ is a trunation operation and ϕu[m] is obtainedfrom a randomly distributed set over [0, 2π). The reeived pilot sequene, Yp[m], afterthrough the DFT an be given as follows;
Yp[m] = Hp[m]P ũ

p [m]Xp[m] +Wp[m] (1.47)where {P ũ
p [m]} is the seleted pilot phase sequene, Hp[m] is the pilot sub-hannelresponse and Wp[m] is the omplex AWGN. The pilot sub-hannel response of the evenindex, Ĥp[2r], is estimated as following

Ĥp[2r] = Yp[2r]/Xp[2r] = Hp[2r] +WXp
[2r] (1.48)where Xp[2r] and WXp

[2r] denote the pilot symbols and another omplex AWGN se-quene, respetively. By a simple linear interpolation between Ĥp[2r] and Ĥp[2r + 2],the estimated pilot sub-hannel response of the odd index, Ĥp[2r+1], is represented as
Ĥp[2r + 1] =

(

Ĥp[2r] + Ĥp[2r + 2]
)

/2 (1.49)The ML detetion estimates the SI on the pilot sub-hannel response as follows;
ˆ̃u = arg min

u∈{0,1,...,U−1}

⌊
Np

2
−1⌋

∑

r=0

∣

∣

∣
Yp[2r + 1]− Ĥ[2r + 1]P u

p [2r + 1]Xp[2r + 1]
∣

∣

∣

2

. (1.50)25
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]Figure 1.15: Pilot Sequene Detetor.The blok diagram of the pilot sequenes detetion is shown in Fig 1.15. This shemeis based on a hybrid of ML and pilot-aided hannel estimation. This sheme has lowomplexity than the onventional ML, however the modulation order in�uenes theomputational omplexity, therefore it is unattrative to apply in higher order modu-lation.1.5. Motivation of ResearhThe omparison of the PAPR redution shemes is shown as Table 1.3. The simplestPAPR redution sheme is lipping and �ltering. Even though it does not require SI, italso does not lead the average power inrement and bandwidth expansion while it ausesBER performane degradation. TR sheme leads to inrease the average power as wellas bandwidth expansion and also requires large omputational omplexity althoughit does not ause BER performane degradation and SI requirement. SLM and PTSshemes are almost satis�ed beause they are distortionless. They do not involve theaverage power inreasing and BER performane degradation. However, several IDFToperations at a transmitter demands large omputational omplexity and they requireSI transmission that results in bandwidth expansion.The SLM applied in the frequeny domain hanges the power or phase of omplexinput data. The FD-SLM generates phase fators to hange the phase of the subarries26



Table 1.3: Comparison of PAPR redution sheme [1�3℄.Methods Clipping TR PTS SLM TDC-SLMAverage Power Inrease No Yes No No NoBandwidth Expansion No Yes Yes Yes YesBER Degradation Yes No No No NoComputational Complexity Low High High High LowSide Information No No Yes Yes YesTable 1.4: Outline of the proposals.Chapter 2 Purpose Avoid to send SI in TDC-SLM.Researh issue In the existing TDC-SLM sheme requires sending SI to reoversignal at reeiver side that e�et the throughput degradation.Proposed sheme DC sheme is used to estimate yli shift in the TDC-SLMsheme.Ahievement The TDC-SLM with DC able to estimate the yli shift and hasthe BER performane losed to perfet estimation.Chapter 3 Purpose DC-MF for yli shift estimation sheme for multiple branhes .Researh issue The trade-o� PAPR redution and BER in Chapter 2.Proposed sheme Proposes a DC-MF sheme that improves the DC estimationsheme in Chapter 2.Ahievement The improvement of performane system even though it is appliedin the linear PA.in the frequeny domain while the seletion of the lowest PAPR is arried out in the timedomain. Therefore, the FD-SLM requires many IDFT bloks and demands the highomputational omplexity. To overome this omputational omplexity problem, a LC-SLM sheme has also been proposed and it utilizes two IDFT bloks [18,19,29,30,38�42℄.The TDC-SLM redues the omputational omplexity of the LC-SLM that uses onlyone IDFT. It redues the PAPR more than the FD-SLM for the same number of phaserotation pattern andidates [43℄. The BER performane an be preserved as the sameas the FD-SLM, while SI transmission is still required. Thus, this thesis fouses onthe TDC-SLM sheme. TDC-SLM is still required SI, several SI detetion for FD-SLMand TD-SLM have been proposed as depited in Fig. 1.16. Conversion matrix andsub-optimal SI detetion shemes ause the throughput degradation, on the other handthe energy detetion, pilot sequene, and maximum likelihood detetion shemes havehigh omputational omplexity.In this researh, the TDC-SLM without SI transmission is proposed. The proposed27



SLM Scheme for PAPR Reduction

Frequency Domain SLM [27,  28, 31]
Time Domain SLM [29, 30, 32, 39, 43].
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Proposed Cyclic Shift Estimation for TDC-SLM Figure 1.16: Historial of researh.sheme does not send SI. In the TDC-SLM, the transmitted signal onstitutes of theoriginal and its ylially shifted signal. Therefore, the information of the amount ofthe yli shift is embedded in the transmitted signal. In other words, the informationis not required to be send as SI separately. The information an be extrated in thereeiver side by through yli shift estimation (DC or DC-MF). At a reeiver sidethe amounts of the yli shifts are deteted by using the delayed orrelation (DC) for�rst researh and delayed orrelation and mathed �lter (DC-MF) for seond researh.In this proposed sheme, intervals between the yli shifts are designed so that thereeiver an distinguish the yli shifts and multipath delays with the use of the DC andDC-MF. In the �rst researh, even though PAPR is redued however there is the trade-o� between PAPR redution and BER performane. Multiple branhes for generatingSCs is applied in the seond researh and it ahieves better PAPR redution than theprevious researh. Beause the multipath omponents still deteriorate the auray rateof yli shift estimation sine they generate additional peaks at the outputs of the ylishift estimation proessing, in the seond researh the yli shift estimation proessingis plaed after the frequeny domain equalization (FDE) to improve the auray ofyli shift estimation. In this proposed researh the PAPR redution an be reduedand the reeived signal is reovered without sending SI. The BER performane of theproposed sheme is lose to perfet estimation.Chapter 1 onsists the overview of OFDM and the PAPR problem, several PAPRredution shemes that lassi�ed into frequeny and time proessing, SI detetionshemes. The relationship of eah hapter is shown in Fig. 1.17. The purpose, re-searh issue, proposed sheme, and its ahievement are summarized in Table 1.4. InChapter 2 setion 2.1, several SI detetions are introdued in the SLM sheme. TheDC sheme aording to estimate yli shift for TDC-SLM is proposed in setion 2.2.28



Problem: High Peak to average power ratio (PAPR)
Demand for reducing PAPR

Pro.
Con.

Figure 1.17: Overview Of thesis.The proposed sheme able to estimate the yli shift for single branh in TDC-SLMsheme and the reeived signal an be reovered. In Chapter 3, the DC-MF sheme im-proves the DC sheme is proposed. In this sheme, the DC-MF is plaed after frequenydomain equalization (FDE) to remove multipath omponents in a reeived signal. Itimproves the system performane of the TDC-SLM without SI.
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Chapter 2
Shift Estimation with DelayedCorrelation Cyli-Seletive MappingPAPR Redution in OFDM System
2.1. IntrodutionThe TD-SLM redues the omputational omplexity even though it still requires SIat the reeiver to reover the original data whih is usually transmitted as a set of bits(the SI bits). The error detetion of the SI has an impat on the error performane thatan be evaluated with a BER. In [29, 30℄, the SI is sent together with the transmittedsignal and it auses the throughput degradation. The ML detetion is used to estimatethe SI in [32℄ whih the omputational omplexity in the reeiver side is a�eted byhigher order modulation.The DC estimation sheme that estimates yli shift in the TDC-SLM sheme isproposed in this Chapter. In the TDC-SLM sheme, the SCs generation are based onthe TD-SLM sheme where the SC with the lowest PAPR is seleted by summing theoriginal signal in a time domain and its ylially shifted version on single branh. TheDC are utilized to estimate the amount of the yli shift based on the interval betweenthe peaks at the output of the DC. The basi prinipal of the DC and DC-MF is tomultiply the reeived signal by its onjugate guard interval whih it is not a�eted byorder modulation. Therefore, it is suitable to be implemented in many OFDM basedappliation suh as WLAN, ultra wideband (UWB) with an additional proessing atthe reeiver side. 30



2.2. System Model2.2.1. Time Domain Cyli Seletive MappingIn the time domain, the OFDM signal x[n] at the time index of n an be writtenas follows.
x[n] =

1

N

N−1
∑

k=0

X [k] exp

(

j
2πnk

N

)

, 0 6 n 6 N − 1, (2.1)where X [k] is the data symbol on the kth subarrier, k is the subarrier index, and
N is the number of the subarriers. The OFDM signal in the time domain is de�nedin a vetor form as x = [x0 x1 .... xN−1]

T .A GI is spei�ed as a fration of the OFDM symbol length and the GI sequene isappended to the beginning of the OFDM symbol as shown in Fig.1.6.
xf [n] =

{

x[N + n], n = −NGI ,−NGI + 1, ...,−1

x[n], n = 0, 1, ..., N − 1.
(2.2)The TDC-SLM proess has been proposed to redue the omplexity of LC-SLM [30℄.The TDC-SLM uses a time domain signal ombining with yli delay and phase shift(TDSC-CP). It needs only one IDFT and overomes the omputional omplexity issuewhile it ahieves omparable PAPR redution apability. The TDC-SLM uses the ylishift without srambling of the original signal. The ylially shifted signal of the TDC-SLM in the time domain are given as

xc[n,∆] =

{

x[N −∆+ n], 0 6 n 6 ∆− 1

x[n−∆], ∆ 6 n 6 N − 1,
(2.3)where x[n−∆] is the ylially shifted signal and ∆ is the amount of the yli shiftwhih is a multiple of δ samples. δ is seleted to be large enough in order to improvethe auray of the yli shift estimation in the reeiver. The SCs, sf [n], is generatedby summation of the original signal and its ylially shifted signal in the time domainas follows

sf [n] = xf [n] + xf [n,∆], (2.4)where sf [n] with the lowest PAPR is hosen as the transmitted signal, s[n], and xf [n,∆]denotes the ylially shifted signal with the GI, whih is given as
xf [n,∆] =

{

xc[n,∆], 0 6 n 6 N − 1

xc[N + n,∆], −NGI 6 n < 0,
(2.5)where 0 < ∆ < N −NGI . After summing the original signal and its ylially shiftedsignal in Eq. (2.4), the SC that ahieves the lowest PAPR is seleted.31



2.2.2. Delayed CorrelationThe TDC-SLM needs the SI that dereases the throughput. Hene, the TDC-SLMwithout the SI is proposed. The DC will be applied to estimate the amount of the shiftin the reeiver side. In the TDC-SLM, the SC is obtained in Eq. (2.3) and the PAPRis alulated over the onseutive V OFDM symbols. The amount of the yli shiftis then seleted for the lowest average PAPR. ∆ is realulated in every V OFDMsymbols. At the reeiver, the reeived sample an be written as
y[n] =

∑

i

h[i]s[n− i] + w[n], (2.6)where h[i] represents the impulse response of a time-varying multipath hannel, w[n]is the zero-mean Gausian random vetor with the ovariane of σ2 and it is independentof the input symbols. Here, it is assumed that oarse symbol synhronization is realizedby preamble sequenes transmitted prior to data symbols. The amount of the shift isdeteted through DC. Basially, this proess multiplies the signal at the reeiver intime domain with the onjugate of the GI sequene. When the last part of the OFDMsymbol is multiplied with its onjugate that is appended as the GI, the highest peakoutput appears. It an be proven to Eq. (2.6) and the following Eq. (2.7) as
c[n] = y[n]y∗[n−N ]

=

(

∑

i

h[i]s[n− i] + w[n]

)

×
(

∑

i′

h∗[i′]s∗[n−N − i′] + w∗[n−N ]

)

=

(

∑

i

h[i]s[n− i]
∑

i′

h∗[i′]s∗[n−N − i′]

)

+

(

∑

i

h[i]s[n− i]w∗[n−N ]

)

+

(

∑

i′

h∗[i′]s∗[n−N − i′]w[n]

)

+ w[n]w∗[n−N ], (2.7)where y[n] denotes the reeived symbol vetor in the time domain, y∗[n − N ] is the32



onjugate of the GI, s[n− i] = s∗[n−N − i′] and onsequently
c[n] =

∑

i

|h[i]|2|s[n− i]|2

+
∑

i

∑

i′,i′ 6=i

h[i]s[n− i]h∗[i′]s∗[n−N − i′]

+
∑

i

(h[i]s[n − i])w∗[n−N ]

+
∑

i′

(h∗[i′]s∗[n−N − i′]w[n])

+ w[n]w∗[n−N ]. (2.8)The outputs of the multiplier are summed over the period of the GI, NGI . After thesummation, the outputs of the DC is averaged to the orresponding timing of the OFDMsymbol as follows;
C[n] =

1

V

V
∑

v=1

NGI−1
∑

p=0

c[n− v(N +NGI)− p], (2.9)where V is the number of averaging symbols and p is the index for integration. TheDC output requires to average symbols whih needs the additional time to perform theaveraging proess. However, it is not signi�ant. The �rst peak is found in the followingmaximization
∆max

N = argmax
n

|C[n]| . (2.10)The DC is explained in Fig. 2.1 whih generate outputs the orrelation between the GIsequene and the reeived signal with the delay of ∆̂, i.e. y[n − ∆̂]. The GI onsistsof the last part of the original OFDM symbol sequene, [x[N − NGI ] ... x[N ]], as wellas the last part of the SC sequene, [x[N − NGI − ∆] ... x[N − 1 − ∆]]. Therefore, if
∆̂ = ∆, the DC also outputs another peak as explained in the following equations

ĉ∆[n− ∆̂] = y[n− ∆̂]y∗[n−N ], (2.11)where y[n] denotes the reeived symbol vetor in time domain, y∗[n − N ] is theonjugate of the GI, and ∆̂ is the amount of the delay. The Eq. (2.11) an be rewrittenas
ĉ∆[n− ∆̂] =

(

∑

i

h[i]s[n − ∆̂− i] + w[n− ∆̂]

)(

∑

i′

h
∗[i′]s∗[n−N − i

′] + w
∗[n−N ]

)

. (2.12)Substitute Eq. (2.6) into Eq. (2.7) yields
ĉ∆[n− ∆̂] =

(

∑

i

h[i]s[n − ∆̂− i] +
∑

i

h[i]s[n− ∆̂− i, ∆̂] + w[n− ∆̂]

)

×

(

∑

i

h
∗[i′]s∗[n−N − i

′] +
∑

i′

h
∗[i′]s∗[n−N − i

′] + w
∗[n−N ]

)

, (2.13)33



and s∗[n− i,∆] = s[n−∆− i] from the following relationship,
ĉ∆[n, ∆̂] =

(

∑

i

|h[i]|2|s[n− ∆̂]2|
)

+
∑

i

∑

i′

(

h[i]s[n− ∆̂− i]
)

× (h[i′]s∗[n−N −∆− i′]) + w[n].w∗[n−N ]. (2.14)Thus, after the integration, the DC outputs the following,
Ĉ∆[n− ∆̂] =

1

V

V
∑

v=1

NGI−1
∑

p=0

c[n− v(N +NGI)− ∆̂− p]. (2.15)The interval of the shift is set to one of every δ samples to improve the auray of theshift estimation at the reeiver side. Sine ∆̂ is not known at the reeiver side, theseond peak has to be found from
∆max

2nd = argmax
∆̂,∆̂6=N

∣

∣

∣
Ĉ∆[n− ∆̂]

∣

∣

∣
. (2.16)The amount of the shift ∆̂s is alulated from the interval of the peaks as

∆̂s = ∆max
N −∆max

2nd . (2.17)
2.2.3. Minimum Mean Square Error DetetionPreamble symbols are sent prior to data symbols to determine the frequeny responseof the hannel as well as the symbol timing. The transmitted preamble symbol on the
kth subarrier is represented as Spre[k] and the reeived preamble signal is given as

ypre[n] =
N−1
∑

i=0

h[i]spre[n− i] + w[n], (2.18)where spre[n] and ypre[n] are the transmitted preamble signal and the reeived preamblesignal at the time index of n. The reeived signal on the kth subarrier at the reeiveris demodulated by taking the N -point normalized DFT as
Ypre[k] =

N−1
∑

n=0

ypre[n]e
−j2πnk/N . (2.19)The hannel estimation on the kth subarrier is given as follows.

Ĥ [k] = Ypre[k]/Spre[k], (2.20)where Ĥ [k] is the estimated hannel response on the kth subarrier. Beause of theSLM in the time domain, the hannel response needs to be modi�ed during the data34



period. The superposition of the data sequene works like an arti�ial multipath on thehannel response. To alulate the hannel response in the data period, the estimatedhannel response is onverted to the impulse response in the delay domain as follows:
ĥ = IDFT

(

ĤH
)

=
[

ĥ[0] ... ĥ[N − 1]
]T

, (2.21)where ĥ = is the ith impulse response of the hannel, Ĥ = [Ĥ [1] Ĥ [2] ... Ĥ[N ]], and
{.}H denotes the Hermitian transform. The impulse response will be shifted with theamount of ∆̂s in the delay domain and summed together with the original.

ĥ∆[i] = ĥ[i] + ĥ[i− ∆̂s]. (2.22)The hannel response on the kth subarrier in the data period is
Ĥ∆[k] =

N−1
∑

i=0

ĥ∆[i]e
−j2πik/N . (2.23)MMSE detetion is used to avoid noise emphasis. The weight oe�ient of the MMSEdetetion on the kth subarrier, WH

∆ [k], is derived from
W [k] = Ĥ∗

∆[k]
(

Ĥ∆[k]Ĥ
∗
∆[k] + σ2

)−1

. (2.24)The demodulated signal on the kth subarrier is given as
X̂ [k] = W [k]Y [k]. (2.25)
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Table 2.1: Simulation Conditions.Modulation QPSK/OFDMDFT Size 256Number of Data Subarriers 128Eb/No 0,1,2,3...20Guard Interval 0.25 DFT SizeNumber of Symbols for Averaging 1,2,4,8 symbolsInterval of Cyli Shift (∆ ) δ = 8Coding Sheme Convolutional CodingInterleaver Matrix:16 × 8Deoding Sheme Soft Deision Viterbi DeodingConstraint 7Coding Rate 1/2Channel Uniform(6 path)GSM TUExponential2.3. Numerial Results2.3.1. Simulation ConditionsThe simulation is onduted in the spei�ation onditions presented in Table 2.1 tomeasure the amount of PAPR redution with the proposed sheme and to evaluate theBER of the system. The symbols are modulated into QPSK on eah subarrier where
104 data bloks are generated. The number of the subarriers and the DFT size are128 and 256, respetively. The length of the GI is 64 whih is equal to a quarter of theDFT size. A onvolutional ode with the ode rate of 1/2 and the onstraint lengthof 7 is employed as hannel oding. The matrix interleaver with the size of (16 × 8)is used. The number of the symbols for averaging L are 1, 2, 4, or 8. The interval ofthe shift is seleted in every δ = 8 samples. This simulation uses a GSM typial urban(GSM-TU) model, an exponential delay pro�le hannel model, and a uniform delaypro�le hannel model. The exponential delay pro�le has the maximum delay spreadof 11 Ts with equally-spaed 12 paths and 1 dB deay per Ts while Ts is the samplinginterval. The delay pro�le of the GSM-TU model is shown in Table 2.2. The uniformdelay pro�le hannel assumes 6 Rayleigh distribution paths with the uniform intervalof Ts.2.3.2. Complimentary Cumulative Distribution Funtion37



Table 2.2: GSM Typial Urban Model.Parth Number 1 2 3 4 5 6Delay τ(µs) 0 0.2 0.5 1.6 2.3 5Power P [π](dB) -3 0 -2 -6 -8 -10
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Figure 2.2: PAPR Redution with SLM, LC-SLM, and Cyli SLM.The PAPR performane urves of the original, the LC-SLM and the TDC-SLM havebeen evaluated through omputer simulation in Fig. 2.2. The CCDF of PAPR forthe original signal and the TDC-SLM, the proposed sheme provides signi�ant PAPRredution. It appears that the urve with L = 1 symbol for averaging has the highestPAPR redution whih is about 2.9 dB lower than the original signal at the CCDF of
10−4. The redution takes plae beause every 1 OFDM symbol has a di�erent ylishift δ in the onsequene, therefore it preponderant to obtain the lowest PAPR than 2,4, or 8 symbol for averaging. Using 2, 4, and 8 symbol for averaging will only redue 2.1dB, 1.7 dB and 0.9 dB at the CCDF of 10−4 as ompared to the original signal. On theother hand, if the number of symbols for averaging is 4, the amount of PAPR redutionis quite lose to the LC-SLM. Nevertheless, the yli SLM has a low omputationalomplexity onsidering that it only uses 1 IDFT.38
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Figure 2.3: Auray Rate on Uniform Delay Pro�le Channel.2.3.3. Auray RateThe interval of yli shift is 8 whih is seleted to be large in order to improve theauray of the yli shift estimation at the reeiver side. If the interval is quite smallwhen the noise is inreased, the irular shift estimation will be shifted and inorret.Figures 2.3, 2.4, and 2.5 show the auray rate in the estimation of the amount ofthe yli shift at the reeiver side. A uniform delay pro�le, the GSM TU and anexponential hannel are assumed. It appears that the third hannel have the aurayrate around of 98% and 99% over 1 or 2 symbols for averaging. Whereas, averagingover 4 or 8 symbols ahieves an auray rate lose to 100 % at Eb/N0 = 8 dB and
Eb/N0 = 7 dB.2.3.4. Bit Error RateThe BER performane will be evaluated on di�erent hannel onditions. For BERevaluation onvolutional oding with the polynomial of [171 133℄ and matrix interleavingare applied. The BER with ideal power ampli�er (PA) and no PAPR redution isinluded as a referene. Figures 2.6, 2.7, and 2.8 show the omparisons of the BERurves with 1, 2, 4, and 8 symbols for averaging on eah hannel. From these �gures,it is lear that the averaging over 1 or 2 symbols shows higher BERs than those with 4and 8 symbols under the same Eb/N0 onditions, while the urves with the averagingof 4 and 8 symbols have only little di�erene and those urves show slightly di�erent39
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Figure 2.4: Auray Rate on Exponential Delay Pro�le Channel.
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Figure 2.5: Auray Rate on GSM TU Channel.40
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Figure 2.6: BER on Uniform Delay Pro�le Channel.
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Figure 2.7: BER on Exponential Delay Pro�le Channel.41
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Figure 2.8: BER on GSM TU Channel.degradation from that with perfet shift estimation. This is beause of the aurayrate di�erene of the yli shift estimation.2.4. ConlusionsThe TDC-SLM sheme with no SI has been presented in this hapter. The TDC-SLM is applied to redue the PAPR with the low omplexity implementation that usesonly one IDFT while DC is used to estimate the amount of the shift at the reeiver.Numerial results obtained through omputer simulation show that there is a trade-o�between the amount of PAPR redution and the BER. If the number of symbols foraveraging to estimate the amount of the yli shift is 4 symbols, the amount of PAPRredution is quite lose to that at the LC-SLM sheme while the auray of the ylishift estimation is more than 0.99 at Eb/N0 = 8 dB.
42



Chapter 3
Estimation of Cyli Shift withDelayed Correlation and MathedFiltering in Time Domain CyliSeletive Mapping
3.1. IntrodutionIn Chapter 2, the TDC-SLM with DC is applied to redue a PAPR and to estimatesthe amount of a yli shift at the reeiver without SI transmission [44℄. The timedomain SCs generate with single branh at the transmitter side then the SC withthe lowest PAPR is hosen for transmission. The yli shift estimation by using theDC is a�eted with the hannel ondition. When the noise inreases, the yli shiftestimation will be shifted. Therefore, the same amount of the yli shift are requiredfor several OFDM symbols in order to improve the auray rate of the yli shiftestimation. Nevertheless, there is a trade-o� between the amount of PAPR redutionand the BER.The DC-MF is proposed to overome the trade-o� between PAPR redution andBER performane. In Chapter 2, the greater PAPR redution is ourred when 1symbol for averaging is applied otherwise it auses BER performane degradation. TheSCs are generated by multiple branhes at the transmitter side. The original signal issummed with its shifted version where the shifted signal has di�erent yli shift forevery branh. The multiple branhes do not ause ISI beause the summation of theoriginal and its ylially shifted signal is proessed before adding guard interval. Thesummation proess is performed for every OFDM symbol if the length of GI is enoughto overome the multipath fading then it will not ause ISI. A Barker ode sequenes43



is used to derease the amount of ombination for yli shift.The DC-MF proess onsists of DC and MF whih is implemented to estimate theyli shift for the use multiple branhes. The MF ables to detet the onseutive peakfrom the DC output as the amounts of the yli shifts estimation at the reeiver. TheDC-MF plaes after FDE to remove multipath omponents in a reeived signal. At atransmitter side, a transmit signal is generated by the summation of an original signaland signals with yli shifts. At a reeiver side the amounts of the yli shifts aredeteted by using the DC-MF.In this proposed sheme, intervals between the yli shifts are designed so that thereeiver an distinguish the yli shifts and multipath delays with the use of the MF.However, multipath omponents still deteriorate the auray rate of yli shift esti-mation sine they generate additional peaks at the outputs of the DC-MF. By using theproposed sheme, the auray rate then improves and the BER redues as omparedto that of the onventional TDC-SLM and DC-MF in [45℄.3.2. System Model3.2.1. Multiple Branhes in TDC-SLMThe disrete OFDM signal x[n] in time domain an be written as:
x[n] =

1

N

N−1
∑

k=0

X [k] exp

(

j
2πnk

N

)

, 0 6 n 6 N − 1, (3.1)where n is the time index, X [k] is the data symbol on the kth subarrier, k denotes thesubarrier index, and N is the number of the subarriers. The OFDM signal an alsobe de�ned as a vetor x = [x[0] x[1] .... x[N − 1]]T .In order to mitigate the intersymbol interferene, a GI is needed. The GI an beobtained by opying the last part of the OFDM signal and adding it to the beginningof the signal.
xf [n] =

{

x[n], 0 6 n 6 N − 1

x[N + n], −NGI 6 n < 0,
(3.2)where NGI is the length of the GI.In the TDC-SLM sheme, a signal on eah branh is generated by applying a ylishift to the original signal. The blok diagram of the TDC-SLM sheme is shown inFig. 3.1. The ylially shifted signal in the TDC-SLM is given as

xf [n,∆d] =

{

x[N −∆d + n], −NGI 6 n 6 ∆d − 1

x[n−∆d], ∆d 6 n 6 N − 1,
(3.3)44
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Figure 3.1: TDC-SLM with (D = 3) signal andidates.where x[n] is the OFDM signal in the time domain at the time index of n, NGI is theGI length, xf [n,∆d] is its ylially shifted signal by ∆d, ∆d is the amount of the ylishift for the dth ylially shifted signal , and ∆d ∈ {Cδ} where C is an integer [44,45℄.The resolution of the yli shifts, δ, has to be large enough for aurate estimation ofthe yli shifts in a reeiver.The SCs, sf [n], is the summation of the the original signal and its ylially shiftedsignal in the time domain as follows:
sf [n] = xf [n] +

D
∑

d=1

Qdxf [n,∆d], (3.4)where sf [n] with the lowest PAPR is hosen as the transmit signal, s[n], D is the numberof branhes, Qd is the dth oe�ient in the phase sequene, and xf [n] is the originalsignal with the GI. The same set of {∆d} is applied over multiple symbols sine theorresponding outputs of the DC-MF are averaged to improve the auray of ylishift estimation. Thus, the set of {∆d} is seleted so that the maximum PAPR overthe symbols for averaging is minimized. Here, the PAPR is alulated for eah OFDMsymbol period.
PAPR(sf [n]) = 10log10

06n6N−1

[

max|sf [n]|2
E{|sf [n]|2}

]

, (3.5)where E{.} denotes the expetation operation.45



3.2.2. Channel Estimation and Frequeny Domain EqualizationFrequeny response and oarse symbol timing an be obtained by sending the pream-ble symbols at the beginning of the transmitted signal. The reeived preamble signalis given by
ypre[n] =

N−1
∑

i=0

h[i]spre[n− i] + w[n], (3.6)where spre[n] and ypre[n] are the nth transmitted and reeived preamble signals in thetime domain, respetively. At the reeiver, the preamble signal on the kth subarrier isdemodulated by taking a disrete Fourier transform (DFT) as
Ypre[k] =

N−1
∑

n=0

ypre[n]e
−j2πnk/N . (3.7)The estimation of the hannel frequeny response on the kth subarrier in the fre-queny domain, Ĥ [k], is given as follows:

Ĥ [k] = Ypre[k]/Spre[k], (3.8)where Spre[k] is the transmitted preamble symbols on the kth subarrier. Beause of theTDC-SLM in the time domain, the hannel frequeny response needs to be modi�edduring the data period. The superposition of the data sequene works like an arti�ialmultipath on the hannel response. To alulate the hannel frequeny response in thedata period, the estimated hannel response is onverted to the impulse response in thedelay domain as follows:
ĥ = IDFT

(

ĤT
)

=
[

ĥ[0] ... ĥ[N − 1]
]T

, (3.9)where ĥ[i] is the ith impulse response of the hannel, Ĥ = [Ĥ [1] Ĥ[2] ... Ĥ[N ]]T , and
{.}T denotes the transpose.The oe�ients of the minimum mean square error (MMSE)-frequeny domainequalization (FDE) for the kth subarrier, W [k], is given by

W [k] = Ĥ∗[k]
(

Ĥ [k]Ĥ∗[k] + σ2
)−1

, (3.10)where Ĥ∗[k] denotes the onjugate of the hannel frequeny response that is obtainedfrom Eq. (3.8) and σ2 is the variane of the noise estimated in the reeiver. Thedemodulated signal on the kth subarrier is then
Ŷr[k] = W [k]Y [k], (3.11)46



where Yr[k] denotes the signal on the kth subarrier at the reeiver.3.2.3. Delayed Correlation and Mathed Filter ShemeThe DC-MF is applied to the signal in the time domain after the MMSE-FDE toestimate the amounts of the yli shifts at the reeiver. The reeived signal in the timedomain an be written as
yr[n] =

1

N
s[n]

N
∑

k=1

F ∗
n,kFn,k|H [k]|2

|H [k]|2 +N0/Es
+

1

N

N
∑

l 6=n
l=1

N
∑

k=1

S[k]
F ∗
l,k|H [k]|2

|H [k]|2 +N0/Es

+
N
∑

k=1

W [k]
F ∗
n,k|H [k]|2

|H [k]|2 +N0/Es

, (3.12)where H [k] is the hannel frequeny response, S[k] is the signal omponent, and W [k] isthe Gaussian noise on the kth subarrier. Furthermore, yr[n] is the nth reeived signal,
Es/N0 is the signal-to-noise ratio per sample, Fn,k = exp

[

j 2πnk
N

]

/
√
N , N is the sizeof the DFT, and {.}∗ denotes onjugate. The DC-MF proess onsists of DC and MFas shown in Fig. 3.2. In the transmitter side, the TDC-SLM generates several SCsby summing the original signal with its ylially shifted signals after the IDFT andgenerates the transmit signal through the summation of the original signal and the itsylially shifted signals. The DC-MF is utilized to estimate the amount of the ylishifts sine they are required to reover the transmit signal.Basially, the DC proess multiplies the reeived signal in the time domain withthe onjugate of the GI sequene. The largest peak appears when the last part of theOFDM symbol is multiplied with the onjugate of the GI. The output of the DC isput into the MF to estimate the set of the yli shifts, {∆d}, by deteting the seondlargest peak output. The DC-MF proesses with 3 branhes are shown in Fig. 3.3. TheDC is de�ned as follows:

c[n] = yr[n]y
∗
r [n−N ]

=
( 1

N
s[n]

N
∑

k=1

F ∗
n,kFn,k|H [k]|2

|H [k]|2 +N0/Es
+

1

N

N
∑

l 6=n
l=1

N
∑

k=1

S[k]
F ∗
l,k|H [k]|2

|H [k]|2 +N0/Es

+
N
∑

k=1

W [k]
F ∗
n,k|H [k]|2

|H [k]|2 +N0/Es

)

×
( 1

N
s∗[n−N ]

N
∑

k=1

F ∗
n,kFn,k|H [k]|2

|H [k]|2 +N0/Es

+
1

N

N
∑

l 6=n
l=1

N
∑

k=1

S
′

[k]
F ∗
l,k|H [k]|2

|H [k]|2 +N0/Es
+

N
∑

k=1

W
′

[k]
F ∗
n,k|H [k]|2

|H [k]|2 +N0/Es

)

, (3.13)where s[n] = s∗[n−N ], S ′

[k] and W
′

[k] are the signal and noise omponents on the kth47



subarrier output from the delayed branh of the DC, respetively. After the summa-tion, the outputs of the DC are averaged as follows:
C[n] =

1

V

V
∑

v=1

NGI−1
∑

p=0

c[n− v(N +NGI)− p], (3.14)where V is the number of symbols used in the averaging proess. The �rst peak isaused by the GI and is found by maximization as
nmax = argmax

n
|C[n]| . (3.15)In addition, the DC produes the orrelation between the GI sequene and the reeivedsignal with the delay of ∆̂d, i.e., yr[n− ∆̂d]. The transmitted signal in the GI onsistsof the last part of the original OFDM signal, [x[N −NGI ] ... x[N ]], as well as the lastpart of the SC sequene, [x[N −NGI −∆d] ... x[N − 1−∆d]]. Hene, if ∆̂d = ∆d, theDC outputs another peak as follows:

ĉd[n
max − ∆̂d] = yr[n

max − ∆̂d]y
∗
r [n

max −N ], (3.16)where ∆̂d is the andidate for the amount of the yli shift on the dth branh. Eq.(3.16) an be rewritten as
ĉd[n

max − ∆̂d]=

(

∑

i

h[i]s[nmax − ∆̂d − i] + w[nmax − ∆̂d]

)

×
(

∑

i′

h∗[i′]s∗[nmax −N − i′] + w∗[nmax −N ]

)

. (3.17)Therefore, the dth peak output of the DC is given as
Ĉd[n

max, ∆̂d] =
1

V

V
∑

v=1

NGI−1
∑

p=0

ĉd[n
max − v(N +NGI)− ∆̂d − p]. (3.18)The outputs of the DC are then passed to the MF to estimate the amounts of theyli shifts. Figure 3.4 shows the struture of the MF. In order to redue the numberof the ombinations of {∆d}, here, the amounts of the yli shifts are seleted fromevery δ samples as {∆,∆+ δ, ...,∆+ (d− 1)δ}. The struture of the MF has the delayline in whih all the delays are set to (δ − 1). The output of the MF is expressed asfollows:

Ĉm[n
max, ∆̂] =

D
∑

d=1

QdĈd[n
max, ∆̂ + (δ − 1)(d− 1)], (3.19)where Ĉm[n

max, ∆̂] is the output of the MF, Qd is the dth oe�ient in the phasesequenes (Barker sequene). 48



The yli shift of the �rst branh, ∆, is estimated through maximization as
∆max = argmax

∆̂

∣

∣

∣
Ĉm[n

max, ∆̂]
∣

∣

∣
, (3.20)where ∆max is the estimated amount of the yli shift for the �rst branh, ∆. Thehannel impulse response in Eq. (3.9) is shifted by the estimated yli shifts andsummed together with the original impulse response as follows:

ĥd[i] =
D
∑

d=1

(

ĥ[i] + ĥ[i− (∆max + (δ − 1)(d− 1)]
)

. (3.21)The reeived signal in the frequeny domain after hannel ompensation is given asfollows:
X̂ [k] = Ĥd[k]Y [k], (3.22)where the hannel response on the kth subarrier in the data period is

Ĥd[k] =
N−1
∑

i=0

ĥd[i]exp (−j2πik/N). (3.23)
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Figure 3.4: Mathed �lter.3.3. Numerial Results3.3.1. Simulation ConditionsTable 3.1 shows the simulation parameters of the proposed sheme whih are adoptedfrom LTE parameters. The number of data subarriers is 128 and eah subarrier ismodulated with QPSK. The DFT size is 256 and the length of the GI is set to be 64samples. The number of symbols for averaging is set to 1, 2, 4, or 8, and the range ofthe yli shift (∆d) is limited from 60 to 124 with the resolution of every 4 samples (δ),whih means 16 SCs. A onvolutional ode with a rate of 1/2 and onstraint length of7 with polynomial generator [171 133℄ is applied. The blok interleaver with a size of
16× 8 is applied. The number of branhes is 3 and a Barker sequene with a length of3 ( Qd) is used as the phase sequene. A uniform delay pro�le with 6 paths is assumedas the hannel model in omputer simulation. As a nonlinier HPA Rapp's solid statepower ampli�er model (SSPA) with a knee fator of 3 is assumed. The input bak o�(IBO) for the HPA is set to 0, 2, and 4 dB.3.3.2. PAPR Redution3.3.3. PAPR RedutionThe PAPR performane urves are evaluated in term of omplementary umulative52



Table 3.1: Simulation Conditions.Modulation QPSK/OFDMDFT Size 256Number of Data Subarriers 128Guard Interval 64Number of Symbols for Averaging 1,2,4,8 SymbolsCyli Shift (∆d ) from 60 until 124Resolution of Cyli Shift (δ ) 4Coding Sheme Convolutional CodingInterleaver Matrix:16× 8Deoding Sheme Soft Deision ViterbiConstraint Length 7Coding Rate 1/2Polynomial Generator [171 133℄Number of Branhes 3Channel Uniform (6 paths)Knee Fator Power Ampli�er (p) 3Input Bak O� (IBO) 0, 2, 4 dBdistribution funtions (CCDF). The TDC-SLM assumes D = 3 branhes with the ylishift resolution of δ = 4 and the number of the symbols for averaging is seleted from 1,2, 4, or 8. From Fig. 3.5, it an be seen that in omparison with the original signal, theamounts of PAPR redution in the TDC-SLM for 1, 2, 4, or 8 symbols for averagingare 2.8 dB, 2.7 dB, 2.6 dB, and 2.5 dB, respetively, at the CCDF of 10−4. Whenthe number of symbols for averaging is 1, eah OFDM symbol has di�erent set of theyli shifts and the best PAPR redution is ahieved. On the other hand, the smallestamount of PAPR redution is realized where 8 OFDM symbols have the same set ofthe yli shifts in order to average the oressponding DC outputs. Nevertheless thedi�erene in the amount of the PAPR redution for 1 and 8 symbols for averaging isonly 0.3 dB at a CCDF of 10−4. In Fig. 3.6, the PAPR redution for 1, 2, 4, and8 symbols for averaging are quite lose at a CCDF of 10−4 with 3 branhes and theresolution of δ = 8. The PAPR for 8 symbols for averaging dereases around 0.9 dB asompare to the single branh (Chapter 2) at a CCDF of 10−4 with the same numberof SCs. Therefore, the PAPR performane with multiple branhes is better than thesingle branh.3.3.4. Auray Rate and BER PerformaneThe auray rate is the ratio of orret estimation in term of the amounts of the53
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Figure 3.6: PAPR redution for Resolution=8.of 4 dB, 2 dB, and 0 dB, respetively. On the other hand, the auray rate of theonventional TDC-SLM realizes 100 % at Eb/N0= 11 dB, 12 dB, and 14 dB for IBO of 4dB, 2 dB, and 0 dB, respetively. It shows that the auray rate of the proposed shemeimproves when the DC-MF is plaed after FDE-MMSE even though the nonlinierityof the HPA is assumed. The auray rate performane is 1 dB better as omparedto that of the onventional TDC-SLM sheme. The BERs for the di�erent values ofthe IBO are also evaluated as depits in Fig. 3.10. In the onventional TDC-SLM, therequired Eb/N0 values at a BER of 10−3 are 13 dB, 13.3 dB, and 13.8 dB, for IBO of4 dB, 2 dB, 0 dB, respetively. On the other hand, with the proposed sheme, it is12.8 dB, 13.1 dB, and 13.3 dB for IBO of 4 dB, 2 dB, and 0 dB, respetively. It isobserved that the BER improves by inreasing the IBO. The BER di�erenes betweenthe onventional TDC-SLM and the proposed sheme are 0.4 dB, 0.3 dB, and 0.4 dBat a BER of 10−3 for IBO of 4 dB, 2 dB, and 0 dB, respetively. The proposed shemeis proven to improve the auray rate and the BER performane as they approah tothe values with perfet estimation.3.3.5. The Resolution E�et for the Performane SystemThe resolution is provided to minimize the e�et of the multipath fading. When theDC output is shifted due to the multipath fading, it auses the inorret estimation of55



0 1 2 3 4 5 6 7
20

30

40

50

60

70

80

90

100

Eb/N0 (dB)

A
cc

ur
ac

y 
R

at
e 

(%
)

 

 

1 Symbol
2 Symbols
4 Symbols
8 Symbols
8 Symbols Conv. TDC−SLM
Perfect

Figure 3.7: Auray rate on uniform delay pro�le hannel.

4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
10

−4

10
−3

10
−2

Eb/N0 (dB)

B
it 

E
rr

or
 R

at
e

 

 

8 Symbols
8 Symbols Conv. TDC−SLM
Perfect

Figure 3.8: BER on uniform delay pro�le hannel.56



6 8 10 12 14 16 18 20
80

82

84

86

88

90

92

94

96

98

100

Eb/N0 (dB)

A
cc

ur
ac

y 
R

at
e 

(%
)

 

 

TDC−SLM, IBO=0
 TDC−SLM, IBO=2
 TDC−SLM, IBO=4
Conv. TDC−SLM, IBO=0
 Conv. TDC−SLM, IBO=2
 Conv. TDC−SLM, IBO=4

Figure 3.9: Auray rate with HPA on uniform delay pro�le hannel.

9 10 11 12 13 14
10

−4

10
−3

10
−2

10
−1

Eb/N0, dB

B
it 

E
rr

or
 R

at
e

 

 

TDC−SLM, IBO=0
 TDC−SLM, IBO=2
 TDC−SLM, IBO=4
Conv. TDC−SLM, IBO=0
 Conv. TDC−SLM, IBO=2
 Conv. TDC−SLM, IBO=4

Figure 3.10: BER with HPA on uniform delay pro�le hannel.57



4 5 6 7 8 9 10 11 12
10

−4

10
−3

10
−2

10
−1

10
0

PAPR (dB)

C
C

D
F

(P
r[

P
A

P
R

 >
P

A
P

R
0]

)

 

 

Res. 2
Res. 4
Res. 8
Original

Figure 3.11: PAPR Performane for Di�erent Resolution.yli shift at the reeiver side. In this setion, the performane of the proposed shemeis evaluated with a di�erent of resolutions (δ). In Fig. 3.11, the PAPR performane at
δ=2 is better than δ=4 or δ=8 beause the number of SCs with δ=2 is more than δ=4 or
δ=8 therefore the probability to ahieve lower PAPR is larger. The BER performaneand the auray rate is evaluated at non-linear HPA Rapp SSPA with IBO=4 andknee fator of 3. The auray rate for δ=4 and δ=8 are lose to 100 % while theauray rate of δ=2 is 95.67 % at Eb/N0 = 10 dB as shown in Fig. 3.12. Whensmall resolution is applied, the auray rate is highly a�eted by the multipath fadingresulting in inaurate yli shift estimation. The BER di�erenes between δ=4 and
δ=8 are quite lose at a BER of 10−3. On other hand, the BER di�erene of δ=2 and
δ=4 is more than 1 dB at a BER of 10−3 as seen in Fig. 3.13.3.4. ConlusionsIn this hapter, the SI detetion sheme for the TDC-SLM has been proposed. TheDC-MF is implemented after the MMSE detetion to remove the e�et of the multipathhannel. The amount of PAPR redution with the TDC-SLM is around 2.5 dB asompared with that of the original signal for 8 symbols for averaging when the resolutionof the yli shift is δ = 4 samples. The auray rate of the proposed sheme reahes58



6 7 8 9 10 11 12 13 14
30

40

50

60

70

80

90

100

Eb/N0 (dB)

A
cc

ur
ac

y 
R

at
e 

(%
)

 

 

Res. 2
Res. 4
Res. 8

Figure 3.12: Auray Rate for Di�erent Resolution.

6 7 8 9 10 11 12 13 14
10

−4

10
−3

10
−2

10
−1

10
0

Eb/N0 (dB)

B
it 

E
rr

or
 R

at
e

 

 

Res. 2
Res. 4
Res. 8

Figure 3.13: BER Performane for Di�erent Resolution.59



100 % at Eb/N0=5 dB and the BER di�erene with 8 symbols for averaging is around0.6 dB as ompare to that with the perfet estimation of the SI. The BER is 0.2 dBbetter than that of the onventional TDC-SLM sheme. Under the nonlinierity of theHPA, the proposed sheme still improves the BER performane by around 0.4 dB at aBER of 10−3 for IBO of 4 dB, 2 dB, and 0 dB.
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Chapter 4
Overall ConlusionsThe PAPR of the OFDM transmitted signal determines the power e�ieny of theHPA. Therefore, reduing the PAPR of the OFDM signal is essential as power e�ientin wireless ommuniation relates to overage range, power onsumption and the sizeof the terminals. TDC-SLM sheme is one of the distortionless PAPR redutions whihgenerate the SCs by summing the original signal and its yli delayed versions. TheSC with the lowest PAPR is seleted for transmission. However, the TDC-SLM requiresSI to reover data in the reeiver side. The sending of SI is ritial issues in TDC-SLMsheme beause the throughput degradation. This dissertation is proposed yli shiftestimation shemes to omit the SI transmission.4.1. DC Sheme for Cyli Shift EstimationThe delayed orrelation based estimation sheme is proposed in this dissertation toomit the transmission of the SI. The proposed sheme exploits the orrelation betweenthe guard interval sequene and the reeived signal with delay to estimate the amount ofthe yli shift at the reeiver side. The largest peak appears when the last part of theOFDM symbol is multiplied with the onjugate of the GI. The distane of the largestpeak to the seond peak is indiated the yli shift estimation. The impulse responsewill be shifted with amount of yli shift estimation, ∆, and summed together withthe original data. Numerial results obtained through omputer simulation show thatthe proposed sheme an estimate the yli shift with an auray of more than 0.99at an Eb/N0 of 8 dB and ahieve the PAPR redution performane that is better thanthe onventional SLM while the bit error rate degradation is slightly di�erent from thatwith perfet shift estimation.4.2. DC-MF Sheme for Cyli Shift Estimation61



In the DC sheme uses the symbol for averaging in order to redue the e�et ofthe hannel for the auray rate. When it is applied, the DC sheme has a trade-o�between PAPR redution and the BER. The DC-MF sheme is proposed to reoverthat limitation. At the transmitter side, the multiple branhes is used to generate theSCs. It has restrition in to redue the number of ombination for yli shift by usingBarker ode sequenes. The struture of MF has delay line in whih all the delay setto (δ−1). In the proposed sheme, the DC-MF is plaed after the FDE to improve theauray of yli shift estimation. The auray rate of the propose sheme reahes 100
% at Eb/N0= 5 dB and the BER improves 0.2 dB as ompared with the onventionalTDC-SLM. The BER performane of the proposed sheme is also better than that ofthe onventional TDC-SLM even though a nonlinear high power ampli�er is assumed.4.3. Future WorkThere are still many hallenges for improving the PAPR redution performanewith time domain seletive mapping and yli shift estimation. First, the oe�ientof the mathed �lter an be set some values other than 1 and -1 to improve the PAPRredution. Seond, the yli delay estimation shemes an be implemented at LTEwhih is required to be modi�ed at the transmitter and reeiver sides beause in themultiuser LTE eah user has a di�erent yli delay for redue PAPR. Third, �lter-OFDM whih is one of the andidates for 5G therefore it still has PAPR problem andauses interferene among subarriers. TDC-SLM with yli shift estimation an bedeveloped to meet the requirement of �ltered-OFDM system.
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AppendixSeletion Criteria for SymbolsAveragingSeletion Criteria for Symbols AveragingThis subsetion explains the relationship between seletion riteria for more than 1symbol for averaging. The original signal is summed with its ylially shifted signalas follows
x̃v,m[n] = xv[n] + xv[n,∆d,m] (A-1)where ∆ is the amount of yli shift. M is the number of the SCs, m ∈ {1, ...,M},

V is the number symbol for averaging, v ∈ {1, ..., V }, D is the numberof branhes,
d ∈ {1, ..., D}, and Qd is used as the phase sequene whih follows of the Barkersequene.

x̃v,m[n] =













x1[n] +Q1x1[n,∆1,1]+ . . . +QDx1[n,∆D,1]x1[n] +Q1x1[n,∆1,2]+ . . . +QDx1[n,∆D,2]... ... ...x1[n] +Q1x1[n,∆1,M ]+ . . . +QDx1[n,∆D,M ]













, ...,













xV [n] +Q1xV [n,∆1,1]+ . . . +QDxV [n,∆D,1]xV [n] +Q1xV [n,∆1,2]+ . . . +QDxV [n,∆D,2]... ... ...xV [n] +Q1xV [n,∆1,M ]+ . . . +QDxV [n,∆D,M ]













(A-2)
M SCs for V symbols an be written as follows

x̃v,m[n] =













x1,1[n],x2,1[n], . . . xV,1[n]x1,2[n],x2,2[n], . . . xV,2[n]... ... ... ...x1,M [n],x2,M [n], . . . xV,M [n]











 (A-3)69



The alulation of the average and normalized power for M SCs as follows
Pm[n] =

|x̃v,m[n]|2
V ∗N

x̃norm[n] =
1

√

Pm[n]
x̃v,m[n] (A-4)The PAPR of M SCs per V symbols are given by

PAPRm = 10 log
|x̃norm[n]|2

E |x̃norm[n]|2
(A-5)To selet minimum index m for set of PAPRm

mmin =

{

m| min
16m6M

PAPRm

} (A-6)The lowest PAPR for per V symbols is alulated as follows
PAPRv = 10 log

|x̃v,mmin
[n]|2

E |x̃v,mmin
[n]|2

(A-7)
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