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ABSTRACT

The objective of this praject is to demonsirate the concept and feasibility of an
SCFDMA communication system. This objective is met by developing a MATLAR
program i simulate 8 basic SC-FDMA communication system. In the initial stage of the
project litermure OFDM was studied and various important conclusions were drawn
reparding the imporance of multicarrier techniques and need of techniques which
support higher data rates. Later 2 MATILAB code was generated 1o analyze the
theoretical concepts, In the transmission AWGN {Additive White Gaussian Noise)
commumcaiion channels were siudied and the performance variation in terms of BER
(Bt Error Rate) and PAPR (Peak to Average Power Ratio} was recorded. PerFormance
of the system wis studied by sending random data as input end mking the modulaton
method 16-0AM (Quadrature Amplitude Maodulagion) In the fater stage of project SC-
FIdMA was studied, i1's advantages over OFDM. The imipact of lew more new hlocks
different from OFDM which helps in reduction ol the limitations like PAPR and BER.
This could be clearly seen through the resulis produced from the MATLAR code of SC-
FIXMA: PAPR and BER.
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CHAPTER 1

INTRODUCTION TO OFDM



The fundsmental principle of the OFDM system iz to decompose the hizh rate data stream (bandwidth
= ) mio N lower rate data siveams and then transmii them sinmlfsneously over a larze mumber of
subcarier.

As an analogy, FDM channel is like water flow out of a fancet, 3 whole bunch of water coming all in
one siream:; In contrast the OFDM signal is like a shower ffom which same amount of water will come
as a lot of small sreams. In & fwcet all water comes in one biz stream and cammot be mb-divided.
OFDM shower i= made up of a lot of Little streams._

The advantage of one over the other is that if we put our thumb over the faucet hole, we can stop the
watar flow but we canmot do the same for the shower. 50 although both do the same thing, they respond
differently to interference Both methods carry the exact same amount of data. But in caze of any
interfers to some of these small streams, only some part of data in the OFDM methed will suffer.

These small sreams when seen as signals are called the sub-carriers in an OFDM system and they must
be orthogonal for this idea to work. The independent sub-channels can be mulbtiplexed by frequency
divizion nmltiplexing (FDM), callad mmlti-camier transmission of i can be based on 3 code division
multiplexing(CDM), in this case it is called pmiti-code Transmission.

1.1 HISTOEY OF OFDAL

Multicammier communication systems were first introduced in the 1960s, with the first OFDAL patent
being filed at Bell Labs in 1966 Initially only anslogue desizn was proposed, nsing banks of smusoidal
ziznal generators and demodunlators to process the siznal for the mmltiple sub chanmsls. In 1971, the
Dizcrete Founier Transform (DFT) was proposed, which made OFDM implementation cost-effective.
Further complexity reductions were realized in 1980 by the application of the Wino zrad Fourier
Transform (WFT) or the Fast Fourier Transform (FFT).

OFDM then became the modulation of choice for many applications for both wired systems (such as
Asymmeiric Digital Subscriber Line (ADSL)) and wirelass systems Wireless apphications of OFDR
tended to focus on broadoast systems, such as Digital Video Broadcasting (DVE) and Digital Andio
Broadcasting (DAB), and relatively low-power systems such as Wireless Local Area Networks
(WLAMs). Such spplications benefit from the low complexity of the OFDM receiver, while not
requiring 3 high-power transmitter in the consumer terminals. This awvoids one of the mam
dizadvantages of OFDM, namely that the transmiftters in high-power applications tend to be mors
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axpensive becsuse of the hish Peak to Average Power Fatio (FPAPE). The first cellular mobile radio
system based on OFDM was proposed in. Since then the processing power of modern digital signal
processors has increasad remarkably, paving the way for OFDM, after nmch research and development,
to find its way into the LTE downlink = Here, the key banefits of OFDM which come to the fore are not
only the low-complexity receiver but also the sbility of OFDM to be adapted m & straightforward
manner to operate in different chanme] bandwidths according to spectmum avalabiliy.

1.2 ORTHOGONALITY

The key to OFDM is maintaining orthogonality of the carriers. If the integral of the prodoct of two
signals is zero owver 3 time peripd, then these two siznals are said to be orthogonal to each other. Two
simnsoids with frequencies that are integer mmitiples of 4 common frequency can satisfy this criterion
Therefore orhogonality is defined by -

Iurcus{ﬂ.nnfr}cns{ﬂnmfr}dr =0i{m#n) 1.1y
Where n and m are two unegqual mtegers; £is the fundamental frequency; T is the peried over which the
integration is taken. For OFDM, T is one symbal period and £ sef to 1T for optimal effectivensss.

1.2.1 Importance of Orthogonality

The main concept in OFDM is orthogonality of the sub-carriers. The "orthogonal" part of the OFDM
name mdicates that thers is a precise mathematical relationship between the frequencies of the camien
in the system It is possible fo amange the carriers in an OFDM Signal so that the sidebands of the
indperdwal carriers overlap and the signals can still be received without adjacent carrier mterference. In
ordar to do this the carmiers nmst be mathematically orthogonal

The Camriers are linearly indspendent (Le. orthogonal) if the carmier spacing is a multiple of 1/Ts.
Where, Ts & the symbol duration. The orthogonality amonz the camiers can be mminfzimed if the
OFDM sigmal 1= defined by using Fourer transform procedures. The OFDA system fransmits a large
pumber of narrowband camiers, which are closely spaced.

[F¥]
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Fignre 11: Oribogonality in frequency domain

Ac can be observed from the sbove representation Orthogonality in OFDA system ensures that all the
subcarriers other than the intended one zo through § at the sanpling instant.
Orthogonality calls for both frequency and time synchronization Frequency offset and jiffer cause
infer-camier mferference (ICT) m the system becsuse the coniribution fom other subcarmiers at such
sampling imstant is not 0.Let's take a sine wave of frequency m and omitiply @@ by a sionsoid (sine o1 2
cosing] of a fequency n, where both m and » are infegers. The infegral or the area under this product =
given by

Ft) = sin(nwt]) = sin (maot) (1.2}

d

=
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Fipure 1.2: The area imder a sime wave multiplisd by its oan harmonic & always zam

By the simple triznomestric relationship, this is equal to 2 sum of two sionseids of frequencies (m+n)
and (m-n)

Fiel =%m5(m -n) - %m(m +n) (1.3)



Thes= two components are each 2 simisoid. so the integral is equal fo zero over one period.

flt) = jl:'%cus(m -n)—- _[I: E% cos(m + 1) (1.4)
We conchude that when we multiply 8 simmsoid of fequency n by a simnsoid of Tequency m'n the area
under the product is zero. In general for all integers n and m sin mx CoSDMIX, COSDX, sin nx are all

orthogonal to each other, These frequencies are called harmomnics.

Definition of carmier:
The maxinmm oomber of carriers used by OFDM is limited by the size of the IFFT. This iz determinad
as follows:

_ IFFT size
hm:n:. =

-2 real valned fime signal (1.5}
Mogien = IFFT size -1 complex vaboed time siznal (1.4}

In order to generate a real-valued time signal OFDM (frequency) carriers nmst be defined in complax
conjuzate pairs, which are symmetric about the MNygquist frequency (fmax). Thizs puts the momber of
potential carmiers equal to the IFFT size/2. The Myquist frequency is the symmetry point, so # cannot be
part of 8 complex conjugate par. The DC component alse has no complex conjugaie. These two points
canmot be used &3 carmiers o they are subtracted from the total available.

If the carriers are not defined in conjugzate pairs, then the IFFT will result in a time domain signal that
has imaginary components. This mmst be a3 viable option as there are OFDM systems defined with
carrier counts that excesd the limit for real-valned tme signals given m (1) Describesa system with
IFFT size 256 and camrier count 216, This design nmst result in 8 conplex time waveform. Further
processing wonld require some sort of quadranire technique (use of parallel sine and cosine processing
paths). In this report, only real-value time signals will be treated, bat in order to obfain maximum
bandwidth eficiency fom OFDM, the complex time signal may be prefemed (possibly an analogous
sitpation to QPSE vs. BPSE). (1), for the complex time waveform has all IFFT bins available as

carriers except the DC bin.

Both IFFT size and assiznment (selection) of carriers can be dynamic. The transmitter and receiver just
have to use the same parameters. This is one of the advantages of OFDM. Its bandwidth nzaze (and bt
rate) can be varied sccording fo varying user requirements.

&
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A cimple control meszage from a base station can change 3 mobile unit’s IFFT size and carmier

salection.

1.3 APPLICATION OF OFDM

OFDM is the modulstion multiplexing technology for:

1. Broadband access via plain old telephone system (POTS) copper wiring. ez ADSL, SDSL, VDSL
{OFDM is also called discrete mmititone (DRT))

2. Certain Wi-Fi systems: [EEE 202.11a'g

[F¥]

. Drigital Aundio Broadcasting (DAB): EUREEA 147, Digital Fadie Mondiale, HD
4. Radio, T-DMB and ISDE-T3B.

5. Drgital Video Broadcasting (DWVEB): Temrestmial digital TV systems like DVEB-T,
4. DVB-H, T-DMB and ISDB-T.

7. IEEE 802.16 or WihIAY Wireless MANs,

2. IEEE 50220 or Mobile Broadband Wireless Access (MBWA) systems.

9. Flash-OFDM cellular systems.

10. Certain Uhra widsband (I'WE) systems.

11. Power line commmnication (FLC).

12 Multimedia over Coax Alliance (MoCA) home perworking.



CHAPTER 2
OFDM COMMUNICATION SYSTEM



OFDM commumications systems are zble to more efectively utilize the frequency spectnum throngh
overlapping sub-cammiers. These sub-carriers are able to partially overlap without imterfering with
adjacent sub-camiers because the maximum power of sach sub-camrier comesponds directly with the
mininmm power of each adjacent channel

In order to use mmitiple sob-carmiers to ransmat an individoal channel an OFDM
Commmnications system nmst perform several steps, described in the fignre below.

Random Data > s{P Digital _— IFET || PS5
Generator *  Corverter Modulation Converter
Guard
Serizl Data Interal
ouT
Insertion
! I
Digitzl De- L 5P Guard
P/5 [*] FFT . BWEN
c j#— modulation  p— ¥ Convarssr Interval o
S [+ + Removal
Fignre 1.1: Block diagram OFDM commmmication system
1.1 OFDM TRANSMITTER

The OFDM-based commumication systems transmit nmltiple data symbols simmitanecusly nsing
orthegoenal subcarriers. Then varions sets of parallel bits are zenerated and sent on different subcarrisrs
for modulation The modulstor can be easily implemented nsing an Inverse Fast Fourier Transform
(IFFT) block. After modulation they are transmitted simultaneously as ransmirter data sream. A guard
interval is added to mitizate the effect of Inter Symbol Interference. Each of the shove mentioned steps
are dizcussed in detail below.



OFDN communmications systems are able to more efectively utilize the fequency specinun through
overlapping sub-carmriers. These sub-carmiers are able to partially overlap withowt interfering with
adjacent sub-camriers because the maximmm power of each sub-carmer comesponds directly with the
minimmm power of each adjacent channel

In order to nse mmiple sub-camriers o wansmit an individnal channel an OFDM
Compmnications systerm nmst perfonm several steps, described in the figare below.

Random Data * 5/F Digital _— IFFT P
Generator * Converzer 7| Modulation Converter
Guard
Serial Data - |
ErVE
ouT
Insertion
! ) I
Digital | Guard
P/s | CEEEE FET M P ) = L_ AWGN
c l#— modulation ja— - Converter Interval
SVEMET e [+ -+ Re=rmowal

Figure 1.1: Block diapram OFDM compumication system

2.1 OFDM TRANSMITTER

The OFDM-based communication systems mansmit nmliiple data symbols simmitaneonsly using
orihogonal subcarmiers. Then varions sets of parallel bits are generated snd sent on different subcarriers
for modulation The modulator cam be easily implermented nsing an Inverse Fast Fourier Transform
({IFFT) block. Afier mndunlation they are transmutted simmltaneonsly as ransmitter data siream 4 goard
interval is added to mitizate the effact of Inter Symbol Interference Each of the shove mentioned steps
are dismussed in detail balowr



2.2 5ERIAL TO PARALLEL CONVERTOR

Serial to [——
Parallel | .

Serial data " Converter Parallel Data

Figure 2.1: Saial to Parallel Comverter

The various sets of parallel bits geperated are zent on different subcarriers used for modulstion. We
shall understand the concept of serial to parallel conversion taking an example of an OFDM signal
using four sub carrers. Let the mput bit stream be:

1.1.-1.-1L1.1.1,-1, 1. -1, -1. -1, -1, 1, -1. -1, L. 1....

— Seral 1o parallel conversion of data bits
cl X [ ] ed

1 1 -1 =1

| 1 1 sl
| =1 1 =1
- 1 -1 -1
-1 1 ] -1
1 | 1 L

The serial data is converted to paralle]l and sent on four sub-carmriers. Each cohunn represents the bits
that will be carried by one sub-carrier. Let’s start with the first carmrier, 1. From the Nyguist sampling
Theprem we know that smallest frequency that can convey information has to be twice the nformation
rate. In this caze the information rate per camier will be 14 or 1 symbol per second total for all 4
carriers. 5o the smallest frequency that can carTy a bit rate of 1/4 is 102 Hz But we picked 1 Hz for
COOVERIENCE.

If we wonld have picked 1/2 Hz as starting frequency, then the hammonmics wonld have besn 1, 372
and 2 Hz.



We conld have chosen 7/8 Hz to start with and in which the harmonics would be 774, 7/2, 212 Hz. We
pick BPSK as owr modulstion scheme for this example. (For QPSE, just imagine the same Thing going
on in the () channel and then double the bit rate whils keeping the symbol rate the same. Carrier 1 - We
need to fransmit 1, 1, 1 -1, -1, -1 which T show below superimposed on the BPAE carrier of frequency 1
Hz. First thres bits are 1 and last thres -1. If T had shown the ) channel of this carrier (which would be
3 cosine) then this would be a QPAE modulation.

2I[ .l'f.\"\ .-“ﬂx "ﬁ' ,."ﬁ" I."H"ﬁl Ir;"n ]
| T Y £ AN,
0w T + I| '|I i ] iy ; :I ; ; .|
! f“ o (60 ey gz faw ) e |
§ 'l‘:l-'r |‘:L |;Jr 'l._L| ¢ JII' " .I'-lv |-| -\\ r'.‘,.“l-'. (3
Fizmre 2.3 Sub-camier 1 and the bits it iz moculating
JIFFT AND IFFT

The key components of an OFDM system are the imverse FFT at the trapsmitter and FFT at the
receiver, These operations performing linesr mappings between M complex data symbols and
complex OFDM symbols result in robusiness agamsi fading mmlifpath channel. The reason is to
transform the high data rate siream info B low data rate streams, each experiencing 3 flat fding during
the trapsmizsion. Ioverse Fast Fourier Transform (IFFT) is used to realize Onthogonality. The signal or
the data already in time domain But bere it i pretended that the input bits are not time domain
Tepresaniations buf are fTequency amplimdes. In thiz way, these bits are taken and by using the IFFT, an
oufput sizmal is created which is actually & time-domain OFDM sigpal The IFFT is a mathematical
concept and does not really care what goes in and what goes out As long as what goes o is amplindes
of some simnsoids, the IFFT will cmnch these mumbers o produce a correct fime domain result. Both
FFT and IFFT will produce identical results on the same input. We make sure that only spectums go
inzide the IFFT. IFFT guickly computes the time-domain signal instead of having to do it one carmer at
time and then adding. Calling this fonctionality IFFT may be more satisfying because we are producing
3 time domaim siznal but it is also very confinsing. Becanse FFT and IFFT are linear processes and
conpletely reversible, it should be called a FFT instead of an IFFT.
10



The resmlts are the same whether you do FFT or IFFI. IFFT and FFT alzorithms are the faster
implementation for the IDFT and OFT. Orthogonality is realized by IFFT Bock.
Mathematical Definition

IDFT x[n] = %E',; ‘Kl}:]e¢ (2.1
DFT X[k] = EF*x[nJe A 2.2
Ts=NT= it

Tr _.L@_P
Baseband *@*
Modulator o _@_ﬁ E

Ej'::d'u

o

Figure 2.4: IFFT Inmplemeniation

1.3.1 BIT ERROR RATE OF OFDM

Dzta IN -

¥

— X[t

In digital fransmizzion the oumber of bit emmors & the mumber of received bits of a data stream over a
comnmnication chanme] that has been altered due to noise, inferference, distortion or bit
synchronization errors. The bit emmor rate or bit emmor ratio (BER) s the nnmber of bit errors divided by
the total mumber of fransferred bits during a studied time interval BER is a unit less performance

measure, often expressed as a percentage The bit ermor probability pe is the expectation valne of the

BEE. The BEE. can be considerad as an approximate estimate of the bit error probability. This estimate
iz acourate for 2 long time mterval and a high oomber of bit ermors.

The bit ervor rate (BER) of BPSE in AWGHK can be calculated as:
Py=Q (VExNy) 2.3)



Since there & only one bit per symbol, this is also the symbol error rate. For defernuming arror-rates
mathematically, some definitions will be needad:

Where,

Py, =prohability of error

Eb = energy per bit

Mo ! 2 = noise power spectral density

Q%) will give the probability that a single sample taken from a2 randorm process with zero-mean and
unif-variance ranssian probability density fanction will be greater or equal to x

Q{x}:v%jfs tT:iz:—;erfal[%] xz0 2.4)

24 MODULATION

In electromics and felecommunications, modulation is the proces: of varying one or more properties of a
high-frequency pericdic waveform called the carrier signal with a modulatine signal which typically
contams information o be wansmitted.

2.4.1 Need For Modulation

The primary parpose of modulation in a commmnication system is to generate 3 modulsted siznal suited
to the characteristics of the tramsmifted chamnel Several practical benefits and spplications of
madulation are mentioned below:

3 Efficient Transmission

b.To overcome hardware limitations

¢ Peduce noise and interference

d Fraguency assiznment

& Multiplexing

25 INTER SYMBOL INTERFERNCE

Imtersymbol interference (ISI) i a form of distortion of a signal in which one symbol intarferes with

subsequent symbols. This is an nnwanted phenomenon as the previeus symbals have similar effact z

noise, thos meking the communication less reliable. I51 s nsually canwsed by mmltipath propagation o

the inhersnt non-linear. Frequency response of a channe] causing successive svinbols to "bhar™ together
12



The presence of IS] in the system introduaces errors in the decision device at the Teceiver outpui.

2.5.1 Causes of Intersymbol Interference
Multipath Propagation

Ume of the causes of miersymbol inferference is what is known as multipath propagation in which a
wireless siznal from s transmatter reaches the receiver vis many different paths. The camses of this
inchide reflection (for instance, the sigmal may bounce off aildings), refraction (such as through the
foliaze of a tree) and amospheric effects such 3z atmospheric ducting and jonospheric reflaction.

Since all of these paths are of different lengrhe, this resals in the different versions of the signal
ammiving af the receiver at different fimes. These delays mean that part or all of a Ziven symbol will be
spread info the subsequent symbols, thereby interfering with the commect detaction of those symbols.
Addirionalty, the various paths often distort the amplimde and'or phase of the signal thereby cansing
further inferference with the received signal

Band imited Channels

Another canse of infersymbol imterference is the trapsmission of a signal through 8 bandlimited
chamnel ie one where the fequency response is zero shove 8 ceram received signal. Frequency (the
cuioff frequency). Passing a signal through such a channsl results i the removal of frequency
components above this mutoff fequency; in addition, the amplimde of the fequency components below
the outoff Tequency may also be amemmated by the channe]

13



151 GUARD INTERVAL

Imter symbol interference is removed by sdding guard imterval in the signal this simply make the
symbol period longer, so that the demodulator does not have to be o precse i picking the period
beginning and end and decoding i= always done inside a3 single period This wonld fix the ISI problam
but not the ICT problem.

Fignre 1.5: Intarsymbol Interference

14



2.6 INTER CARRIER INTERFERENCE

In a typical wireless comroumication system the siznal to be transmitted = npconverted fo @ carrer
frequency prior fo fransmission. The receiver 1= expected to fune to the same camier frequency for
down-converting the signal to baseband, prior to demodulation However, due o device impairments
the carmer frequency of the receiver need not be same as the camier frequency of the ransmitter. When
this happens, the received baseband siznal, mstead of bemg centered at DT (0MHz), will be centered at
a frequency fz where fr= fry -frs his distortion due to interference with other subcarriers is known as
inter carrier interference.

2.6.1 Causes of Inter Carrier Interference

Duoppler Effect

The relative motion between receiver and transmitter, or mobile medinm among them wonld remlt in
the Doppler effect. a freguency shift in narrow-band communications, For example, the Doppler effact
would influence the guality of a cell phone conversation in 3 mowving car. In gensral the Doppler
frequency shift can be formmlated in & fanction of the relative velocity, the angle between the welocity
direction and the communication link, and the carmer freguency as shown in Szure.

Fipnre 2.6: Doppla’'s affec



The value of Doppler shift conld be given azs fd = v/d + 2meos () (2.3}

Where is the angles berween the velocity and the comnmnication link, which is geperally modeled as a
uniform distribation betwesn O and 2, v is the receiver velocity, and the is the carmisr wavelsngth

Synchronization Error

It can be assumed that most of the wireless receivers cannot make perfect fequency synchronization. In
fact, practical oscillators for synchronization are usnally unstable, Which infroduce feguency offset
Althongh this small offéet &= neglizible in raditionsl commumication systams, it is 3 severs problem in
the OFDM systems. In most situations, the escillator frequency offset varies fom 20 ppm (Paris Par
Milliomn) to 100 ppom. Provided an OFDM system operates at 5 GHz, the maximom offset would be 100
EHz to 500 EHz (20-100 ppm.). However, the subcarriers frequency spacing is only 312.5 EHz
Hence; the fequency offset could not be iznoted. In most literatures, the fequency offset can be
normalized by the reciprocal of symbol duration. For example, if a system has a bandwidth of 10 MHz,
and the mimber of subcarriers is 128, then the subcamier fequency spacing would be 1004128 =7
EHz If the receiver fequency offtet is 1 KHz then the nommalized Sequency offset will be
1/78=1.3%. If the normalized fequency offset is larger than 1, only the decimal part needs to be
considered, as shown in fizure.

Multipath Fading

The influence of multipath fading on ICT i seldom discussed before. As 3 matter of fact, the omitipath
fading does not cause ICT, but it will make the ICT problem worse. Smce ICT cannot be neglected m
practice, the impact of multipath fading should be discussed. It is recognized that the cyclic prefix has
been used to eliminate ISI entirely and therefore only ICT needs to be concermed. Becanse thare are
many time-delaved versions of received siznals with different gains and different phase offsets, the ICT
is more complicated to calonlate
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2.6.2 Cyclic Prefix

In order to avoid ICL the guard pericd i formed by 3 cyclic extension of the symbol period. This is
done by taking symbol period samples from the end of the period and appending them to the fomt of
the perind. The comcept of being able to do this, and what it measns, comes from the namre of the
IFFT/FFT process. When the IFFT is taken for a symbol peried (during OFDM modularion), the
resulting tims sample sequence is technically periodic. This is becanse the IFFT/FFT i= an extension of
the Fourier Tranzform which is an extension of the Fourisr series for periodic waveforms. All of

these transforms operate on signals with eher real or manufacred periedicity. For the IFFLFFT, the
peried is the mumber of samples nsed.

With the cyclic extension, the symbol period i= longer, but it represents the exact same frequency
spectrum. As long as the correct mumber of samples are tzken for the decode, they may be taksn
anywhere within the extsnded symbol Simce 3 complste period is integrated orthogonality is
maintained. Thersfore, both I51 and ICT are eliminated.

Here is an example to explain cyclic prefix. You are driving in rain, and the car in front splashes a
bunch of water on you. What do you do? Yon move furiher back, you put a little distance betwesn you
and the front car, Hr enough so thai the splash won't reach you. If we equate the reach of splash to
delay spread of a splashed signal then we have a befter picture of the phenomens and how o avoeid .
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Figmre 2.7: Delay spread doe to car
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Increase distance from car in front to avedid splash. The reach of splash is same a5 the delay spread of a
zigmal. Fig. 2.7 shows the symbol and its splash.

Figure 1.8 :The PSE svmbol and its delayed version.

catch the delsy spread.

To mitigate this noise at the front of the symbol, we will move our symbol forther away from the region
of delay spread as shown mm Fig 2.9, A liftle bit of blank space has been added between symbols to

'\’?/ \/ L= 2 N

Figmre 2.9: Symbsal 15 mived hack so that the amiving delayed sipmal doesn't face any infarference
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Fignre 2.10: Phaze commupt by Splash

We extend the symbol into the empty space, so that the acal symbol exist in more than one cycle. But
now the start of the symbol is stll in the danger zone, and this start is the most important thing akbout
our symbol since the shicer needs it in order to make a decision about the bit We do not want the start
of the symbol to f2ll in this region, so we just slide the symbol backwards, so that the start of the
original symbol lands at the gutside of this zone and then fill this area with something.
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Figmre 2.11 Famation of contimasns 5iznal

This procedure is called adding a cyclic prefix. Since OFDM, has a lot of carmers, we do this to each
and every carrier. But that's enly in theory. In reality since the OFDM signal is a linear combination,
we can add cyclic prefix just once to the composite OFDA signal. The prefix is anywhere from 10%: to
25% of the symbol time
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Figure 212: Cyclic Prefix

2.7 COMMUNICATION CHANNEL

Badio propagation in mobile commmnicstion is mainly determined by its mmltipath nature. MMultiple
reflactions amd an LOS component of the wansmitted sizmal amrives at the receiver vis differenmt
propagation paths and therefore with different amplimdes and delay times. As a result of this, the
narrowhand received power fluctuates dramarically when observed as a fonctiom of location and
frequency. In OFDA, the channels variabilify m the frequency domain has the similar role as the time
variance im namowhband system (flat—fdmg) Usually channel can be assomed to be static doring the

transmission of at least one OFDM symbol.

1.7.1 AWGHN (ADDITIVE WHITE GAUSSIAN NOISE) CHANNEL

Additive white (Gasussian noise (AWGH) = a channel mode]l in which the only impaimment to
commmnication is a linesr addition of wideband or white moize with a constant speciral demsiny

{expressad as watts per hertz of bandwidth) and a Ganssian distribotion of amplimde.
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The medel does not account for fading, frequency selectivity, interference, nonlinesrity or dispersion
However, it

produces simple and ractable mathematical models which are useful for zzinine insight o the
underlying behavior of a system before thess other phenomena are considered.
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Figure 2.13: Gaussian dismibution

28 OFDM RECIEVER

The design of an OFDM receiver is open; ie., there are only trapsmission standards. With an open
receiver designm most of the research and inmowations are dome im the receiver. For exsmpls, the
frequency sensitivity drawback is mainly a transmission channel prediction issue, something that is
done at the receiver; therefore. we shall only present a transmission process. Fiz.2.14 is the block
diagram of an OFDM receiver
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Figmre 1.14: OFDM Fecsiver

First of all, the length of symbol period added earlier as cyclic prefix is removed. The serial bits are
then cooverted to parallel bit stream which form the input of the FFT block. The Fast Fourier
Transform (FFT) converts the time domain samples back into & fequency domain representation. The
output of the ransform contains the symbol values mapped onto each of the carmiers. The demodunlator
plucks out the (complex-valned) smplindes of each of the camiers of inferest and passes those on to
any further decoding logic. For the case of BPSE and QPSE demodulation, phaze synchronization has
to be asmared if we wish to desien @ coberent receiver. For this purpose, the demodulator input is
comvolved with a matched filter ower a time period to yield the demodulated owtput.

2.0 ADVANTAGES OF OFDM

OFDM possesses some inherent advantages for Wireless Commmuications. This section glances on few
of the most important reasons on why OFDM is becoming more popular in the Wireless Industry today.

Mulfi-path Delay Spread Tolerance

Ac dizussed earlier, the increaze in the symbol time of the OFDM symbol by I times (W being the
pumnber of sub-carriers), leads to 3 comesponding increase in the effectivensss of OFDM against the I5I
caused due to mulbi-path delay spread Purther, using the cyclic extension process and proper design,
one can completely eliminate I51 from the system.
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Effectiveness against Chanmel Distortion

In addition to delay varistions in the channel the lack of amplimde flamess in the Tequency response

of the chamnmel also cmmses ISI in digital commmnication systems. A typical exampls would be the
twister-par used m telephone lines. These transmission lines are used to handle vouce calls and have a
poor Tequency responss when it comes to high frequency trapsmission In systems that use single-
CEITIET fransmission, an egualizer muzhi be required to mitigate the effect of channel distoriion. The
conmplexity of the equalizer depends upon the severity of the channel distortion and there are wsually
issmes such as equalizer non-linearities and emor propagation etc that canse additionsl trouble In
OFDM systems on the other hand, since the bandwidih of each sub-carrier is very small the amplimede
response over this narmow bandwidth will be basically flat {of course, one can safely azsume that the
phase responss will be linear over this nammow bandwridth).

Even m the caze of exirems amplimds distortion, an equalizer of very simple stacture will be enoungh
to correct the distortion in each sub-carrier.

Thronghput Manmization (Iransmission at Capacty)

The use of sub-carrier modulation improves the Sembility of OFDM to channel fading and distorbon
makes it pessible for the system to transmit 3t maximum possible capacity using a technigque called
chamnel loading. Suppose the ransmission channel has a3 fadng potch n 8 certain Tequency range
comesponding fo 3 certam sub-carrier. If we can detect the presence of this notch by nsing chanmel
esiimeafion schemes and assuming that the motch deesn’t vary fast enough compared to the symbol
duration of the OFDM symbol & can be possible to change (scale downup) the modulation and coding
schemes for this particular sob-camier (i.e. increase their robusiness against nodse), s that capacity a5 a
whiole is maximized ower all the sub-carriers. However, this requires the data from channel-sstimation
algorithms. In the case of single-camier systems, nothing can be done azamst such fading noitches. They
must somehowr survive the distormon using error cormection coding or equalizers.
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Robustness against Impuolse Noise

Impmlze norse = usnally a burst of interference cansed wsually camsed i channels such as the return
path HFC (Hybrid-Fiber-Coaxial), twisted-pair and wireless channels affected by atmospheric
phenomens such as hghining etc. It is conmmon for the length of the interference waveform to exceed
the symbo] duration of 3 typical digital commminication system For example, ina 10 MBES system the
symbol duration iz 0.1ms, and an impuolse noise waveform, lasting for a couple of micro-seconds can
canse 3 burst of emors that cammot be comected wsing normal emor-correction coding. Tisually
complicated Feed-Solomon codes in cononction with buge inferlesves are nsed to comect this problem
OFDM systemns are inhersntly robust agsinst impulse noize, since the symbol duration of an OFDM
zignal is much larger than that of the comesponding single-carrier system and thus, i is less likely that
impulse noise might canse (even single) symbol emors. Thos, complicated emor-control coding and
imterleaving schemes for handling burst-type emors are not really reguired for OFDM Systems
simplifying the ransceiver design

2.10 DISADVANTAGES OF OFDM
Peak-to-Average Power Ratio (PAPR)

One of the significant drawbacks of OFDM system ic the possibility to experience large peaks since the
siznal shows 3 random warnable characteristic since if = sum of M independent complex random
variables. These different cammiers may all line up in phase at some instant and consequently produce a
high peak, which is guantified Ty peak-to-average-power ratio (FAPE).
This distorts the transmitted signal if the transmitter confains nonlinear components such as power
amplifiers (PAg). Since PA i forced to operate in the nonlinear region. The nonlinear effects may cause
in-band or out-of-band distortion to signals soch as spectral spreading, intermodulstion, or change the
sizmal constellation. Chat-of-band distortion is detrimental even if the in-band distortion is tolersble. To
have distortion less transmission, the PAc reguire & back off which is approximately squal to the
BAPE. Thiz decreaszes the efficiency for amplifiers and moreaszes the cost.
4



High PAPE also requioes high range snd precision for the analop-to-digial conwerter (ADMC) and
digital-to-analog comerier
(DAC), a5 a resuls, reducing the PAPE of practical imterest.

P ey A

Figare 2.15: Characteristic of Power Amyplifier

We can see the nonlinesr behavior of the PA. It i= desired to operate the PA in the linear region. To
avoid the hizh peaks. average input power may be decreased. Operating region of the PA is called input
back-off and the resnliant signal i= gusranteed to be in oufput back-off range. High input back off
reduces the power eficiency and would mandste the cost of the PA hizher, since mput back off is
usually greater than or equal to the PAPE of the sigmal Ideally the sverage and peak valwes should be
a5 close 8z can be in order to maximize the efficiency of the PA. PAFE mitization relaxes the PA back
off requirements as well 25 the hizh resohtion requirements on ADC and DAC. PAPE mitization may
fall imbo three categories: signal distortion, coding, and scrambling Signal distortion basically distoris
the siznal around peaks with either clipping or pesk windowing or peak cancelation. Coding urilizes
forward error commection coding schemes to achieve signale with low PAPE. Scambling also similar to
coding utilizes scrambling sequences to achieve low PARE.
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CHAPTER 3

INTRODUCTION TO SC-FDMA



3.1 Introduction

SC-FDMA is a pew mmltiple access technigue. It ufilizes single camier modulation, DFT-spread
orthogonal frequency mmitiplexing and frequency domain equalization. It has similsr struchare and
performance te OFDAM. SC-FDMA is currently adopted as the uplink multiple access scheme in 3GPP-
LTE This techmique can be gensrated in the fime domain or frequency domam. The performance of 5C-
FDIA m relation to OFDM has been the subject of varions smdies. Although the performance gap 1=
not mmch 5C-FDMMA s additional advantage of low PAPE makes i a favorite especislly for uplink
wireless fransmizsion in fiure mobile communication systems whens ransmitter power efficiency is of
paramonnt mportance It is 3 shizht modificatnon in OFDM systermn, all the blocks are same as OFDA
with infreduction of faw new blocks | We employ an M-point FFT block and subcarmier mapping before
the M-point IFFT block where M=1, this reduces PAPE. which is the limitation we are dealing with.

Az wizeless munlimedia spplications become more widespread, demand for higher data rate is leading
to utilization of 3 wider ransmission bandwidth With a wider transmission bandwidth, frequency
selectivity of the chammel becomes more severe and thus the problem of inter-symbol imterference (I5I)
becomes more serious. In 3 cooventional single camier commmnication sysiem time domain
equalization in the form of tap delay line filtering is performed to eliminate ISI. However, in case of a
wide tand channel the length of the time domain Slter to perform egualization becomes prohibitively
large zince it linearly incresses with the channe]l response length. Cme way to mitigate the fequency-
saleciive fading seen m 3 wide band channel 1= to use 3 mmlticamier technique which mbdivides the
enfire channe]l mto smaller suwb-bands. or subcammers. Orthogenal frequency division mulfiplexing
(OFDM) 1= 3 multicarrier modulation technique which uses orthogonal subcammiers to coowey
information. In the frequency domam. since the bandwidth of a subcamier s desizned to be smaller
than the cobersnce bandwidth each sub-channel = seen as a flat fading channel which simplifies the
chammel equalization pracess. In the time domain, by splifting 3 high-rate data siream mio a pumber of
lowes-rate data stream that are transmitted in parallel OFDM resolves the problem of ISI in wide band

COnEniCcations.



But OFDM has its disadvantages:

Hirh peak-to-sverage power ratio (PAPR) and high sensiivity to fequency offsst. Single Carrier
Fraquency Divizsion Multiple Access (5C-FDMA) =

maodified version of OFDM. Like all other orthogonal fequency division techniques, it also employs a
dizcrete set of orthoponal subcammiers distribuated across the system bandwidth They all inchade discrete
tranzforms to move siznals betwesn fime deomain and frequency domam. In cellalsr system LTE (longz
term evohition) OFDM 1= used for downlink transmession and SC-FDMA for uplink ransmission. One
of the main disadvantages of OFDM is high peak-to-average power rate (PAPE) which raises the cost
and lowers the power efficiency of a transmitter’s power amplifier. With lower PAPE, the power
amplifiers at mobile terminals employing SC-FDMA can be simpler and more power efficient than they
would be with OFDM tfransmizsion. On the other hand with s high signaling rate, the frequency
domain equalizer of 5C-FDMA link is far more complicated tham an OFDM egualizer. With
SC_FDMA transmizsion confined to the LTE nplink, complicated equalizers are required only at base
stations and nof af mobile terminals.

3.2 SUBCARRIER MAPPING

There are two methods to choose the subcarriers for mansmission; distributed subcarrier mapping and
localized subcarrier mapping In the distributed subcarrier mapping mods, DFT outputs of the input data
are allocated over the entire bandwidth with zeros occupyving the uwmmsed subcarmiers, whereas
consecntive subcarriers are aoccupied by the DFT oufputs of the input data in the localized subcarrier
mapping mode. Localized mabcarmier mapping mode of SC-FDMMA is referred to as localized FDMA
(LFDMA) and distoibated subcarrisr mapping mode of SC-FDMA &z distmibuted FDMA (DFDMA).
The case of MM = Q-1 for the distributed mode with equdistance betwesn oocupied subcarriers is callsd
Interleaved FOMA (IFDMMA) - IFDMA is a special case of SC-FAMDA and it is very efficient in that the
ransmitter can madulate the signal strictly in the time domain withowt the nse of DFT and IDFT.
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Depending on the subcarmmier mapping method, the SCFDMA modulsted symbols in the fime domain
differ. For IFDMA the modulated time symbols are simply a repetition of the original inpat symbols

with a scaling factor of 1) and some phase rotation. DFDMA and LTFDMA bave the same fime symbrel
stmacture, they have exact coples of input fime symbals with 3 scaling factor of 140 in the M-mmltiple
sample positiens and in-between values are sum of all the tme mput symbels o the input bleck wizh
different complex weighting. Because of this, we can expect to see more flucmarion and higher peak in
amplimede for DFDMA and TFDMA.

3.3 COMPARISON OF SC-FDMA WITH OFDM

The differsnce in 5C-FDMA and OFDM transmitter is the pressnce of DFT block in SC-FDMA For
this reason SC-FDMA  is sometiomes referred to as DFT-spread or DF[-precoded OFDMA | Oiher
similarities betwesen the mwo mchide: Block-bazed data modulation snd proceszing division of the
manemission bandwidth into nstresver sub-bands, frequency domain channel squalization process and
the use of CP However, there are distinct differences that make the rwo systems perform differently. In
terms of data detection at the receiver, OFDMA performs it on & sub-carmier basis whereas 3C-FDAMA
does it afier additional IDFT operation Becanse of this difference, OFDMMA 1= more sensifive to 3 oull
in the channe]l spectrum and it requires chamnel coding or powerrate commol to overcome this
deficiency. Alzo, the duration of the modulated fime symbols are expanded m the case of OFDMA with
paralle]l transmizsion of the data block during the elongated time period whereas SC-FDMA modolated
symbals are compressed into smaller chips witserial transmzsion of the data block.

3ASC-FDMA PEAK TO AVERAGE POWER RATIO

PAPE. is the performance measure that imdicates power efficiency of transmitter. In case of ideal linear
power smplifier maxmum power efficiency is aftzined, when power amplifier is operating at saturation
point. Positive PAPFE. in decibels indicates the need of power back of for operating in the linsar region
of power amplifiers. High PAPF. leads o the degradation of transmifter power efficiency performance.
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SC-FDMA iz a radeoff between nmlti carrier and single carrier o the reduction of PAPE. oooars.
In OFDM PAPE. ocoars mainly becanse of IFFT block which is compensated in 5C-FDMA by

FFT block which has oumber of subcarmers less than IFFT, as the PAPR. depand: directly on mumber of
sub carmers 0 85 the mumber of sub camisrs decreases, PAPE. Also decresses This is the maim
advantage of SC-FDMA over OFDM, With low PAPE. the power amplifiers at mobile terminals can be
simpler and more power efficient than in OFDM transmizsion. Cue to low PAPE it has drawn great
amention for the uplink commumications, where it benefits the mobile terminal in transmit power

efficiency.
3.5 SC-FDMA BER(BIT ERROR RATE)

The BEE. is the ratio of mumber of error bits divided by the total nomber of bits ransmitted in partionlar
timie interval.
BEF= mumber of error bitstotal mmber of transmitted bits

It iz the main paramefer for depicting system performance of any data link The ermors ocour due to
noise, interference. distortion etc. BER. i3 3 unif less performances measure. It can be mproved by stronz
signal strength In 5C-FDMA the BER is highly improved as compared to OFDM .

3.6 SC-FDMA COMMUNICATION SYSTEM
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Figmre 3 1: SC-FDAA tramsmitter
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Fig.3.1 shows a block dizgram of an SC-FDMA system SC-FDMA can be regarded as DFT-spread
orthogonal fequency division multiple sccess (OFDMA), where time dormain data symbaols are
trans formed o Sequency domain by DFT before going through OFDMA modulation. The
orthogonality of the users stems from the fact that each user cooupies different subcamiers in the
frequency dommain, similar to the case of OFDMA. Becase the overall transmit signal is a single carmier
signal, PAPE. it inheranthy low compared to the case of OFDMA which produces 2 mmlticarrier siznal .
The transmitter of an 5C-FDALA system first groups the modulation symbols into bloecks each
containing W symbols. Mext it performs an N-point DFT to produce a fequency domain representation
of the mput symbols. It then maps each of the N-DFT outputs to one of the M (= ) orthogonal
subcarriers that can be transmitted. IEW = M/Q) and all terminals rensmit M symbols per block, the
system can handle O simmltanecus transmissions withont co-channe]l mterference. ) is the bandwidth
expancion fctor of the symbol sequence. As in OFDMA, an M-point IDFT fransforme the subcarrisr
amplimdes to a complex time domain signal The ransmitter performs two other signal processing
operations prior to Tansmission. It msens a set of symbols referred to as a cyclic prefix (CF) n order fo
provide a guard time to prevent inter-block inferference (IEI) due to mmltipath propagation CP isa
copy of the last part of the block, which is added at the start of each block for a conple of reasons. Fist,
CP acts as a guard time between snccessive blocks. If the length of the CP is longer than the maxinmm
delay spread of the channel or roughly, the length of the channe] impulse response, then thers is oo
IBI Second since CP i a copy of the last part of the block, it converts a discrate time linear
convolution into 2 discrete time cironlar convohition. Thus transmitted data propagating through the
channe] can be modelled as a ciroular convelution between the channel impulse response and the
transmitted data block, which in the frequency domain is & point-wise mmltiplication of the DFT
fraguency samples. Then to remove the channel distortion, the DFT of the recefved signal can simply
be divided by the DFT of the channe] impulse responss point-wise or 4 more sophisticated fequency
domain egqualization technique can be implemented The receiver ransforms the received signal into the
frequency domain via DFT, de-maps the subcarriers, and then performs fequency domain equalization.
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CHAPTER 4
PAPR AND BER PERFORMANCE

ANALYSIS OF SC-FDMA AND OFDM



4.1 BIT ERROR RATE (BER)

In digital tramsmission, the oomber of bit emors & the oumber of received bits of a data sitream over a
comnmnication chammel that haz been altered due to noiss, interference, distortion or bit
synchronization ermrors. The bit ermor rate or bit emor ratio (BER) i the ooumber of bit emmors divided by
the total mumber of wansferred bits during 3 smdied time intarval BER is 3 unit less performance
megsure, often expressed as a percentage. The bit emor probability p, is the expectation valoe of the
BEE. The BEEF. can be considered as an approximate estimate of the bit emor probability.

42 PEAK TO AVERAGE POWER RATIO (PAPR)

BAPE ic the performance measure that indicates power efficiency of mansmitter. In case of ideal linear
power amplifier maximum power efficiency is attained, when power amplifier is operating at safuration
poinf. Positive PAPE. in decibels indicates the need of power back off for operating in the linesr region
of power amplifiers. High PAPE. leads to the degradation of transmiftter power efficiency performance.
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4.3 SIMULATION RESULTS OF OFDM AND SC-FDMA(BER)

BER vz SHR of OFDIM

BER

Figure 4.1- plot of BER v SNE (16-QAM) in OFDAL

For achieving BER. of 1{-2 SHE is coming out to be around 13d8. That is for one bit emor in 100 bits
the siznal to noise ratio i 13dB.



BER vws SHR of OFDM

.............................................

SHR (dB)

Figmre 4.1: plot of BER. v= SNE. (FSE) in OFDAL
For achieving BEE. of 10-2 SNE. is coming out to be around 20 dB. That is for one bit error n 100 bits

the siznal to noise ratio is 20 dB. This 5ME is more as compared to the SHE of 16 QAM. Thus one can
achieve same BER at lower power in QAN modulation technigue.
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Fizure 4.3: plot of BER vs SNR of SC-FDAMA (16 Q4M)

BER. range lies betwesn ( to 25 dB. For one bit error in 100 bits the comesponding SWE is in between

3o 4dB.

BER. of 3C-FDMA is much better than OFDM as it lies in the range of 0 to 4 dB while in OFDM the
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4.4 SIMULATION RESULTS OF OFDM AND SC-FDMA(PAPR)

Fizared 4: plat of probability vs PAPR. (16-QAM) IN OFDAM

CCDF of OFDM Lies in the range of 0 to 11 dB. In this Fiz.4.4, there i 10 % chance of the signals to
lie above BdB fom the average PAFE.
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Fizure 4.5: plot of probability vs PAPR. of SC-FDALA(LS QAM)

In CCDF zraph there is lmge PAPE reduction as the range lies between 0 1o 4 dB
There is 10 %a chance of the siFnals to lie above -.3.5 dB from the averaze PARE
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CHAPTER S
CONCLUSION AND FUTURE SCOPE
OF SC-FDMA
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5.1 CONCLUSION

Orihogonal fequency divizion mulbtiplexing is an important technolozy because so many developing
commmunications standards require the hizh throughput and mult-path advantages that ars possible.
OFDM has developed imto a popular schems for wideband digital commmnication, wireless as well as
over copper wires. The primary advantage of OFDM over single-carrier schemes is itz ability to cope
with zevere chamme] conditions. The use of phase shift keying produces 3 constant amplimde signal and
was chosen for its simplicity and to reduce problems with amplimde fucmations due to Sding.
Implementation of OFDM in MATLAR was successfully completed and varions resulis were obtained.
Variation in different input parameters ke modulation techmique is concluded QAN has better results
compared to PSE SC-FDOMA haz an advantage over OFDM which is low PAPE, which was a big
limitation of OFDM system the PAPE resul of SC-FOMA came out to be comparatively very low than
that of OFDM BEER of 5C-FDMA was also very much improved it is due to the radeoff betwesn multi
carrier and single carrier .



5.2FUTURE SCOPE

The idea of SC-FDOMA is to add an M-point fast Fourier ransform block before the W-point mverse fast
Fourier transform of the OFDM system. Usually, M i chosen to be muoch smaller I, so that the FFT
only partially cancels the Gnal IFFT, resulfing in @ single camier type of signal with, obviously, a lower
PAPE. There are basically two ways to map the M symbols that are oufput by the FFT to the input of
the IFFT. The first selution, which is called localized SC-FDRA . is to use M consecutive subcarmiers of
the IFFT and zero-pad the other ones. The second option, called distributed SC-FDMA distribates the
subcarriers over the eotire bandwidth and sgain uses zeros for the upused bins. Interleaved 5C-
FDMA iz 3 special caze of the distmibuted version where the subcamiers are evenly distributed over the
whole bandwidih. In that case the ssparation betwesn each subcarrier is typically equal fo the oomber
users. There are many studies that compare the pros and cons of each mapping method but we can
generally conclude that mterleaved SC-FDMA leads to lower PAFFE. and also namrally benefis from
more fTequency diversity than localized SC-FDMA However, by using an intelligent resource
allpcation that assizns the subcarmiers with the best propagation conditions for each terminal it is
possible to achieve better parformance nsing localized SC-FDAA The fact that SC-FAMDA hac 3 lower
PAPE. with performance very close to that of OFDMA explains why this scheme has been selected by
the 3GPP as the uplink mmitiple access scheme m LTE. By more efficiently using the power amplifier,
LTE terminals are able 10 mcrease coverage and reduce their power consumption, which is extremelby
important in battery powered devices.
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