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Abstract.

Orthogonal frequency division mulliplexing (OFDM) has become a popular
modulation method in high-speed wireless communication systems due to its high data rates
transmission capability and robustness against multipath fading efiects. C(ne of the major
drawbacks of OFDM at the transmitter side is the high peak-to-average power ratio
(PAPR) of the OFDM signal. In this paper, an algorithm is proposed io reduce the peak to
average power ratio of OFDM signal with large number of sub-carriers. This algorithm is
based on tone reservation method. The computer sinulation tests shoe that the suggested
algorithm reduces the PAPR to a factor of 5.25 dB and needs less number of iterations as

compared with the traditional tone reservation algorithm.
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1 OFDM Systemn Modal:-
Basically, OFDM transmitter divides the

bandwidth into several orthoegonal sub-

carriers, Mevertheless, ong of the wmain
disadvantages of this modulation is its high
peak to average power tatio requiring the use
of linear high power amplifiers that are very
1, shows a

power-inefficient.  Figure

baseband representation of an OFDM

transmiiter with cyclic prefix.
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Figure 1: Digital multi-careier fransmission

system applyicg OFDM.

Binary data stream of Jength I are divided to
Nblocks b, by a serial to parallel (S/P)

Ba.s Jourmal ne ci-::.]n" Lo

converter, each block will be modulated onto

the symbols X, | (a complex number that

corresponds  to a constcliation).
Different schemes  like

Quadrature Phase Shift Keving {QPSK) are

signal
modulation

used to modulate the data stream. Here, 1t is

assumed that in all active carriers of OFDM

X, the same complex-valued signal set
ar the same constellation size with variance

&, is used. The inactive carriers are set to

zero in order to shape the power density

specttum  of  the  transmit

signal
appropriately. The chanmel period T related
to the symbol petiod of the madulation
scheme used in each sub-carrier (7.} is

taken the form:

T =N-T M

The wvector X, comprising the carricr

amplitudes associated with OFDM symbal
interval m is transformed into time domain
using IDFT. This has the form of the T~
spaced discrete-time representation of the m-

th biock of the transmit signal [1,2]:

1 N ;3'-"5:1

Su.nu = '—ﬁ o Xk.m e s
D= N1 (3
where n s the discrete time index.
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2 Theoretical Analysis of PAPR
Many literatures use the crest factor as
a figure of merit in the apalysis of the
peak to average power ratio in OFDM
systems. The crest factor of the
discrete-time representation is defined
as the ratio of the peak magnitude vaine
to the square root of the average power
of this signal. The T-spaced samples
within the symbol peried associated
with OFDM symbol are directly

obtained from the sequences s, Wwith
elements s, . Thus, the crest factor can

be written as [3]:

max ) i
_ ¥m.dZach i

N

where &{} denotes the expected value.

(3}

af

Note that the peak-to-average power
ratio is simply the square of the crest

lactor. The mean-squared
magnitude ¥ of the sequence s, or
variance for time domain OFDM

symbol is caleulated according  to

Parsevals's theorem, resulting as in [3].

ol
=k 4
N @)
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where the &2 variance of frequency domain OFDM
symbol. By substituting equation {4) in equation (3),
the crest factor may be represented by:

Jﬁf max|s
L= T eyl T (5)

Ja_x

In this analysis, it is important to calculate the

probability that the crest factor of an OFDM
symbol exceeds a certain threshold. The
Centrai Limit Theorem states that the
probabifity density of the sum of a large number
of independently  distributed  quantilies
approaches  Gaussian  probability density
function, regardless of the form of distribution
of the individual components (4, 5].

Reparding equation (2), the time-demain
samples of the OFDM signal are the sum of ¥

nonzero carrier amplitudes X, . which can be

interpreted as independent zero-mean random
variables with variance ¢ . The multiplication
with exponential complex factors does not
affect the varlance of the individual
components. Due to the central limit theorem,
and assuming that & is suffictently large, s, is
a zerg-mean complex near Gaussian disiributed
random variable with variance in the above

equation. Introducing the variablew = we

5.,
obtain  the Rayleigh distribution for the

probability density function of the OFDM
51gnal magmtude 6, 7l
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2
plu)= z—fexp[—iz-J (6)

x x

The probability that the magnitude of one
singte signal sample does not excead a
certain  amplitude  threshold a, can
therefore be caleulated as [5]

Prﬂ.rf Say )= Tp” {ut} che

{2
=1-ex -7
Tx (7)

Assumings, .., 1o be statistically
independent, the probabiiity that the
magnitude value of an enfire OFDM
symbol which does not exceed a certain
magnitude threshold can be approximated
by Cumulative Distribution Function
{CDF) 6]

CDF =Prls, | < a..... Say}

“;"J'r’,,I .

= Pr ﬂ.s' < au}ﬁ

rx.nr]

= {l - EXD{— a—i}]‘ (3)
aj

The Complementary Cumulative
Disiribution Function (CCDF) of the
PAPR denctes the probability that the
PAPR of an entire OFDM symbol that at
ieast one magnitude exceeds a given
threshold.
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Pr(PAPR > ¢,)=1-CDF

ag L)
=1-|l—expg -2 9
[ ‘{ aﬂ ®
In ancther words, the theoretical expressian of the

probabiliy £.(¢,) that the cresl factor of one

OFDM symbol at time m exceeds a certain crest

factor threshold ¢, = Do follows from the =bove as
o

x

Pg,)=Pele > 2,)
=1~ {1-exp(-g2)" (10)

Due to the approximation, the probability of the

occurrence of OFDM symbals having a crest
factor £ higher than a given threshold ¢ is

merely a function of the [DFT length ¥ used in
the given OFDM transmitter [7].

3 State of Prohlem

Figure 2 illusirates the probability that crest
factor of the OFDM signal exceed a certain
value by evaluating the expression in equation
{10} using a computer simulation test. In this
test, it is assumed that the lengths of the inverse
discrete Fourier transform are 16, 64 and 128,
The input data has a compiex value of +1and

then mapped using QPSK modulator.
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Figure 2: Pr(PAPR) for different wvalwes of

subeArriers.

It is clearly appeared from the above figute that
the values of crest factor occurring with
Pr{P4PR) <10~ are within a range of 1 dB for
laken in this

the wvalues of sub-carriers

simulation. The value of 10%is taken as a
maximum acceptable error value in digital

communication systems [1]. A conclusion from

this plot is that for a communication $ystem
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already applies orthogonal frequency division
multiplexing as moduiation scheme; one
should st least use a large number of carriers.
Qf course, increasing the number of carriers
causes other problems like frequency offsets
or an increase in time delay especially in the
presence of fading conditions. In practice,
there will be a tradeoff in the design of
OFDM systems.

4 Tone Reservations

In 1999 ). Tellado suggests a new technique
{as & part of his Ph.D thesis) to reduce the
peak to average power ratio of the large
sub-carriers  OFDM This

technique is calied twone reservation (TR).

systems  [§).

The basic idez is to reserve a small set of

tones  generated  separately in  the
transmitter. These reserved tones are not
used for data transimission instead; they are
reserved for anti peak signals and they are
orthogonal to the other tones which bear
data. The goal is to find the time domain

signal c{n} that added to the original time
domain signal s, {#) in order to cancel large
peaks [8].

Figure 3, shows thec operation of TR

technique in discrete time domain. When

the vector:

C&) = IDFT{e(n)t = [Cy Clus Cryar ]
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is added to the symbols Xm(k) in the o B
The new PAPR of the additive signal 5, (n}
frequency domam, the new time domain

is defined as:
signal can be represented as |E ( 2
paPR~ ﬁH
5, (n)=s.(n)+cln) Els,(»)
= IDFT{X {&)+Clk) (11) \
max]s. {m)+ (]
= T (12}
Es. ()]
!

|

[lﬂm{ﬂ} The TR technique restricts the data
Ji block X, (%) and peak  reduction
veclorC(k) to lie in disjoint frequency

subspaces i.e. X _{k)-C(k)=0.

b= =
o

P Teltado’s original technique reduces peaks

b in the time domain by iterative subtraction

i E of dirac-like functions and the algorithim to

[] r_ . computing c(#) or C(k) and reducing the
—» L hI"L PAPR of the OFDM signal is presented in
,_C_|,h ‘ E[ﬂ) 1 § | [8, 9] and it is summarized in the following
L X ; ": section,
MUY ; |
' G, ‘ 1‘J | RS 4.1 Tellado's Algorithm
—H '1‘ This algorithm assumes that a PAPR value
- less than ¢ is wanted and there is a limit
-. for the number of iteration [9).
e a. Initial condition: i=10
and ¥ _{n)=s_(n).
Figure 3: 122:::::.: of the tone reservation b. If PAPR < &y jump to h.
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c.Clip s, (n) to generate 557 ().

d. Computec(ny=s"%(n}—s_{n).
e. Compute C(Ic] =DF T{c[n)},
£ Compute¥, ()= IDFT{X _(£}+C(k)}.

2. Increment the fteration covnter,7 =7+1 if

i = Max. fieration, jump to b,

=

Transmit 5, {n).

4.2 The Proposed Algorithm

The proposed method is based on two major
factors, one deals with the type ot searching,
the parallel searching is considered in this
method, as it can benefit from the linearity of
the IDFT to manipulate in parallel the effect
of PAPR. The other factor is based on the
taken values from the simulation results.
Therefore, in this way, we can determine the
position of the peaks, from the parallel search
and the amount of clipping, from the
simulation results,
The following is a summary of such
algorithim:

a. Inhialize X (k] to be the DFr

mformaiion vector, with reserved carrier
set 10 Zero.

b, Initialize the time-domain vector ( s, (n)
to s™Nn) i=0}, which results from

the IDFI{X (k)}, and calculate the PAPR.

" asrah Journal for ncn SciencerNo. 1 /2010

¢. Take out the destred peaka,, from the
memory iable.

d. Find the valves exceeds a,, from .';',[f]' and
locations/, if not found jump to h

e. [nitialize the vector C’,Ef'],

= {(mnx .2, )s2|- a )e A +..,0,0,0,

(max{o.,}s?] - a, ]e‘z”-% + ...,:},D,G}

f.  Update the time-domain vector

according to

NN sign(max(0,7}s9|} ioFric®}
=0

g.Initialize the vector ¢,

C,E:] = [(mnx{ﬂ,!’u 13,{;}| — iy ‘lem% +...,0,0,40,

(rn ax(0,4, lsg}i —a, )e e + ,,,,U,G,D:l

h. Update the time-domain vector

according to
SE»A} =¥ zz"sjgn(max{[}, .’jsg}”- IDET E:}}
Iz

i, I=i+l,mot0d
j. Transmit _{x) .
Uniike Tellado’s original procedure, the idea
of the proposed algerithm is develaped from

finding that clipped portions of time domain

signal which may be writlen as:-

2010 /131! S AargD b o e
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s{n)-s#(n)=38 {6 >1) {13)
;

where the 4, is a value that exceeding the
clip threshold 5% (n), the {, represents the
clip location and "—» ["denotes (cyclic) shift
by I and & is the delta dirac function. The
dirag function & requires the whole DFT
frame and thus it is not allowed for
transmitting any more information. The idea
is now to teserve only some of the frequency
bins and use them w generate a dirac-like
time-domain signal y that could be
subtracted iteralively at peak locations. This

can be approximated by:

S BE-1)=Y 8 -(r->L) (1)

Figure (4) shows the ditac-like time domain
vector as a resull of computer simulation 1est
using the proposed algorithm. According to
this algarithm, a percentage of 7% of the total
number of sub-carriers are taken with an
active value (reserved tons), The locations of
these reserved tons are assumed to be at bins
(3, 5, 34, 58, 69, 82, 108 and 110}. A simplc
approach to find a suitable dirac-like function
¥ 1% to set all reserved carriers {DFT bins) to
a constant. When the bins are chosen
randomly and after a certain number of

iterations, one may be able to find a setf of

Basrah Joumnal for Engineering ScienceMo 1 /2010

bins that shows a sufficient peak compared

to the required vector.

Figure 4: a Dirac-li%e time-domain vectar of the

proposed algorithm.

Further tests have been carried out to create
the memory data needed in point (¢} of the
proposed algorithm. Such data is shown in
Table (1). This table includes a threshold
value for sach value of the PAPR of the
OFDM svystem. Sub-carriers of 128 and 7%
tone reservation are used in all the following

computer simulation tests.
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Table 1: Memory data
PAPR 12.5 11.5 1G.5

Threshold | 0.2739 | 0.2587 | 0.2460 s --
PAPR 0.5 8.5 7.5
Threshold | 0.2423 ) 0.2422 | 02418 u
Figure (5% shows a comparison between the 3
probabilities of PAPR of an ideal OFDM
02

system with the proposed systemn. This figure
shows a reduction of 5.25 dB in the PAPR of
the system wses the proposed algorithm as
corpared with the ideat OFD!M system. The
word ideal means an OFDM system without 4t

Anpluie

=

complexity  {without PAPR  reduction
techniquel.

Figare #: Ountput OFDM signsl befare and after
applylng the praposed TH methad.

The reduction of the proposed OFDM
gignal pesks is ciearly appeared in Figure
(56).Table 2 shows the difference between

™T
I
d alis
J Ll

I3

the proposed and the conventional tone

altl= = ==
rn

reservation algorithms in terms of the
number of iterations for different valuyes of

PAPR.
' } Table 2: Number of iterations of TR and
LS proposed TE (FTR)

. :g PAPR | 125 11.5 10.5 2.5

I 1 1 ol 1 L 1 1 LY TR lu 1 1 6 6

4 5 8 7T B 0 MW OB O on

PAPR | B.5 7.5 6.5 5.5

TR 28 10 14 14

Figure 5; Probabilicy of the PAPR for OFDM PTR a6 | 5 4 4

s¥ystems
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5 Conclusion

The complexity of the technigues used to
reduce the PAPR of the OFDM systems is
proporticnal to the oumber of sub-carriers.
This paper suggests a technique with tonc
reservation methed seems to be one of the
best techniques used for large sub-carriers
OFDM systems. It allows a good compromise
between  effectiveness and simplicity, and
offers moere efficient features. Sometimes, one
iteration may be enough to synthesize the
rescrved signal needed for tone reservation

method.
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