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1. INTRODUCTION

The future generation communication requires high data rate. But dealing with the high data rate in
an unpredictable wireless channel is a difficult task. In order to exchange larger amount of information highly
linear power amplifiers are required. With the application of orthogonal frequency division multiplexing
(OFDM) power amplifier nonlinearities becomes more vulnerable owing to their high peak to average power
ratio (PAPR) caused due to large fluctuations in their signal envelope. OFDM is desirable because of several
advantages associated with it, such as, tolerance to inter-symbol interference, good spectral efficiency, best
performance of frequency selective fading in multipath environment, robustness to channel impairments etc.
OFDM is efficiently used to combat the unpredictability of wireless channel and provide high data rate
communications [1]. When compared with traditional communication systems, it has several advantages over
it. It turns the frequency-selective fading channel into a flat fading channel and hence uses simple receiver. It
is spectrally efficient and is ideal for multimedia communication systems. On the other hand, it is sensitive to
timing and frequency synchronization errors and has high value of PAPR [2].

OFDM systems has many applications and are widely used in high-bit-rate digital subscriber lines
(HDSL), digital audio broadcasting (DAB), digital video broadcasting (DVB) along with high-definition
television (HDTV), terrestrial broadcasting, etc. It is considered as a better candidate for the future
generation communication systems [3]. In the OFDM transmitter the digitally mapped 4-QAM signal is
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divided into N number of subcarriers with the help of serial to parallel (S/P) converter. Then each subcarrier
is multiplied with a complex signal e/2®"t and added together to get the OFDM signal. This is equivalent to
inverse discrete Fourier transform (IDFT) operation and is implemented through inverse fast Fourier
transform (IFFT) [4]. The time-domain signal, r,, is given as in equation (1).
o= {iZQ;&Xn [n] e2®nt 0 <t < Tu )

B TuQ otherwise

After frequency- to time-domain conversion, the signal is summed up, and the cyclic prefix is added
as given in equation (2).

r, (t— Tg), Tg<t< Ts (2)

ry(t+ Tu—Tg), 0<t< Tg
0 otherwise

Where, T, is the useful symbol period, T, is cyclic prefix duration (guard interval) and T = T, + T, is the
total OFDM symbol duration. The transmitted baseband signal is formed by linking together all OFDM
symbols in time domain as in equation (3).

s(t) = XNZ3 sn(t—sTy) A3)

Cyclic prefix is added to reduce effect of inter symbol interference and inter carrier interference and
to maintain orthogonality between the two signals. Normally, some part of the front portion of the signal is
copied and pasted in the empty space usually provided for the guard band in the normal communication
systems. This signal is finally up converted to a carrier frequency through bandpass modulation and
transmitted as given in equation (4). Where, u(t) is the transmitted RF signal and f, is the RF carrier
frequency.

u(t) = Re{s(t)e/2ct} 4)

Matlab simulation has been performed at 2 GHz carrier frequency with 1024 number of subcarriers
(N), 5.12 ps of useful symbol period (Tu), 0.16 ps of guard interval (cyclic prefix) and 5.28 ps of total OFDM
symbol period [5]. 4-QAM baseband modulation with IFFT of length 2048 (2L) has been considered. To
achieve over sampling zeroes are padded to the signal.

2. PEAK TO AVERAGE POWER RATIO OF THE OFDM SIGNAL

PAPR is a measure used to quantify the fluctuations in the envelope of multicarrier signals [6]. For a
given sample {x,,} the average power and peak power for an OFDM system is given by equation (5) and (6)
respectively.

1 Fs—1
Py = F—SZnig sz Q)

Ppeak = magl({me} (6)

Peak - to — Average Power ratio (PAPR) in OFDM system is defined as the ratio of maximum (peak)
power to average power of the complex passband discrete time signal as given by equation (7).

PAPR = —Reak %

Pav

It is also expressed in terms of crest factor (CF) given by equation (8).

CF = VPAPR (8)

For a large number of subcarriers, the baseband OFDM signal can be approximated by a complex
Gaussian distribution. Cumulative distribution function (CDF) of the amplitude of the samples is used to
measure percentage of the samples which are affected by the clipping operation [7]. Cumulative distribution
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function (CDF) of z . is given as in equation (9).

FZpo (2) = P(2,, <2) =P(zy <2). P(z, <2) . P(zy_, <2)= (1= eZ)N(9)
Where,
P(zy <2z)=J, fz, Wduy, n=012,....N—-1 (10)

Complementary cumulative distribution function (CCDF) is used to find out the probability that the
PAPR (crest factor) exceeds a particular value as given in equation (11).

Fz0 (@) =P(z, >2) =1-P(z <z) =1-Fz, (2 =1-(1- e‘Zz)N(ll)

max — )

PAPR value of the OFDM system is plotted in Figure 1 and 2 for QPSK and 4 QAM modulation
respectively for different number of subcarriers. At 0.01% of CCDF, PAPR values for QPSK modulation are
10.5, 10.7, 10.9, 11.2 and 11.4 dB for N = 64, 128, 256, 512 and 1024 respectively. Similarly for QAM
modulation these values are 11.5, 11.7, 12.0, 12.2, and 12.5 dB respectively. It is evident from the figure that
value of PAPR increases with increase in number of subcarriers and 4-QAM modulation has approximately
1.0 dB higher PAPR than that of QPSK modulation format.

OFDM system with QPSK Baseband Modulation N-point FFT

PAPR [dB]

Figure 1. PAPR of the original OFDM system with QPSK baseband modulation

OFDM system with QAM Baseband Modulation N-point FFT

100 e b bkt

PAPRIdRI

Figure 2. PAPR of the original OFDM system with 4 QAM baseband modulation

3. PAPR REDUCTION TECHNIQUES
There are different techniques used for PAPR reduction. In this paper we have investigated following
four techniques: clipping and filtering, selective mapping method (SLM), partial transmit sequence (PTS) and
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discrete Fourier transform (DFT) spread technique. Each reduction technique is having certain advantages and
disadvantages associated with it over another technique. Application of particular technique depends upon the
value of PAPR desired and computational complexity involved. It can be observed from the results obtained
that the DFT spread technique gives lowest PAPR value but its implementation is difficult. On the other hand,
clipping and filtering method is simplest from application point of view but gives distortions and spectral
regrowth.

3.1. Clipping and Filtering Method

PAPR can be reduced by clipping the peak amplitude of the transmitted signal and passing it through
a low pass filter [8]. In case of over sampled signal band pass filter is required to reduce the out of band
radiation. But for the band limited signal clipped at Nyquist sampling rate all the distortions lies within the
band, hence a low pass filter is sufficient [9],[10]. But the low pass filter used after clipping operation
moderately enlarges the PAPR. PAPR can be also reduced by clipping and frequency domain filtering as
shown in Figure 3. To reduce peak regrowth caused by filtering recursive/ iterative clipping and filtering
techniques are also used [11].

X[m] ¢ [m] ¥ c[m] X[k X°. K ¥° ]
fe
X[k . Digital up . . Xt
(k] L.r;IFIr;o_lnt Cipoing L.NF FP-Lr:-\nt aPF L.ITIFIF;?nt e | X0
—> 1 Canversion [ B B > B —»
| - BPF —-—-——-—- : .
S Transmitter - - -~ -~~~ -~ -]

Figure 3. Clipping and filtering with over sampling factor

The L-times oversampled discrete-time signal x’ [m] is generated from the IFFT operation. Then it is

modulated with carrier frequency f, to yield a passband signal xP [m], where xF[m] denote the clipped

version of signal xP [m] and is expressed as given in equation (12).

-A xP[m]< —A
x¢[m] = xP [m] |Xp [m] ‘ < A (12)
A xP[m] = A

PAPR also depends upon clipping ratio (CR) which is defined as the clipping level normalized by the
RMS value o of OFDM signal given as in equation (13).

A
CR= - (13)
3.1.1. PAPR of Clipped and Filtered signal

When bandpass OFDM signal is passed through a clipper circuit its PAPR value decreases
significantly. Figure 4 shows the CCDFs of PAPR value for the clipped OFDM signals for 1024 number of
sub carriers at 2 GHz of carrier frequency with 4-QAM modulation format. It can be noted from the figure
that at 0.01% of CCDF with clipping ratio of 0.8, 1.0, 1.2, 1.4 and 1.6 the PAPR values are 4.6, 5.0, 5.5, 5.9
and 6.5 dB respectively. From the figure it is observed that the PAPR value of the OFDM signal decreases
significantly after clipping. It has also been observed that smaller the clipping ratio (CR) greater is the PAPR
reduction effect [12]. But this decrease in PAPR is at the cost of increase in the bit error rate and spectral
regrowth [13].

Similarly Figure 5 shows PAPR value of clipped OFDM signal when it is allowed to pass through a
filter cicuit. For the same parameters as mentioned above the PAPR values are 10.7, 11.0, 11.2, 11.4 and 11.7
dB with clipping ratio of 0.8, 1.0, 1.2, 1.4 and 1.6 respectively.
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PAPR OF CLIPPED SIGNAL; N=1024
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Figure 4. PAPR of clipped signals for N= 1024

When it is compared with PAPR value of clipped signal, its value has increased by approximately
2.0 dB after filtering procees. But the bit error rate and spectral regrowth has been decraesed significantly
[14].

PAPR OF CLIPPED AND FILTERED SIGNAL; N= 1024
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Figure 5. PAPR of clipped and filtered signal for N= 1024

3.1.2. Bit Error Rate Performance of Clipped and Filtered Signal
Figures 6, 7 and 8 shows the BER performance for unclipped, clipped only and clipped and filtered
signal respectively. The BER value for unclipped signal at 10 dB of signal power is 0.0007.

BER OF UNCLIPPED SIGNAL, N=1024

10!
0

Figure 6. BER Performance of unclipped signal

It can be observed from Figure 7 that BER performance is a function of clipping ratio (CR). For the
clipped signal it is observed from the figure that at 10 dB of signal power and with CR value of 0.8, 1.0, 1.2,
1.4 and 1.6 the BER values are 0.041, 0.027, 0.019, 0.010 and 0.007 respectively. It can be observed that as the
value of clipping ratio decreases BER performance becomes worse. This increase in BER value is due to
distortions caused during the process of clipping [15].
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BER OF CLIPPED SIGNAL; N=1024
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Figure 7. BER Performance of clipped signal for N= 1024

When the clipped signal is passed through filter circuit its BER value improves. At 10 dB of signal
power and at CR value of 0.8, 1.0, 1.2, 1.4 and 1.6 the BER values of clipped and filtered signal are 0.019,
0.013, 0.007, 0.005 and 0.003 respectively. The improvement in BER in clipped and filtered signal is
approximately 0.014 at CR value of 1.0 than that of only clipped signal.

BER OF CLIPPED AND FILTERED SIGNAL; N= 1024
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Figure 8. BER Performance with clipped and filtered signal for N= 1024

3.2. Selective Mapping Method

Selective mapping method (SLM) is one of the important method for reducing PAPR of OFDM
system. It has many advantages over other methods, such as: simple in implementation, absence of
distortions in the transmitted signal, and significant reduction in PAPR [16]. In this method the original data
block is converted into several independent signals. Different phase rotations are applied to parallel baseband
modulated signals. The phase rotation which gives minimum PAPR value of the time signal is selected [17].
A large set of data vectors, all representing the same information is generated during this process. The data
vector which generates lowest PAPR value is selected for transmission. Side information is transmitted to
the receiver having information about these data vectors. This extra information is an overhead to the channel
which reduces the overall data rate [18].

Figure 9 shows the block diagram of selective mapping (SLM) technique. Here, the input data block
X =[X][0], X[1],.....X[N-1] is multiplied with U different phase sequences as given in equation (14).

PY = [PY, PY, ... Py, 1" (14)

Where, P = el @V and oy €]0,2xn] forv=0,1, ....,N-landu=1,2,...... U which produce a modified
data block as in equation (15).

XU = [X“[O], XU[L], o or. . XU[N — 1]]T (15)
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Figure 9. Block diagram of Selected Mapping Method

Among which the one S, = SN with the lowest PAPR is selected for transmission as given in
equation (16).

=" ™ s ) (16)
= n
[u=12.U]  N=01.N-1
In order to recover the original data block information about the selected phase sequence is
transmitted as a side information. Implementation of SLM technique requires U IFFT operations.

Furthermore, it requires log,U bits of side information for each data block.

3.2.1. PAPR with Selective Mapping Method

Matlab simulation has been carried out to calculate the value of PAPR for 1024 number of
subcarriers. As shown in Figure 10 it can be observed that at 0.01 percent of CCDF, PAPR values obtained
with phase vectors, U = 16, 8, 4, 2 and 1 are 8.2, 8.4, 8.9, 9.7 and 10.6 dB respectively. It is also evident
from the figure that PAPR value is lowest for larger number of phase rotations (U= 16) which increases with
either increase in number of subcarriers or reduction in phase vectors.

PAPR REDUCTION WITH SLM FOR N =1024; 4 QAM
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Figure 10. PAPR reduction with SLM with N= 1024

3.3. Partial Transmit Sequence

The partial transmit sequence (PTS) technique as shown in Figure 11 partitions an input data block
of N symbols into M disjoint subblocks as follows:

X = [Xg,X1,Xp ,Xg 5 e een e Xy |7 (17)

Here, x; are the subblocks that are consecutively located and are of equal size. Unlike the SLM
technique in which scrambling is applied to all subcarriers in this technique scrambling is applied to each
subblock [19].
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Figure 11. Block diagram of PTS for PAPR reduction

Then each partitioned subblock is multiplied by a corresponding complex phase factor b® = e/b®
where, n =1, 2, ...N. Subsequently taking its IFFT to yield

x = IFFT{ZN_, b" X"} =YV bLIFFT{X"} =3\ b"x" (18)

Where {x"} is referred to as partial transmit sequence (PTS) and the phase vector is chosen so that the PAPR
can be minimized. The corresponding time-domain signal with the lowest PAPR vector can be expressed as
in equation (19).

s" = Yy bx" (19)

Selection of the phase factors {b™}N_, is limited to a set of elements to reduce the search
complexity. The PTS technique requires M IFFT operations for each data block and [ log,X"] bits of side
information [20]. The PAPR performance of the PTS technique depend upon many factors, such as the
number of subblocks, number of allowed phase factors, and subblock partitioning. Subblock partitioning is a
method of dividing the subbands into multiple of subbands which are disjoint. There are three different types
of the subblock partitioning schemes: adjacent, interleaved and pseudo-random. The pseudo-random
partitioning scheme has been known to provide the best performance and has been considered for the
simulation purpose [21]. In the interleaved method, every subband signals spaced at the interval of N apart is
allocated the same subband. In the adjacent method in which N/M successive subbands are given the same
subblock sequentially. On the other hand, in the pseudo - random method each subband signal is assigned
into any one of the subblocks randomly. In PTS, each subblock is to be modulated by independent IFFT.
Due to reduction in number of subblocks the computational complexity of PTS technique is comparatively
less than that of SLM method.

3.3.1. PAPR with Partial Transmit Sequence

The Matlab simulation using pseudo — random method of block partitioning has been carried out. 4-
QAM signal constellation has been taken into consideration with 8000 blocks. Figure 12 shows the PAPR
values at 0.01 percent of CCDF for 1024 number of sub carriers as 8.3, 8.6, 9.1, 9.8 and 10.6 dB for the
number of sub blocks, V =16, 8, 4, 2 and 1 respectively. From figure it is clear that PAPR value is lowest for
large number of sub blocks (V= 16). As in the previous methods it increases with either increase in the
number of subcarriers or reduction in the number of sub blocks.

0 PAPR REDUCTION WITH PTS FOR N=1024; 4 QAM

H

- — + —

+H

11

PAPR [dB1

Figure 12. PAPR reduction with PTS for N= 1024
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3.4. DFT Spread Technique

Transmitter of a DFT spread system consists of a serial to parallel convertor, DFT spreading, IDFT
despreading, parallel to serial converter, addition of cyclic prefix, digital to analog converter and RF
modulation for converting baseband signal into passband signal before transmitting it through the channel
[22]. If size of DFT is same as that of IDFT, the OFDMA system becomes equivalent to the single carrier
FDMA (SC-FDMA) system because the DFT and IDFT operations virtually cancel each other. Then the
transmit signal will have the same PAPR as in a single-carrier system [23]. The equivalence of OFDMA
system with DFT-spread technique is shown in Figure 13.

P DFT i IFFT P
Encoder Modulator | S/F Convertor DET Spreading  IFFT __ F /S Convertor
Add Cyclic Prefix
i " 0
! N N N N !
Point {| Point Point l Point
Encoder Modulator l Add Cyclic Prefix
Similar to
— ——

Figure 13. Equivalence of OFDMA systems with DFT-spread

When we consider a conventional OFDMA system, subcarriers are partitioned and assigned to
multiple mobile users. But in this technique, each user uses a subset of subcarriers to transmit its own data.
The subcarriers which are not used for the data transmission are filled with zeros [24]. Here, the number of
subcarriers allocated to each user is assumed to be M. In the DFT-spreading technique, M-point DFT is used
for spreading, and the output of DFT is assigned to the subcarriers of IDFT. The effect of PAPR reduction
depends on the way of assigning the subcarriers to each terminal. Two different approaches of assigning
subcarriers are used among users, DFDMA (Distributed FDMA) and LFDMA (Localized FDMA). In
DFDMA, M DFT outputs are distributed over the entire band of total N subcarriers with zeros filled in N-M
unused subcarriers. But in the LFDMA, DFT outputs are allocated to M consecutive subcarriers in N
subcarriers and remaining are filled with zeros. If distribution of DFT outputs in DFDMA is done uniformly
with equal distance then it is referred to as interleaved FDMA (IFDMA) [25]. Input data s[m] is DFT-spread
to generate S(k) signals in frequency domain as given in equation (20).

S0 = TA sm] e~f2mN (20)

These are allocated as depicted in equation (21).

k
S'K) = {S[Q], k=Xm; m=0123....,M—1 @1
0, otherwise
The IFFT output sequence s(n) withn=M .x+mforx=0,1,2,.......... ,X-1 andm=0, 1, 2,
...., M-1 can be expressed as shown in equation (22).
1 -
s(m) = 5 Xmzos(m) (22)

It can be seen from Equations (22) that the time-domain LFDMA signal becomes the 1/X-scaled
copies of the input sequence.

3.4.1. PAPR of DFT Spread technique

PAPR performances using DFT spread technique is shown in Figure 14 for 1024 number of
subcarriers applied to the IFDMA, LFDMA, and OFDMA systems. The PAPR value for IFDMA, LFDMA,
and OFDMA are 0.04, 6.9 and 10.6 dB respectively.
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Figure 14. PAPR performances for IFDMA, LFDMA, and OFDMA for N= 1024; 4 QAM

It can be observed from Figures 14, 15 and 16 that the PAPR performance of the DFT-spread

technique varies with modulation order and subcarrier allocation method.

PAPR OF DFT SPREAD SIGNAL; N=1024; 16 QAM

Il ——oFDMA
|| —<—LFDMA
——IFDMA | | o

PAPR[dB]

Figure 15. PAPR performances for IFDMA, LFDMA, and OFDMA for N= 1024; 16 QAM

For the case of 4-QAM modulated signal at 0.01% of CCDF the values of PAPRs with IFDMA,

LFDMA, and LFDMA are 0.4, 6.9 and 10.6 dB respectively. But for 16-QAM modulated signal, the values
are 3.4, 7.8 and 10.6 dB respectively. Similarly for 64-QAM modulated signal the corresponding values are

found to be 4.6, 7.9 and 10.6 dB respectively.

PAPR OF DFT SPREAD SIGNAL; N=1024; 64 QAM
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Figure 16. PAPR performances for IFDMA, LFDMA, and OFDMA for N= 1024; 64 QAM
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4. RESULTS AND ANALYSIS

Comparative performance of all the PAPR reduction techniques discussed above is illustrated in fig.
17 for 4 QAM modulation format with 1024 number of sub carriers. The observed PAPR values at 0.01 % of
CCDF with IFDMA technique is 0.4 dB, clipped only at CR = 0.8 has 4.6 dB, LFDMA has 6.9 dB, SLM
with number of Phase Vector, V = 16 has 8.2 dB, PTS with No. of sub blocks = 16 has 8.3 dB, OFDMA has
10.5 dB, clipped and filtered at CR = 0.8 has 10.7 dB and unclipped signal has PAPR value of 11.7 dB.

COMPARATIVE VALUE OF PAPR; N = 1024 ; 4QAM
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Figure 17. Comparative value of PAPR with different reduction techniques for N= 1024

Reduction in PAPR value of 11.3, 3.5, 3.4 and 1.0 dB have been obtained with DFT-spread
(IFDMA), SLM, PTS and CF techniques respectively. It can be observed form figure that IFDMA gives the
lowest PAPR of 0.4 dB obtained so far in the literaure at the cost of marginal implementation complexity.
Clipping and filtering method is the simplest technique from implementation point of view but results in
spectral regrowth and degradation in BER value. SLM has better performance than PTS at the cost of
computational complexity. Use of particular reduction technique depends upon the nature of application and
system complexity involved.

5. CONCLUSION

Even though OFDM is one of the spectral efficient modulation technique for next generation high
data rate communication systems, it degrades the linearity of power amplifiers as it suffers from high value of
PAPR. High PAPR causes power amplifiers to operate in the nonlinear region. Many techniques are used for
PAPR reduction. In this paper, we have investigated four different PAPR reduction techniques: clipping and
filtering, selective mapping method, partial transmit sequence and DFT- spread technique. The PAPR value
obtained at 0.01 % of CCDF for 1024 number of sub carriers without applying any reduction technique is
11.7 dB. On application of reduction techniques value of PAPR has been reduced significantly. The observed
PAPR values with DFT-spread (IFDMA), SLM, PTS and CF techniques are 0.4, 8.2, 8.3 and 10.7 dB
respectively. Significant reduction of 11.3, 3.5, 3.4 and 1.0 dB have been obtained with DFT-spread
(IFDMA), SLM, PTS and CF techniques respectively. Use of a particular reduction technique depends upon
the nature of application and system complexity involved.
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