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Random Phase Updating Algorithm for OFDM
Transmission With Low PAPR

Homayoun Nikookar and Knut Sverre Lidsheim

Abstract—A novel random phase updating algorithm for the o,
peak-to-average power ratio (PAPR) reduction of the OFDM
signal is addressed. The phase of each subcarrier is updated by a
random increment until the PAPR goes below a certain threshold o
level. The influence of different distributions for the phase incre- !
ments and the variance of distributions on the mean and variance
of PAPR as well as the number of iterations to reach the threshold,
is investigated. Further, the random phase updating algorithm
has been extended by dynamically reducing the threshold level.
In this method after successful updating of the phase shifts the 1 sp . IFFT
threshold level is reduced and the variance of the phase increments .
is changed. Simulation results of the algorithm are provided. It is

shown that the random phase updating algorithm with dynamic b,
threshold gives the best results and can reduce the mean power

variance of an 8-carrier OFDM signal with BPSK modulation, by &
a factor of 7 dB. In order to reduce the complexity, the random

phase updating algorithm is investigated with quantization and
grouping of the phase shifts. Results show that for a 16-carrier
OFDM system, 2-level quantization of phase shifts in 8 groups of
2 carriers give no significant increase in the power variance while Fig.1. Block diagram of OFDM with phasing showing the principle of adding
reducing complexity. Further in the paper, the impact of phasing Phase shifts to the OFDM symbols.

on the bit error rate performance of the OFDM system is studied.

Index Terms—Bit error rate, dynamic threshold, OFDM, inthe FFT causes the high PAPR of the OFDM signal. When
Peak-to-Average Power Ratio (PAPR), phase updating algorithm, more subcarriers are in phase this results in a high PAPR.
power variance. Different methods have been proposed to mitigate the PAPR
problem of OFDM. These techniques are mainly divided into
two categories: Signal scrambling and Signal distortion tech-
niques. Signal scrambling techniques are all variations on how
O FDM is the basis technology for a number of commugp modify the phases to decrease the PAPR. Signal scrambling

nication systems such as Digital Audio Broadcastingiethods are reported in [1]-[5]. Some of the signal scrambling
(DAB), Digital Video Broadcasting (DVB), Hiperlan-2, IEEE gjgorithms give a very low PAPR but are often difficult to be
802.11 and Digital Subscriber Lines (xDSL). In the OFDMealized in practice. More practical solutions are block coding
transmission the spectra of subchannels overlap while satisfy'[ljg selected mapping [2] and partial transmit sequences [4]. In
orthogonality, giving rise to spectral efficiency. In wirelessg] the tone reservation method is suggested to reduce PAPR. In
communications by using OFDM method the effect of fading ihis method a fraction of bandwidth is used to synthesize sig-
spread over many bits. Therefore, instead of few adjacent bigis that are of opposite polarity and shape a peak in the OFDM
to be completely destroyed by the fading, each bit is slightlignal. Subtraction of peaks reduces the PAPR without great ef-
affected by the fading. In OFDM method because of parallglct on the transmission capability of OFDM. The signal distor-
transmission the symbol period is increased. This has the adggg techniques are mainly developed to reduce the high peaks
advantage of this technique to work in the channels haviggrectly by distorting the signal prior to amplification. The eas-
impulsive noise characteristics. Other advantage of the OFQMst and most obvious signal distortion technique is the envelope
technique is its implementation with the fast Fourier transformipping [7]. However, clipping introduces both in-band and
(FFT) algorithm which provides full digital implementationoyt-of-band radiation. Other signal distortion techniques with
of the modulator and demodulator. Despite the promisingtter spectral properties are peak windowing [8], peak cancel-
properties of OFDM, its major drawback is the high PAPRtion [9], peak power suppression [10], weighted multicarrier
which is not favorable for the power amplifiers that work in thg-ansmission [11], companding [12] and predistortion [13].
nonlinear region. The summing of the orthogonal frequenciesThis paper addresses the PAPR reduction of OFDM by

random phase shift updating. The paper is organized as follows:
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g?\cllogjsterﬁwnss,n&:ﬁ’l[ol?n?vlrsity of Technoloéy, ZGOgGA Delft, The Netherlan%ﬁe?hOd IS dI.SCUSS.ed in Section Il and dl.ﬁerem phase distri-
(e-mail: H.Nikookar@IRCTR.TUDelft.NL). utions are investigated added by the simulation results. In

Publisher Item Identifier S 0018-9316(02)05255-1. Section 1V, the random phase updating algorithm with dynamic

. INTRODUCTION

0018-9316/02$17.00 © 2002 IEEE



124 IEEE TRANSACTIONS ON BROADCASTING, VOL. 48, NO. 2, JUNE 2002

Pl D Db Sy vl

=
| Dmiossimng =

A cmarisr OF DR Syrmiteod

e
. aned e i
T (ot m v

o e . RN "
g :h-l-::mm}-"" Tan o H'H
"'\-\.\_\_ __.-" {I‘:H L 3 |r-|--r\-:?".p—
S e

e e
= Fdu
CRmrimraiem A =

rmndorn piuasas
Irores s nds e

et L1 -

Fig. 2. Flowchart showing the iterative random phase updating algorithm, (A) with threshold, (B) with limited number of iterations.

threshold is proposed and its simulation results are depicted. TABLE |

The impact of random phasing on the bit error rate (BER)POWERVARIANCE AND NUMBER OF ITERATIONS FOR THERANDOM PHASE
.. . . ) UPDATING ALGORITHM WITH UNIFORM AND GAUSSIAN DISTRIBUTIONS

performance of OFDM system is investigated in Section V. OF PHASE INCREMENTS

Concluding remarks appear in Section VI.

Uniform distribution Normal distribution
Power No. of Power No. of
Il. PAPROF OFDM SGNAL variance iterations variance iterations
. . X | Mean | Std. dev. | Mean | Std. dev. | Mean | Std. dev. | Mean | Std. dev.

The OFDM signal can be written as 0.1 | 7189 902 [3338] 425 [72.12] 897 [3905] 50
0.251 68.85 9.59 58.56 10.6 69.08 9.57 9.54 11.8
oo M—1 0.5 | 6757 999 | 493 | 616 |6764| 992 | 5.15 6.39
. N Lg2m(m /T —iT) (4 0.75| 6747 10 462 | 575 | 6745 10 467 | 581
s(t) = E : E : b (i)e pt—iT) (1) 10| 6741 10 | 464 | 58 |6736| 10 | 464 | 576

1=—oo m=0

whereT" is the OFDM symbol duratiord,, () is the symbol of power variance (PV) of OFDM signal, denoted pycan be
the mth subchannel at time intervél’, which is£1 for BPSK  written as [3]:
modulation,p(#) is a rectangular function with amplitude one

and duratiori’, and M is the number of carriers. The OFDM 1yt 9 = 2
signal of (1) in the time interval d < ¢ < T can be written as P=7 /0 (AP(t)"dt = ; | e (1)] ©)

M-1 , whereRy,(4) is the autocorrelation function of the sequebge

S(t) = Z bWLCJQﬁ(m/T)t~ (2
M—1—¢
m=0 . *
Rbb(l) = Z b"lbrn—l—i' (6)

The power ofs(t) is m=0

M1 M1 The power variance is a good measure of the PAPR. PV and

. 2 % _i(2x(m—n)/T)t PAPR are related to each other according to the following rela-
Pt) = 1) = Z Z b b/ GO TE(3) tionship [11]:

m=0 n=0

The PAPR of the OFDM signal is written as Q <%) +Q <%> =4 @)
p p
PAPR = M (4) Wheres denotes the probability thdt(¢) be less than or equal
Mean{P(t)} t0 Ppyax and

The variation of the instantaneous power of OFDM signal from O(y) = 1 - 2 0,
the average i P(t) = P(t) — E[P(t)], and accordingly, the W= Jon y '
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From (7) it is seen that for a fixed the OFDM signal with

high PAPR has a high value of Because of the less computa-
tional burden in calculation ¢f, [see (5), (6)], in this paper we
concentrate on the power variance and assess its value for the
random phase updating algorithm. However, using (7) the cor-
responding value of PAPR can also be obtained.
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I1l. RANDOM PHASE UPDATING ALGORITHM

Normalized no, of iterations
(=
[22]

As shown in Fig. 1 in the random phase updating algorithm
for each carrier arandom phase is generated and assigned to that
carrier. Using (2) the OFDM signal with phasing is written as

Fig. 3. Normalized mean number of iterations versus phase shift variance

M-1 ) parameters: for M = {8, 16, 32, 48} BPSK OFDM signal simulated with
s(t) = Z by, el 27/ Thtt 6 (8) random phase updating algorithm (Fig. 2(A)).
m=0
_ _ _ _ 2 1.2
where2r¢,, is themth subcarrier phase shift. Adding random 8 .
phases to each suibcarrier will change the power variance of g 7K
OFDM signal. In the random phase updating algorithm, the 3 ©8 \ - threshold=10
phase of each subcarrier is updated by a random increment as: ¢ ¢ ~W- Ihreshold=12
< \ threshold=15
(d)rn)i = ((/)rn)i—l + (Ad)nl)z m= 07 17 (RN M-1 (9) g 0.4 —\ ¢ threshold=20
herei is the iteration ind is the phase i £
wherei is the iteration index andX¢,., ); is the phase increment H——“"‘—Q
/4 dx(/) )Z p g 0 - *“"-—xw g N, e

of themth subcarrier aith iteration. In the random phase up-
dating method, without loss of generality, the initial phase, i.e.,
(¢m)o, can be considered zero. Consequently, a random phase X
!ncremem is generated and the phase_ls updated by addlnquB_e4_ Normalized mean number of iterations versus phase shift variance
increment to the phase of that subcarrier. Flow chart of the ghrameter. for 8-carrier OFDM system and different threshold levels,
gorithm for this iterative phase updating is shown in Fig. 2. Isimulated with random phase updating algorithm of Fig. 2(A).
Fig. 2(A) a certain threshold for PV is set and for Fig. 2(B) a
limited number of iterations is allowed. carriers from 8 to 48 slightly changes the number of iterations
In this paper different distributions for the random phase if the algorithm. As shown in Fig. 4, and unlike the number
crements have been considered and their influence on the \tarriers, the threshold level has a significant effect on the
has been investigated. Two distributions are Gaugglaf,, = number of iterations of the algorithm. Efficiency of the algo-
N(0, z%)) and Uniform (A¢,, = Unif[0, z]), wherez € rithm is mainly related to the selected threshold level and con-
{0.1, 0.25, 0.5, 0.75, 1}. Results are shown in Table I. It is seersequently number of iterations and not the number of carriers.
that there is no significant difference in the PV results wheFhis is why in Section IV the dynamic reduction of threshold is
Gaussian or Uniform distribution is considered for the phase iproposed.
crements. In the rest of the paper the uniform distribution hasReducing of the PAPR with phasing implies a high degree of
been chosen for the distribution of phase increments. The infeemplexity and side information. For large number of carriers
ence of different variances of the phase increments on the B computational burden for the calculation of PV is increased
reduction of OFDM signal has been investigated. Results in@see (5)]. Besides, because of more carriers more phases are in-
cate a connection between phase shift variance and the numimdved in the algorithm which leads to more side information.
of iterations required reaching the threshold. Simulations haVee phase shifts have to be known at the transmitter and re-
been carried out for different number of carriers as well as difeiver. To lessen the problem, the quantization and grouping of
ferent PV thresholds. As shown in Fig. 3 when variance of phae random phase increments has been carried out. Quantization
shift increments is small more number of iterations is requiredf the phase shift to BPSK (i.e., 2) or QPSK (i.e., 4) type phase
This can be clearly justified. When standard deviation of phaskhifts (i.e.,A¢,, € {0, 0.5} or {0, 0.25, 0.5, 0.75}, respec-
increments is small the generated phases are likely not goodively) decreases the number of bits necessary to represent each
reduce the PAPR. But when the standard deviation of phasefirase shift which leads to a reduced complexity of the algo-
crements is large, the random phase increments have larger vétim. Grouping means subcarriers are bundled and all subcar-
ations and itis more likely that their values be proper to decreasers in the same bundle (group) get the same phase shift incre-
the PV. As seen in Fig. 4 by increasing the standard deviationroént (see Fig. 5). By grouping the complexity of the algorithm
phase increments the number of iterations to reach the threshisléurther reduced. Simulations were carried out for a 16-car-
decreases. Meanwhile, the lower the PV threshold the more tieg OFDM for two and four levels of phase quantization and
number of iterations. That is quite clear since lower threshold different number of iterations (Fig. 6). Results shown in Fig. 6
smaller PV needs more iterations to select the proper phasesdifdiicate that rounding of the phase increments to two levels does
the subcarriers. From Fig. 3 the influence of different numbent change the variance and reduces the mean of PV. Grouping
of carriers on the number of iterations for different variances &r 16 carrier BPSK-OFDM was examined with 2 groups of 8
phase shifts is also clear. It is obvious that increasing numberaafrriers, 4 groups of 4 carriers and 8 groups of 2 carriers and
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Fig. 6. Mean and standard deviation of power variance versus the pha
quantization level for different number of iterations. OFDM with 16 carriers
and BPSK modulation.

a) Power variance xi0'

for different number of iterations. Parts of results are shown i 1
Figs. 7 and 8. Results depict that 2 groups of each 8 carriers i
crease the PV when compared with 4 groups of 4 carriers anc
groups of each 2 carriers. It should be mentioned that for furth: o6f
complexity reduction of the phasing algorithm, combination o 04l
grouping and guantization can also be applied.

In order to have an estimate of the amount of side informatio
required with this algorithm let us consider a 16-carrier OFDN %
with QPSK modulation and without quantization and grouping
of the phases. For representing the phase information of 16 ci.. b) COF ofthe PY
riers 4 bits are required. That means the amount of side informa- . , _
tor il be 4132~ 12.5%. By GIOUPING Of he CAITIErs (6., NGy see ouhS, o C"Er OFOM 0 4 atups o 4 cairs. (o) Poer
four groups) and without quantization, the amount of side in-
formation will be 2/32= 6.25%, and if a 4-level quantization is
used, the amount of side information will reduce to 2/(82)=
1.56%.

08

0.2

>

and added to the symbols [see (9)]. Then with these phases the
PV is calculated and compared with the threshold. If the PV is
below the threshold, the phase increments are good and phases
are updated and subsequently a new (reduced) threshold is
made. Otherwise the new phase increments are generated and
In the random phase increment algorithm until now the Pe¥ombined with the symbols, and the threshold is not changed.
threshold (used for comparison) was fixed (see Fig. 2). FAWhen the algorithm has made the new phase increments for a
lowing the selection of random phase increments it is possitdpecific number of times subsequently without updating, the
to reduce the PV threshold. As illustrated in Fig. 9, by thigariance of the phase shift is changed. The algorithm stops
approach the threshold level of the algorithm is dynamicallyhen the variance of phase shift increments has reached a
reduced. When compared to the case of fixed threshold, thirtain value. The algorithm was investigated for different sizes
algorithm provides a lower PAPR. The first step of the alg®f threshold change, different number of iterations and different
rithm is to calculate the PV of the original OFDM symbol, andizes of phase variance change and compared with the OFDM
then set the first threshold to, e.g., 10% lower. Then startimgthout this algorithm. Results are shown in Fig. 10. The de-
from zero initial phases, the random phase shifts are generagedption of the parameters in the horizontal axis of this figure

IV. PHASE UPDATING WITH DYNAMIC THRESHOLD
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Fig. 9. Flowchart of the random phase updating algorithm with dynamic threshold.

is as follows: For Al and A2 Threshold changel0%, Phase —&— Mean PV 5
variance change 20% but Final phase variance for ALis0.1anc 90 iterations
for A2 is 0.01. For B1 and B2 Threshold changé0%, Phase 80 1~\
variance change 20% but Final phase variance for Blis 0.1 anc § 70 L —B— Mean PV 50
for B2 is 0.01. For C1 and C2 Threshold chargd0%, Phase _§ 60 iterations
variance change 10% but Final phase variance for C1 is 0.1 § 50 Mﬁ*

and for C2 is 0.01. For D1 and D2 Threshold charg&0%, 24 /BN n g 4 Vaiance of

Phase variance change 10% but Final phase variance for D1 i “;’ 30 +3e=% PV 5

0.1 and for D2 is 0.01. The number of iterations indicated in @ »oq iterations
the viewgraph denotes the number of iterations between phas: 1 —¢ Variance of
increments variance changes, i.e., if five successive iterations 0 - PV 50

did not reduce the PV below the threshold, then the variance of ' iterations
the phase shift is reduced according to what described above A1 A2 BY B2 C1 C2 D1 D2

Fig. 10 shows the simulation results for the 16-carrier BPSK Algorithm parameters

OFDM symbols. Results of dynamic threshold phase updating

algorithm show that PV mean and variance reduce with mafg. 10. Mean of PV for 16-carrier OFDM with random phase updating
iterations. Meanwhile, for the allowed number of iterationglgorithm and dynamic threshold.

the mean of PV slightly changes with the threshold and phase

variance change. While Fhe variance of PV reduces faster with; 4B reduction of mean PV (or 3.23 dB reduction of mean
threshold and phase variance change. _ PAPR), 13.7 dB reduction of Std of PV (or 4 dB reduction of
To show how much PV using the random phase incremeg{y of pAPR) and a 12.4 dB reduction of maximum PV (or 6 dB
algorithm with dynamic threshold, is reduced simulations wetg 4 ,ction of maximum PAPR). The simulations for the 16-car-
run without the algorithm and one with the dynamic thresho r OFDM system introduced a 5 dB reduction of the mean PV
and 100 iterations between reducing of the phase shift varianse; 4g reduction of mean PAPR) and a 14.1 dB reduction of

and parameter D1 explained earlier. The simulations were cg{zimum PV (or around 7 dB reduction of max of PAPR) for
ried out for both 8 and 16 carrier BPSK OFDM symbols. Fahe dynamic threshold algorithm.

an 8-carrier OFDM the mean PV (or according to (7) and as-
sumings = 0.99, the PAPR) for the simulation without random
phase updating was 28.91 (and for mean of PAPR was 0.1373)
with a standard deviation (Std) of PV equal to 20.59 (and StdIn the previous sections we have seen that proper phase up-
of PAPR= 0.1162), and the maximum PV equal to 140 (maxdating of the OFDM signal reduces the PAPR. It is worth men-
imum PAPR as 0.2969). For the random phase updating witbning that because of phasing, the proposed algorithm does
dynamic threshold algorithm mean PV was 5.71 (mean PAPRnot impact the side lobes in the spectrum of the OFDM signal.
0.0652), Std of PV equal to 0.877 (Std of PARRD.046) and a It should be also emphasized that changing the phase of OFDM
maximum value PV as 8.0 (max of PARR0.0751). This gives signal does not change the BER performance of the system if

V. BIT ERRORRATE PERFORMANCE
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VI. CONCLUSION

In this paper the novel random phase updating algorithm w
proposed to lessen the PAPR of the OFDM signal. In this alg
rithm phase of each subcarrier is updated by a random increm
and the process is iterated until PAPR goes below a thresh
level. The influence of different distributions for the phase shi
increments and their variances on the mean power variance
number of iterations has been investigated. For reducing { g
complexity of the random phase updating algorithm, the qua out research on the characterization of indoor
tization and grouping of the phase shifts was also carried OUL . o. ot ine Tubelf Ater receving his Ph.D. in 1995 he got 2
Results showed_that.groupln_g and qu‘j’mtlzatlon of phases Fﬁ@%ﬁdoc research associate positi.on at the Intergnational. Research Cen%er for
reduce complexity without significant increase of the PAPRelecommunications-Transmission and Radar of the TUDelft, where in 1999
To further decrease the PAPR, the random phase updatingi’@lwas appointed as an assistant professor. He is co-recipier!t of_the 2000 IEEE
gorithm was extended with the dynamic threshold. In this cal gg(') Shepherd Best Propagation Paper Award for publication in the March

. issue of the Trans. on Vehicular Technology. He is also co-recipient of the
after successful updating of the phases the threshold level of §3g; paper Award of the International Symposium on Personal Indoor Mobile
comparison is reduced and the variance of the phase increm&atsio Communiactions, Toronto, 1995. His areas of interest include wireless
is changed. Results show that for an 8-carrier OFDM systeitannel modeling, multicarrier transmision, and CDMA.
the random phase updating method with dynamic threshold re-
duces the mean power variance by a factor of 7 dB (or mean of
PAPR by 3.23 dB). Further in the paper, the effect of the im-
perfect knowledge of the phases (used for PAPR reduction)
the receiver, on the BER performance of the system has b
investigated.
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