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Abstract

OFDM (orthogonal frequency division multiplexing) is widely used in 4" generation applications
owing to its robustness in fading environments. The major issues with OFDM systems is the high PAPR
(peak-to-average power ratio) of the transmitted signals, it leads to in and out of band distortion. SLM
(selective mapping) and PTS (partial transmit sequence) are two key methods for PAPR reduction. Both
the methods require exhaustive searching of phase factors to optimize the PAPR, these searches lead to
high computational complexity. This paper discusses using optimization based PAPR reduction methods
which an be used with PTS for the reduction of computational complexity and search space. In this paper
we have analyzed PTS and SLM with particle swarm optimization (PSO), Artificial Bee Colony (ABC) and
differential evolution (DE). PAPR and BER (bit error rate) comparison is done for both the cases.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) [1, 2] is a multicarrier transmission
method which plays an important role in achieving high data rate in 4" generation applications.
In OFDM available bandwidth is divided in to narrow band channels and each of the channels
carry a subcarrier leading to a multicarrier system. OFDM has gained its popularity owing to its
superlative performance in the fading environments. Use of guard band and cyclic prefix in
OFDM works well against menace of inter symbol interference (ISI) and inter-carrier
interference (ICI) [3]. However OFDM is largely affected by problem of high peak to average
power ratio (PAPR) [4]. When OFDM signal is transmitted where each of the subcarrier is
different modulated by different symbols it might lead to high peaks in domain when a number of
subcarriers align in same phase. These high peaks lead to high power, when such OFDM signal
are fed to high power amplifiers (HPA) which are employed for downlink purpose, causes
harmonic distortion and intermodulation. This is due to nonlinear characteristics of HPA.
To make sure that HPA works in the linear region large back-off is required, this reduces
efficiency of HPA.

There are numerous methods detailed in literature [4] for PAPR reduction, such as
clipping where signal is clipped off beyond a certain signal level [5], using forward error
correction codes [6, 7] for generating combination with lower PAPR, tone injection (TI) [8, 9],
tone reservation (TR) [10, 11] where additional data block and power reduction carriers are
used for PAPR reduction, companding reduces PAPR by compressing the higher peaks at
the transmitter [12, 13], pre-distortion and DFT-spreading are some of the pre-coding [14]
method for PAPR reduction, active constellation extension [15, 16] uses extension of existing
constellation without affecting actual data. All of the above mention methods are either result in
to distortion or requires high power transmission. Multiple signal representation method such as
selected mapping (SLM) [17, 18] and partial transmit sequences (PTS) [19-21] are most sought
choices for PAPR reduction as the resultant signal does not have any distortion. SLM performs
better in terms of PAPR reduction but PTS is preferred over it owing to less computational
complexity. In conventional PTS input data set is subdivided in to uncorrelated sub-blocks, after
processing theses sub-blocks through Inverse Fast Fourier Transforms (IFFT) each of them is
multiplied by a phase factor and finally they are summed up to generate OFDM candidate,
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however the candidate signal with least PAPR is transmitted. To find optimum phase set
excessive searches are require leading to high computational complexity. In this paper, we have
taken up the issue of large number of searches involved in PTS [22]. Since reduction in number
of searches will lead to lower computational complexity [23]. By using optimization techniques
number of required searches can be reduced. Some of the excessively used methods
are Genetic Algorithm (GA) [24, 25], Particle Swarm Optimization (PSO) [26], Atrtificial
Bee Colony (ABC) [27, 28], Biogeography Based Optimization (BBO) [29] and differential
evolution (DE) [30].

2. Peak to Average Power Ratio in OFDM Systems
An OFDM signal with N-subcarrier is represented as

E

= m

1 N-1
X(Tl) = \/_Nz Xk .eXp
k=0

where N is the number of sub carriers i.e (k=0,7....N-1) and Xy is the symbol modulating
the k™ subcarrier. IFFT sum in OFDM may results in to large envelope peaks in time domain.
This results in to high peak to average power ratio. Peak to average power ratio is the ration
peak power of the OFDM signal to the average power of the carrier. PAPR for an OFDM signal
X is given as:

PAPR(x) = max |xn|?/E{|xy|*} @)

where |x,| the magnitude and E is representing the expectation operator. To evaluate
PAPR reduction performance of a method complementary cumulative function is used as
a performance index. CCDF represents the probability that signal level will remain above
a particular level, power level in case of PAPR. CDF can be represented as

CCDF = Pr(PAPR > PAPR,) ©)

3. Multiple Signal Representation Methods

In such method same set of data is represented by a set of OFDM candidate signals
which are generated with the help of different phase sets. The candidate with least PAPR is
transmitted. The two widely used methods are SLM and PTS.

3.1. SLM

Selected mapping [19-22] scheme is shown in Figure 1. The input symbols are
multiplied with a set of phase vectors and after IFFT block multiple OFDM signal candidates
representing the same data set are produced then one with the least PAPR is chosen for final
transmission. This also requires transmission of side information for error free recovery of
OFDM symbols.

X=X -
N-point ]
0; IFFT Select
Pi=1 the
Serial X y xl N-[_‘Iﬂiﬂt gl SIFE':" X
Inputdata ——+ to - ; IFFT ' v?ith T
parallel
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_@ IFFT
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Figure 1. OFDM system with SLM technique
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Every data block is multiplied by U phase sequences, with each block of equal size N,

the phase factor P® =[p,o, Py - Pun-1] » Where u = 1,2..U, and B, =e/**’ and
¢ € [0,2m) for v = 0,1....N-1. This resultant signal is:

X¥ = X,P,p (4)

after taking its IFFT the various OFDM sequence get generated among which % = x¥, with
lowest PAPR is selected for transmission.

il = arg min(max|x“["]|) (5)
u=12,.,U

3.2. PTS

Figure 2 shows typical PTS scheme. The data sequence X is split in to ¥V sub blocks of
equal length N. Then sub blocks are multiplied with unique phase vector b”. Resulting in to
multiple OFDM candidates for different phase combination, each of them is given by (6):

V-1
x™ = Z b x, (6)
v=0

where x, = IFFT[X,], with Jzphase weights total nhumber of phase weights which need to be
analyzed are JV-1, as for the first sub block the phase factor is usually chosen as 1. The optimum
phase factor is the one which produces minimum PAPR of candidate signal x’ as given by (7):

> ()

14

[by, ..., b,| = argmin ( max b,x,[n]
v=1
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Figure 2. OFDM systems using PTS

3.3. Complex Computations in PTS

For V sub-blocks and J-phase weights, JV-1 possible phase combination is searched and
analysed which results in to same number of PTS candidates are generated. For N-point IFFT
operations (N-subcarrier OFDM):

Complex addition: N log, N and multiplications (N/2).log, N (8)

for an oversampling factor of R, Factor of N will be replaced by N.R. In generation of PTS
candidates additional N x JV~ x (V — 1) multiplications and additions will be required. So,

Overall complex additions = R.V.Nlog, N+ R.N x JV"1 x (Vv — 1)
Overall complex mulitplications = R.V.(N/2)log, N+ R.N xJ""1 x (V = 1) 9)
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If we can reduce the number of searches from JV-1, the number of computations required will
also reduce. Optimization methods can be used to serve the purpose.

4. Multiple Optimization Methods based PTS

Using optimization methods, we can put a cap on the searches required and thus
overall computational complexity of PTS systems. In this paper we used ABC, PSO, DE and GA
method for reduction of number of searches.

4.1. Particle Swarm Optimization Algorithm (PSO)-PTS

The method labels the population as swarm and each individual is called a patrticle.
The typical flowchart for the algorithm is shown in Figure 3. PSO-PTS technique is implemented
by changing phase factor combination b, which used as position vector. Each PTS candidate x
is considered as a particle with position vector, by (v=0,1....V-1) along with the velocity vector is
changed is changed to get a new solution or PTS candidate. A true solution is the one which
using by achieves desired relation between and local and global objective of the algorithm. pbest
and gbest are PAPR values for a set of by. The iterations end when both the variable achieves
the pre-decided PAPR threshold. The new velocity for ith particle is given by:

z(t+1) =w.z(t) + ay. c. (b,,pbesf(t) - bv(t)) +a,.c, (bvgbe“(t) - b,,(t)) (10)

where a; and a; are acceleration factors and cs, ¢, are uniformly distributed r.v in [0,1] and z is
representing the velocity.New position will be:

bi,v(t + 1) = bi,v(t) + Zi(t + 1) (11)

Initialize position and velocity for each particle and caleulate their finess function

¥
For each particle set the local best (phest) and the global best (ghest) position and objective
value

¥
—>| Update posttion and velocity for each particle and then calculate their objective values

If current objective value >phegt
objective value

Phest objective value = current objective valua

If current best objective
value =ghast obiective valus

ghest objective value = current best objective value

Stopping criteria met?

Figure 3. Flowchart for PSO algorithm
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4.2. Particle Artificial Bee Colony (ABC)-PTS

The algorithm contains three dissimilar groups of bees: “employed bees”, “onlooker
bees” and “scout bees”. The different sources here are member of solution space and nectar
represents fitness. According to this algorithm initially a randomly distributed population is
generated which represent the employed bees. The employed bees execute various operations
with the neighborhood values in seeking the best value. If the solution in the vicinity is healthier
than the initially received one, the new solution is allocated in place of the first one. When
the entire search process of the employed bee is concluded, they distribute this information with
the next set of bees i.e. “onlooker bees. The employed bee turns towards the food source.
The goal is to discover a phase vector with extreme fitness value; the fitness function is
given by:

fit(x;) =1/1+ f(x;) (10

where X; is the solution primed in continuous space and then transformed into discrete phase
vector space. Also, f(x;) represents the PAPR value. Whenever fithess is high, PAPR has a low
value. A corresponding fithess value of the phase vectors are calculated, if the old value is lower
than the new value, then the bee memorizes the new phase value. The new phase vector is
chosen hy:

x =%+ a;(x; — x,) (11)

where @; is a random number generated in the range [-1,1], and X, is the solution within
the neighborhood of x; the fitness value is then pooled by the onlooker bees, when the work of
employed bees is finished. Onlooker bees move towards new food sources, based on
the knowledge provided to them by employed bees, through a formula:

S = fit(xi)/z fit(x) (12)
=1

the onlooker bee demeanors a search in the neighborhood of the food source chosen by (12) till
the threshold value. ABC-PTS implementation is shown in Figure 4.

Finally, when the onlooker bees accomplish their task, the employed bees transform to
scout bees, in order to seek new food sources randomly, by the following formula:

x; = min(x;) + rand(0,1) * (max(x;) — min(x;)) (16)
where, rand (0,1) is the random number with a uniform distribution.

4.3. Differential Evolution (DE)-PTS

The DE technique twitches with an initial solution set. The DE process usually three
chief processes: initialization, mutation operation, crossover operation, and selection operation.
DE is implemented as per following block diagram shown in Figure 5.

5. Simulations and Results

The simulations has been carried out in MATLAB for N=128 for V=8 sub blocks and
4 phase weights {1,, —1, —j}. Mapping scheme used is BPSK, 1000 OFDM symbols have been
used for simulations. Rayligh fading channel is used with 4 taps for BER calculations.
Figure 6 (a) shows PAPR reduction capabilities of PTS, ABC-PTS and PSO-PTS in terms
of CCDF. It clearly shows that ABC and PSO-PTS performs better than conventional one.
The PAPR values for ABC-PTS are in the range of 4-7 dB where as for PSO-PTS value may go
up to 9 dB as compared to >10 dB for PTS. Figure 6 (b) compares the PAPR reduction
performance of SLM, ABC-SLM and PSO-SLM. Again, the CCDF curves are plotted it implies
that, the PAPR values for ABC-SLM are in the range of 4-6.8 dB where as for PSO-SLM value
may go up to 7.8 dB as compared to 9.4 dB for SLM.
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Figure 4. Implementing ABC-PTS algorithm
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Figure 5. Implementing DE algorithm

Figures 7 (a) and (b) shows BER performance of ABC and PSO in SLM and PTS
OFDM systems BER curves show similar performance and trend SLM and PTS however ABC
results in to better BER value than PSO. Overall, we can say that PAPR performances of
the optimization-based methods are good enough in practical scenarios. Table 1 summarizes
the result of above study for PTS it clearly shows that for lower number of iterations similar
PAPR performance can be achieved. This will lead to reduction in complexity.

Reduction in iterations will reduce the number of complex additions and
multiplications e.g.: For 4 sub-blocks and 4 phase weights number of complex multiplications
will be = 44-Dx3=192. Similarly, number of complex multiplications will be = 192. However,
theses values will reduce to 18 and 99 for ABC and DE based PTS methods. However, for
similar complexity PAPR reduction in PSO PTS is better.
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Figure 7. BER comparison of (a) ABC-SLM and PSO-SLM and (b) ABC-PTS and PSO-PTS
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Table 1. PAPR and lterations for Various Optimization Methods

Methods PAPR Iterations
PTS 9.554 64
ABC-PTS 7.6752 6
DE-PTS 7.0307 33
PSO-PTS 8.9185 64

6. Conclusion

High PAPR is on of the major challenges 4% generation OFDM based systems are

facing, PTS and SLM are the most sought distortionless methods for PAPR reduction. But both
the methods require excessive searches to find the optimum signal for transmission. Using Al
based optimization techniques we can achieve similar PAPR reduction at reduced searches this
directly impacts the number of computations required in both the methods. In this paper PSO,
ABC and DE methods are used, but the analysis can be further carried out for other methods
such as biogeography, differential evolution and other optimization methods.

References

(1]

(2]

(3]
(4]
5]
(6]
[7]

(8]
9]

[10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

Hasan RJ, Abdullah HN. Comparative study of selected subcarrier index modulation OFDM
schemes. TELKOMNIKA  Telecommunication Computing Electronics and Control. 2019;
17(1): 15-22.

Sahin A, Guvenc I, Arslan H. A Survey on Multicarrier Communications: Prototype Filters, Lattice
Structures, and Implementation Aspects. IEEE Communications Surveys & Tutorials. 2014; 16(3):
1312-1338.

Jha US, Prasad R. OFDM towards Fixed and Mobile Broadband Wireless Access. Norwood: Artech
House, Inc. 2007.

Hao J, Wang J, Pan C. Low Complexity ICI Mitigation for MIMO-OFDM in Time-Varying Channels.
IEEE Transactions on Broadcasting. 2016; 62(3): 727-735.

Rahmatallah Y, Mohan S. Peak-To-Average Power Ratio Reduction in OFDM Systems: A Survey
and Taxonomy. IEEE Communications Surveys & Tutorials. 2013; 15(4): 1567-1592.

Sohn I, Kim SC. Neural Network Based Simplified Clipping and Filtering Technique for PAPR
Reduction of OFDM Signals. IEEE Communications Letters. 2015; 19(8): 1438-1441.

Bai G, Zhong Z, Xu R, Wang G, Qin Z. Golay complementary sequences and Reed-Muller codes
based PAPR reduction for relay networks with superimposed training. 2012 IEEE 11™ International
Conference on Signal Processing. Beijing. 2012; 2: 1558-1561.

Sabbaghian M, Kwak Y, Smida B, Tarokh V. Near Shannon Limit and Low Peak to Average Power
Ratio Turbo Block Coded OFDM. IEEE Transactions on Communications. 2011; 59(8): 2042-2045.
Damavandi MG, Abbasfar A, Michelson DG. Peak Power Reduction of OFDM Systems through Tone
Injection via Parametric Minimum Cross-Entropy Method. IEEE Transactions on Vehicular
Technology. 2013; 62(4): 1838-1843.

Wang W, Hu M, Li Y, Zhang H. A Low-Complexity Tone Injection Scheme Based on Distortion
Signals for PAPR Reduction in OFDM Systems. IEEE Transactions on Broadcasting. 2016;
62(4): 948-956.

Li B, Hu L, Yang F, Ding L, Song T. Tone reservation ratio optimization for PAPR reduction in OFDM
systems. 2018 IEEE Wireless Communications and Networking Conference (WCNC). Barcelona.
2018: 1-6.

Jiang T, Ni C, Ye C, Wu Y, Luo K. A Novel Multi-Block Tone Reservation Scheme for PAPR
Reduction in OQAM-OFDM Systems. IEEE Transactions on Broadcasting. 2015; 61(4): 717-722.

Hu M, Li Y, Wang W, Zhang H. A Piecewise Linear Companding Transform for PAPR Reduction of
OFDM Signals with Companding Distortion Mitigation. IEEE Transactions on Broadcasting. 2014;
60(3): 532-539.

Ali N, Almahainy R, Al-Shabili A, Almoosa N, Abd-Alhameed R. Analysis of improved p-law
companding technique for OFDM systems. IEEE Transactions on Consumer Electronics. 2017;
63(2): 126-134.

Gao S, Zhang M, Cheng X. Precoded Index Modulation for Multi-Input Multi-Output OFDM. |IEEE
Transactions on Wireless Communications. 2018; 17(1): 17-28.

Wang CL, Wang SS, Chen HM. An improved metric-based active constellation extension scheme for
PAPR reduction in OFDM systems. 2016 Wireless Telecommunications Symposium (WTS). London.
2016: 1-4.

Dang L, Li H, Guo S. PAPR reduction in OFDM with active constellation extension and hadamard
transform. 2017 13th IEEE International Conference on Intelligent Computer Communication and
Processing (ICCP). Cluj-Napoca. 2017: 543-549.

TELKOMNIKA Vol. 17, No. 6, December 2019: 2983-2991



TELKOMNIKA ISSN: 1693-6930 H 2991

(18]

[19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

[27]

(28]

[29]

(30]

Woo JY, Joo HS, Kim KH, No JS, Shin DJ. PAPR Analysis of Class-lll SLM Scheme Based on
Variance of Correlation of Alternative OFDM Signal Sequences. IEEE Communications Letters. 2015;
19(6): 989-992.

Taspinar N, Yildinm M. A Novel Parallel Artificial Bee Colony Algorithm and Its PAPR Reduction
Performance Using SLM Scheme in OFDM and MIMO-OFDM Systems. IEEE Communications
Letters. 2015; 19(10): 1830-1833.

Ku SJ. Low-Complexity PTS-Based Schemes for PAPR Reduction in SFBC MIMO-OFDM Systems.
IEEE Transactions on Broadcasting. 2014; 60(4): 650-658.

Hou J, Zhao X, Gong F, Hui F, Ge J. PAPR and PICR Reduction of OFDM Signals with Clipping
Noise-Based Tone Injection Scheme. IEEE Transactions on Vehicular Technology. 2017;
66(1): 222-232.

Ku SJ. Low-Complexity PTS-Based Schemes for PAPR Reduction in SFBC MIMO-OFDM Systems.
IEEE Transactions on Broadcasting. 2014; 60(4): 650-658.

Cho YJ, Kim KH, Woo JY, Lee KS, No JS, Shin DJ. Low-Complexity PTS Schemes Using Dominant
Time-Domain Samples in OFDM Systems. IEEE Transactions on Broadcasting. 2017;
63(2): 440-445.

Joo HS, Kim KH, No JS, Shin DJ. New PTS Schemes for PAPR Reduction of OFDM Signals without
Side Information. IEEE Transactions on Broadcasting. 2017; 63(3): 562-570.

Hagras EA, Fathy SA, El-Mahallawy MS. Genetic algorithm-based tone-reservation for PAPR
reduction in wavelet-OFDM systems. Proceedings of 33™ National Radio Science Conference
(NRSC). 2016: 223-232.

Luo R, Zhang C, Niu N, Li R. A Low-Complexity PTS Based on Greedy and Genetic Algorithm for
OFDM Systems. Chinese Journal of Electronics. 2015; 24(4): 857-861.

Prasad S, Ramesh J. Partial transmit sequence based PAPR reduction with GA and PSO
optimization techniques. 2017 International Conference on Innovations in Information, Embedded
and Communication Systems (ICIIECS). Coimbatore. 2017: 1-4.

Tasgpinar N, Yildinm M. A Novel Parallel Artificial Bee Colony Algorithm and Its PAPR Reduction
Performance Using SLM Scheme in OFDM and MIMO-OFDM Systems. |IEEE Communications
Letters. 2015; 19(10): 1830-1833.

Cheng X, Liu D, Feng S, Fang H, Liu D. An artificial bee colony-based SLM scheme for PAPR
reduction in OFDM systems. 2017 2" |[EEE International Conference on Computational Intelligence
and Applications (ICCIA). Beijing. 2017: 449-453.

Garg H. An efficient biogeography-based optimization algorithm for solving reliability optimization
problems. Swarm and Evolutionary Computation. 2015; 24: 1-10.

PAPR analysis of OFDM system using Al based multiple signal... (Jyoti Shukla)



