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Abstract This paper presents a non-linear polynomial function for reducing peak-to-average-power ratio (PAPR) and bit error rate (BER) of Orthogonal Frequency Division Multiplexing (OFDM) based systems. OFDM systems have several advantages such as high spectral efficiency, low implementation complexity, less vulnerability to echoes and non–linear distortion. However, these systems also have few limitations such as PAPR and BER. High PAPR causes a significant level of signal distortions, when the modulated signals are amplified through high power amplifiers (HPAs). A high PAPR and/or high noise may significantly distort the signal, resulting in high BER on demodulation of the received signal. Therefore, PAPR & BER reduction is very essential. For this purpose, a non-linear polynomial function based pre-distortion algorithm is used in this paper. The signal is normalized to a scale of + 1 before feeding to this non-linear polynomial function. The coefficients of the polynomial function can be adjusted using a perturbation based algorithm. From the pilot stage simulated results obtained, it is inferred that the selection of value of coefficients of non-linear polynomial and constellation size depends upon the level of PAPR reduction required. Here in this paper, it is preferred to choose a fifth order non-linear polynomial with a decreasing value of coefficients with increase in order term. It is also found that an optimum selection of coefficients of non-linear polynomial can lead to a significant level of reduction in PAPR & BER.



Index Terms: Non-linear polynomial functions, OFDM Conventional, Peak to Average Power Ratio and BER.



1. Introduction Orthogonal Frequency Division Multiplexing (OFDM) has emerged as a key multicarrier modulation technology. It is because it provides high spectral efficiency, low implementation complexity, less vulnerability to echoes and non–linear distortion. Because of these advantages of OFDM system, it is vastly used in various modern communication systems. However, there are few problems such as peak to average power ratio (PAPR) and bit error rate (BER) associated with implementing OFDM. High BER renders the system unreliable; whereas, high PAPR is associated with power inefficiency of a system. Some researchers and engineers have addressed these two issues separately; while, others have developed concepts which simultaneously reduces both PAPR and BER. The key techniques for reducing PAPR and BER are based on Selected mapping [1-5], Pre-coding and post coding [6-7], Tone reservation [8-9], Partial transmit sequence [10-11], Walsh Hadamard transform [12], Parity check coding [13], Signaling [14], FFT & IFFT matrix [15], Filtering [16], Coding [17-18], Interleaving [19-20] and Companding Maninder Pal, IJRIT
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[21]. However, most of these are associated with several drawbacks such as increase in transmit signal power, bit error rate, data rate loss and high computational complexity. Therefore, the research reported through this paper is focused on providing a solution to the same problem. More specifically, the proposed research focuses on developing a predistortion based algorithm. For this purpose, a non-linear polynomial based function is used. The OFDM signal is normalized to a scale of + 1 before feeding to this non-linear polynomial function; which is used to reduce the high amplitude of signals. This paper investigates the effect of various coefficients of the non-linear polynomial for reducing the PAPR & BER in OFDM systems.



2. System Model In general, OFDM is a frequency division multiplexing (FDM) scheme utilized as a digital multi–carrier modulation method and is thus suited for transmission over a dispersive channel. In OFDM, the signals to be transmitted are constructed in such a way that the frequency spectra of individual sub-channels are allowed to overlap; thereby, utilising the frequency spectrum much more efficiently. This is achieved by placing the carrier exactly at the nulls in the modulation spectra of each other. When modulation of any form (e.g. voice and data) is applied to any of these carriers, then sidebands spread out either side. These sidebands from each carrier overlap. However in OFDM scheme, these can be easily received and recovered without interference as these are orthogonal to each another. Mathematically, the two periodic signals are orthogonal when the integral of their product over a period is equal to zero. This can be represented in continuous time as: t



∫ cos(2πf nt) cos(2πf mt)dt = 0 0



(1)



0



0



For the case of discrete time, it can be represented as: N −1



 2πkn   2πkm   cos dt = 0 N   N 



∑ cos k =0



(2)



where, m≠n in both cases. These large numbers of closely spaced orthogonal subcarriers are used to carry data, as shown in Figure 1.



Fig - 1: Block diagram of an OFDM system [2]. In Figure 1, the data is divided into several parallel streams of channels, one for each subcarrier. Each subcarrier is modulated with a conventional modulation scheme (such as QPSK & QAM) at a lower symbol rate, maintaining total data rates similar to the conventional single carrier modulation schemes in the same bandwidth. This is one of the key advantages of OFDM, i.e., its efficient use of the frequency band, as the subcarriers are allowed to overlap each other in the frequency domain. To implement the non-linear polynomial function for reducing PAPR & BER in OFDM system, the OFDM signal (before transmission) is passed through a pre non-linear polynomial function. On the receiver side, the received signal is again passed through another non-linear polynomial; which is opposite of the Maninder Pal, IJRIT
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first non-linear polynomial in a manner that they both nullify the effect of each other and the overall input-output transfer function is linear (Figure 2). Thus, the final output is same as input; however, simultaneously the PAPR & BER is also reduced. The non-linear polynomial can be expressed as the deviation from the desired straight-line behavior and mathematically it can be represented by the following power series: Vout= W0+W1Vin+ W2Vin2 + W3Vin3....+ WnVinn



(3)



where, Vin is the input signal, W1, W2, W3… are the coefficients of non-linear polynomial, and Vout is the output. In the above equation, the higher order terms causes the non-linearity. The degree of non-linearity can be changed by changing the value of the coefficients. Therefore in this system, the coefficients needs to be adjusted in such a way that the overall sum of coefficients of pre non-linear polynomial and post non-linear polynomial cancels each other leaving only the first order term, i.e., the linear response. This is essential to demodulate the signal.



Fig - 2: The non-linear polynomial function based approach for reducing PAPR in OFDM systems. The effect of even and odd order terms of the polynomial is shown in Figure 3 and is discussed below. • Effect of even order terms: To investigate the effect of even order terms; consider the simplest form of a second and fourth order polynomial mentioned below: Vout= 10Vin+ 2Vin2 Vout= 10Vin+ 2Vin4



(4) (5)



It can be seen in Figure 3 that the transfer characteristics are non-linear and are bending upwards towards the y-axis and continue towards infinity. The transfer characteristics are not symmetrical about the x-axis, which will result in uneven distortion and thus the output wave-shape will be asymmetrical. This uneven distortion may be difficult to remove before demodulation. • Effect of odd order terms: To investigate the effect of odd order terms, consider the transfer characteristics (Figure 3) represented by the third order and fifth order polynomial as: • Vout= 10Vin - 3Vin3 Vout= 10Vin - 3Vin5 It can be observed from Figure 3 that the transfer characteristics for odd order terms are symmetrical around both axes. Therefore, there will be uniform distortion of the signal; which can be easily removed before demodulation. Also, it is important to note that the coefficients of third order term are negative. If the coefficients are positive, then the resulting transfer characteristics points towards infinity on both sides of the axis. The point at which the transfer characteristics start bending in opposite side can be adjusted using the coefficients of the odd order terms.
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(6) (7)



(a)



(b)



Fig - 3: Transfer function of a) fourth, and b) fifth order non-linear function with sine wave as an input signal. From the above results, it can be interpreted that the characteristics of the even order terms does not reach saturation and are asymmetrical. However, the odd order terms reaches saturation point and then bend downwards. So, the required polynomial functions will not have the even order terms and can be mathematically expressed as: n



Y ( x ) = w0 + w1 x + w3 x 3 + w5 x 5 + ... + w( 2*n −1) x ( 2*n −1) = w0 + ∑ w( 2*i −1) x ( 2*i −1)



(8)



i =0



To design this non-linear polynomial functions based approach for reducing PAPR & BER, consider the block diagram of an OFDM system shown in Figure 4. In Figure 4, an OFDM signal consists of N subcarriers that are modulated by N complex symbols selected from a particular QAM constellation.



Fig - 4: Block diagram of OFDM system with pre and post non-linear polynomial function. In Figure 4, the baseband modulated symbols are passed through serial to parallel converter which generates complex vector of size N. This complex vector of size N can be mathematically expressed as



X  X  , X , X  , X … X   



(9)



X is then passed through the IFFT block to give (10)    Where, W is the N × N IFFT matrix. Thus, the complex baseband OFDM signal with N subcarriers can be written as 



  √ ∑    



 



(11)



n = 0, 1, . . . , N − 1.



After parallel-to-serial conversion, a cyclic prefix with a length of Ng samples is appended before the IFFT output to form the time-domain OFDM symbol, s = [s0, . . . , sN+Ng−1], where,   ! " # and 〈%〉 ≜ % () *. The 



useful part of OFDM symbol does not include the Ng prefix samples and has duration of Tu seconds. The samples (s) Maninder Pal, IJRIT



11



are then passed through a pre non-linear polynomial function before amplification. The amplifier characteristics are given by function F. The output of amplifier produces a set of samples given by: y = [y0, y1, . . . , yN+Ng−1]



(12)



At the receiver front end, the received signal is applied to a matched filter and then sampled at a rate Ts = Tu/N. After passing through the post non-linear function, the CP samples (Ng) are dropped. The received sequence z, assuming an additive white Gaussian noise (AWGN) channel, can then be expressed as z = F(Wd) + η



(13)



Where, the noise vector η consists of N independent and normally distributed complex random variables with zero mean and variance σn2= E{|ηn|2}. Subsequently, the sequence z is fed to the Fast Fourier Transform (FFT), which produces the frequency-domain sequence r as r =WH z (14) Where, kth element of r is given by - (15)  +  ∑  k=0, 1, 2,…, N-1  ,   √



Finally, the estimated symbols vector . can be obtained from r. It is to be noted that in ideal cases, the demodulation is performed based on the assumption of perfect symbol timing, carrier frequency, and phase synchronization. One of the main disadvantages of OFDM systems is the high PAPR of transmitted signal due to the combination of N modulated subcarriers. The PAPR for a continuous time signal x(t) is defined as:



/0/1 



2345|47H8| 9 :;|47H8| 



0 ≤ J ≤ KL



(16)



The PAPR for discrete time signals can be estimated by oversampling the vector d by a factor L and computing NLpoint IFFT. The PAPR in this case is defined as: (17) 2345|478| 9



/0/1 



:;|478| 



=  0,1, … … . . , *A − 1



The denominator in above equation represents the average power per OFDM symbol at the amplifier input. PAPR, in quantitative terms, is usually expressed in terms of Complementary Cumulative Distribution function (CCDF) for an OFDM signal, and is mathematically given by



/7/0/1 > /0/1 8  1 − 71 −  DEDFG 8



(18)



Where, PAPR0 is the clipping level. This equation can also be read as the probability that the PAPR of a symbol block exceeds some clip level PAPR0.



3. Implementation To do the PAPR & BER analysis and to evaluate performance of the pre and post non-linear polynomial function based OFDM systems, the proposed algorithm in Figure 4 is implemented using Matlab, by undertaking the following key steps: 1. To do the PAPR & BER analysis of OFDM system with the proposed non-linear polynomial based function, firstly binary data is generated randomly. 2. The generated binary data is then converted into symbols and is then modulated by M-QAM (where M=4, 16 & 64). 3. The serial data is then converted into parallel data and IFFT is performed. 4. The parallel signal is then converted to serial data. The serial data is then normalized and a non-linear polynomial function is applied to reduce the PAPR. The PAPR is then calculated and the serial OFDM signal is then passed through a multipath channel with AWGN noise added.
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5. The received signal is again passed through the post non-linear polynomial to recover the original signal. This signal is then converted from serial to parallel data. The final demodulated signal is parallel data, which is then converted into serial data. The BER is calculated by taking the difference of the demodulated data and the input data. To evaluate the performance of the non-linear polynomial technique, the same is compared with the conventional Partial Transmit Sequence (PTS) technique. The PTS scheme is selected as it is widely used. In this scheme, only part of data of varying sub-carrier which covers all the information to be sent in the signal as a whole is transmitted. In the PTS technique, input data block X is partitioned in M disjoint sub-blocks, Xm = [Xm,0, Xm,1,…, Xm,N-1]T, m = 1, 2,…, M. These sub-blocks are combined to minimize the PAPR in time domain. The L times oversampled time domain signal of xm, m = 1, 2,…, M, is obtained by taking the IDFT of length NL on concatenated with (L – 1) N zeros. These are called the partial transmit sequences. Complex phase factors, bm= ejΦm, m= 1, 2,…, M, are introduced to combine the PTSs. The set of phase factors is denoted by a vector b= [b1, b2,..,bm]T. The objective is to find the set of phase factors that minimizes the PAPR.



4. Results & Discussion To evaluate the performance of the non-linear polynomial function based OFDM system; the same is implemented in Matlab. The simulations are performed for different values of coefficients of polynomial in order to investigate the effect of degree of non-linearity in reducing PAPR and BER. It is to be noted that the polynomial is taken only up to fifth order for simplicity. It is also because there is little effect of higher order terms (>5), as a normalized input with maximum scale of + 1 is taken. To do the PAPR analysis, firstly data is generated randomly and then modulated by M-QAM (where M = 4, 16 & 64). The order of FFT and IFFT is taken as 64. The results obtained are shown in Figures 5 to 15 for various combinations of coefficients of non-linear polynomial. The key conclusions drawn from the results are discussed below: 1. From Figures 6 to 11, it can be interpreted that the results obtained for different coefficients of non-linear polynomial are different. The PAPR is more reduced in case of higher degree of non-linearity of non-linear transfer function. 2. The degree of non-linearity increases when the value of W3 increases from 0.3 to 0.5. It is because this coefficient has negative sign and it results in bending the transfer characteristics of non-linear polynomial. However, the coefficient W5 bends the transfer characteristics in opposite direction as it has positive sign. 3. The increase in constellation size, i.e., from M = 4, 16 & 64, also reduces the PAPR for any particular values of coefficients of the non-linear polynomial. This is clearly observed in Figures 6 to 8. 4. From Figures 6 to 8, it can be interpreted that for any constellation size, the increase in the non-linearity of a polynomial significantly reduces the PAPR. It is because the input signal is normalized to a scale of + 1 before feeding to the non-linear polynomial. 5. From Figures 9 to 11, it can be seen that the implemented non-linear polynomial function based approach can significantly more reduce PAPR than the conventional PTS scheme. From the above discussion, the proposed non-linear polynomial system significantly decreases the PAPR, when the signals are normalized and passed through this non-linear polynomial. The value of coefficients significantly changes the characteristics of non-linear polynomial. It is also found that the coefficients of the polynomial should be in decreasing order with increase in the power of corresponding terms of non-linear polynomial. Also, for same values of coefficients of non-linear polynomial, the variation in constellation order also significantly changes the PAPR. Therefore, the selection of value of coefficients of non-linear polynomial and constellation size depends upon the level of PAPR reduction required. Here in this paper, it is preferred to choose a fifth order non-linear polynomial with a small value of coefficients of higher order term. This scheme is also found giving better reduction in PAPR than the conventional PTS scheme.
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Fig - 5: Transfer characteristics of the three non-linear polynomials used.



Fig - 6: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 4.



Fig - 7: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 16.



Fig - 8: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 64.



Comparison with the conventional PTS scheme



Fig - 9: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 4. Maninder Pal, IJRIT



Fig - 10: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 16.
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Fig - 11: CCDF plots of PAPR of OFDM system with QAM modulation for constellation size 64. Post non-linear polynomials



(a) (b) (c) Fig - 12: Transfer function of the pre and post non-linear polynomial function for the constellation size of (a) 4, (b) 16 and (c) 64. The second part of this paper focuses on investigating the BER performance of the non-linear polynomial based system. In order to evaluate the BER performance of the non-linear polynomial based system, the author has performed extensive simulations in Matlab. The simulations are performed for different values of EBN0 ranging from 1 to 7. However for simplicity, the results obtained for M=4, 16 and 64 are reported in this paper in Figures 13 to 15 and Table 1. To do the BER analysis, data is first generated randomly (In this case, 5,000 bits are generated) and then modulated by M-QAM (where M = 4, 16 and 64). The order of FFT and IFFT is taken as 64. From Figures 13 to 15, it can be interpreted that the BER decreases with increase in EBN0, for both no-coding and non-linear polynomial functions. It is because, with increase in EBN0, the noise will decrease and thus there will be less number of bits in error, which means low BER. From Figures 13 to 15 and Table 1, the BER increases with increase in constellation size. It is also observed from Figures 13 to 15 and Table 1 that the proposed scheme can reduce BER; however, the amount of reduction of PAPR is higher than BER. Table 1: Variation of Bit Error Rate with EBN0 (1 to 7) for pre-nonlinear polynomial function. EBN0 1 2 3 4 5 6 Size None Bits in Error 526 335 214 115 65 24 BER 0.0526 0.0335 0.0214 0.0115 0.0065 0.0024 4 Non-linear polynomial Bits in Error 438 289 189 76 38 13 Maninder Pal, IJRIT
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Fig - 13: The variation of BER with EBN0 for QAM (M=4) and for non-linear polynomial.



Fig - 14: The variation of BER with EBN0 for QAM (M=16) and for non-linear polynomial.



Fig - 15: The variation of BER with EBN0 for QAM (M=64) and for non-linear polynomial.



5. Conclusion From the simulated results, it is found that the proposed non-linear polynomial system significantly decreases the PAPR, when the signals are normalized and passed through the designed non-linear polynomial. From the mathematical expressions, it is found that the complex baseband OFDM signal when normalized and passed through the non-linear polynomial function then a significant level of PAPR can be reduced. It is also found that this nonlinear polynomial comprise only odd terms. It is also found that the coefficients of this polynomial will decrease Maninder Pal, IJRIT
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with increase in the power of terms. This non-linear polynomial function based OFDM system is simulated in Matlab for M-QAM modulation, where M=4, 16 and 64. It is observed from the simulated results that the non-linear polynomial system can significantly decrease the PAPR, when the signals are normalized and passed through the designed non-linear polynomial. The value of coefficients significantly changes the characteristics of non-linear polynomial. It is found that as the OFDM signals needs normalization in this case, so the effect of higher order terms is very less on the characteristics of non-linear polynomial. Therefore, a non-linear polynomial up to fifth order is appropriate for this model. It is also found that the coefficients of the polynomial should be in decreasing order with increase in the power of corresponding terms of non-linear polynomial. Therefore, the selection of value of coefficients of non-linear polynomial and constellation size depends upon the level of PAPR reduction required. Here in this paper, it is preferred to choose a fifth order non-linear polynomial with a small value of coefficients of higher order term. From the results, it is also found that the proposed scheme can reduce BER for any given EBN0 and constellation size M. However, the amount of reduction of PAPR is higher than BER. It has also been observed that the proposed scheme can significantly reduce PAPR than the conventional PTS scheme.
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