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Abstract: This letter proposes an adaptive all-pass filter (A2PF)
based peak-to-average power ratio (PAPR) reduction scheme for signle
input single output orthogonal frequency division multiplexing (OFDM)
systems. A properly phase rotated OFDM symbol of reduced PAPR is
generated by an A2PF with its filter coefficient found by the Newton-
Raphson method. For the A2PF scheme, costly side information (SI)
transmission is not needed unlike the selected mapping (SLM) scheme.
The A2PF scheme achieves PAPR reduction performance comparable
to the SLM scheme. Simulation results demonstrate that the A2PF
scheme without SI leads to BER performance close to the SLM scheme
with SI.
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1 Introduction

The selected mapping (SLM) scheme [1, 2, 3] is an attractive solution for
peak-to-average power ratio (PAPR) reduction in orthogonal frequency di-
vision multiplexing (OFDM) systems, because of its high PAPR reduction
performance without in-band signal distortion and out-of-band radiation.
However, it requires multiple inverse fast Fourier transform (IFFT) modules
and costly side information (SI) transmission. In this letter, an adaptive
all-pass filter (A2PF) scheme based on a single first-order A2PF is proposed.
The single A2PF replaces multiple all-pass filters of fixed filter coefficients
used in [4].

2 System model with proposed A2PF scheme

2.1 Signal for A2PF
With the pilot symbols of L spacing inserted into the data symbol vector

Si, the frequency domain OFDM symbol S in Fig. 1 can be represented
as S = [S})(O),Sd(()), ey Sd(L—Q),Sp(l),Sd(L—l), cee ,Sd(Nd—l), Sp(Np— )]T =
[5(0), S(1),...,S(N,—1)]T, where subscripts d, p, Ng, N, stand for modu-
lated data symbol, modulated pilot symbol, the number of data symbols, the
number of pilot symbols, respectively. Note that the number of valid symbols
N,=N,+Ny. The time domain symbol vector s=[s(0), s(1),...,s(N-1)]7,
where N represents the number of total symbols including null symbols, is
given by an IFFT operation as s(n)=Y_r"y" S(k)e/>™*/N/\/N,. The PAPR
of s is given by maxo<nzn-1 |s(m)|Y/E[s(n)|?).

Data Sd Pilot S S A2PF

> . . —> IFFT —
source insertion scheme

Hd Channel | Rp
estimation

S R R
od | Data | d FFT
decoding

Fig. 1. Block diagram (without insertion and removal of
guard interval) of OFDM systems with the A2PF
scheme.
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2.2 Transmitted signal from A2PF

The frequency response of the first-order A2PF is given by F(
(e=727k/N ) /(14 ¢*e=727F/N) wwhere ¢ is the filter coefficient. The phase
rotated time domain symbol vector p is obtained by a circular convolution of
the input s with the impulse response vector £ = [£(0), f(1),..., f(N.—1)]"
of the A2PF, where N, is the effective length of the impulse response [5]. To
perform a circular convolution by a linear convolution of the A2PF, cyclic

ej27rk:/N)

prefix (CP) with its length N, greater than N, is placed at the beginning of
s [4]. The s with CP is given as § = [s(N—N,),...,s(N—1),s(0),...,s(N—
D)]*=[5(0),3(1),...,8(N+N.—1)]T. With § as the input of the A2PF, the
output pe = [p(0), ..., 5c(n), ..., pe(N+N.~1)]T is obtained by

pe(n) = 3(n — 1)+cs(n)—c*pe(n—1) (1)

where 5(—1) and p.(—1) are set to zero because their indices correspond
outside to a time domain OFDM symbol. By removing the output of CP,
the time domain symbol vector p = [Pe(Ne), Pe(Ne+1), . . ., Pe(N+N.~1)]T is
transmitted with a guard interval filled with yet another CP to avoid inter-
symbol interference.

2.3 Received signal at receiver
The frequency domain symbol vector R = [R(0), R(1),..., R(N,—1)]* ob-
tained from FFT module in Fig. 1 is given as

R(k) = H(k)F (™M) S (k) + V (k) (2)

where H (k) is the k-th sub-channel response and V' (k) is an i.i.d. complex
additive white Gaussian noise (AWGN). The pilot symbol vector R, =
[Ry(0), Ry(1),..., Ry(N, — 1)]7 embedded in R can be represented as

Ry(l) = Hy() Ep(1)Sp(l) + Vp() 3)

where H,(l), F,(l), Vp(l) of the I-th pilot sub-channel are the channel re-
sponse, the phase rotation by the A2PF, the complex AWGN, respectively.
In (3), the estimate by the least square estimation of the I-th pilot sub-
channel response is given as Hy(l) = R,(1)/S,(l) [4]. The estimate of data
sub-channel response Hy(k), where k = I[(L—1),1(L—1)+1,...,[(L—1)+L—2,
is acquired by the cubic spline interpolation of the adjacent pilot symbols [6].
Due to smooth phase shift of F/(e727™%/N) data sub-channel estimation by the
interpolation can be successfully used. Data symbol Sd(k) is recovered by a
decision metric as following

D= min [Ry(k)— Hy(k)Sa(k)|? (4)
Sa(k)eQ

where R;(k) is the received data symbol and @ is the normalized constella-
tion [7] given for Sy(k).

1635



IEICE Electronics Express, Vol.8, No.19, 1633-1639

3 Newton-Raphson method

The filter coefficient ¢ reducing the PAPR of p is iteratively found by the
Newton-Raphson (NR) method [8]. The cost function is defined as

i) = [pe,(ni)|* = (5)
where ¢; is c at the i-th iteration and n; = arg max,c(n,<p<N4+N.—1} |Pe; (m)|?
is the index of peak power at the i-th iteration and 7 is the scalable target
PAPR. The n; is subject to change during iterations and pg,(n;) is varied
according to ¢;. The |p., (n;)|? is the PAPR at the i-th iteration with the
normalized signal power E[|p.,(n)|?] = E[|3(n)|?] = 1. The coefficient ¢;
satisfying ¢(c;)<0 is sought, since ¢; satisfying such condition leads to PAPR
less than or equal to 1. The ¢; 11 for the given s is updated from ¢; as following

civ1 = ¢; — (¢(ci) /¢ (ci)) (6)
The ¢/(c¢;) is obtained by

RIS

where d;(n;)=0(pe;(ni))/0c; and g;(n;)=0(p;,(ni))/0c;. The functional de-
pendency of continuous ¢; on discrete n; is ignored, so an ad hoc solution is

=D, (ni)di(n:)+Pe; (i) gi(n:) (7)

produced in (7). The recursive equations for d;(n;) and g;(n;) can be obtained
as

di(ni) = 35(n;) —cidi(n; — 1) (8)
gi(ni) = —pe,(ni—1) —cigi(n; — 1) 9)

with the boundary values d;(—1)=g;(—1)=p;,(~1)=0, due to 5(-1)=0 and
Pe;(—1)=0. With i1, Pe;y, (nig1) is updated and new cost is evaluated by
(5). The ¢ is set to zero and then the PAPR is checked whether it satisfies
the target PAPR. If so, (6) is skipped and next OFDM symbol is considered.

The magnitude of the coefficient is confined to |¢;|<A, where 0<A<1, to
ensure that the pole of the A2PF is within a unit circle for stability. If the
magnitude of ¢; 4 is larger than A, ¢;41 is randomly acquired by Ae/®, where
A and ® are uniformly distributed over 0 to A and over 0 to 2w, respectively.
With such A and ®, further iterations are performed.

4 Computational complexity and simulation results

Total number of sub-carriers N is chosen as 64, 512, 2048. Considering
the working range 104 to 1072 of complementary cumulative distribution
function (CCDF) of PAPR falling into approximately 8-9 dB range of PAPR
values, the number of independent phase sequences U=4, 6,8 is considered
for the SLM scheme. The target PAPR n=7.5, 8.5, and 9dB are selected for
the A2PF scheme. The A is set to 0.9 and N,=64 which is much larger than
the maximum N.&3 when |¢;|=0.9.

Computational complexity of the A2PF scheme is compared with those of
the SLM scheme [1] and the partial SLM (P-SLM) scheme [2]. Computational
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complexities of the SLM scheme and the P-SLM scheme are specified in [2].
For the P-SLM scheme, Zg;ll2b’1(N/2b—l)+(U/2) Zl]?:( 201 (N/2-1) complex
multiplications and N [(+U(B— (¢)/2] complex additions are required for B=
logo N and optimal ¢ = B—2. The SLM scheme and the P-SLM scheme
commonly need additional U N complex multiplications to get the peak power
of U phase rotated time domain symbols for 0<n<N-1.

With a single IFFT module of the A2PF scheme, (N/2)log,N complex
multiplications and N logy N complex additions are necessary. From (8) and
(9), the most pessimistic computational complexity of d;(N+ N.—1) and
gi(N+N.—1) per iteration is 2(N.+N) complex multiplications and 2(N.+N)
complex additions with n;,=N+N.—1. A few complex multiplications and
complex additions in (6) and (7) are neglected. For filtering operation in
(1), 2(N.+ N) complex multiplications and 2(N.+ N) complex additions
are required and N complex multiplications to get |pe, (n;)|? are additionally
needed. As a whole, considering the average number of iterations 74y, the
total numbers of complex multiplications and complex additions are given as
(N/2)1logs N+igpe NN HN (tgpetl) and Nlogy N+4igye (NAN), respectively.
Finding |p, (n;)|? over N samples is not considered for computational com-
plexity evaluation. Table I shows the computational complexity reduction
ratio (CCRR) of the P-SLM scheme and the A2PF scheme with respect to
the SLM scheme. The A2PF scheme is comparable to the P-SLM scheme and
computational gain of the A2PF scheme over the SLM scheme is increased
with larger N and/or U.

Fig. 2 (a) shows the CCDF of PAPR. The CCDF value of the A2PF
scheme drops sharply at the target PAPR, because the iteration to find proper
filter coefficient is continued until the target PAPR is achieved. Over the
working range of CCDF 10~* to 1072, the A2PF scheme seems competitive
to the SLM scheme. Fig. 2(b) shows the probability that the PAPR of
an OFDM symbol exceeds the target PAPR n as the number of iterations
increases. Asobserved in the figure, few iterations are needed for most OFDM
symbols. The target PAPR is satisfied within 50 iterations at CCDF level

Table I. CCRR of the P-SLM scheme with SI and the
A2PF scheme without SI with respect to the SLM

scheme.
Type of P-SLM scheme A2PF scheme
complex Parameters ith ST ithout ST
operations wi without
N=64, U=4, n=1.5 dB, i.,,=0.28 58.5% 62.8%
*S N=512, U=6, 1=8.5 dB, is,.=0.56 67.4 % 74.4 %
N=2048, U=8, 1=9 dB, i,.~=1.11 72.4 % 76.7 %
N=64, U=4, =15 dB, i,,=0.28 66.7 % 68.0 %
+s N=512, U=6, 1=8.5 dB, ix.=0.56 75.9 % 78.9 %
N=2048, U=8, =9 dB, ia.=1.11 80.7 % 82.4%

T * and + represent complex multiplications and complex additions .
N=total number of symbols , U=number of phase symbol vectors for SLM scheme ,
n=target PAPR for A2PF scheme, i,,,~average number of iterations for A2PF scheme

C CRR=(1 __ complexity of the given scheme

- )xlOO [%]
complexity of the SLM scheme
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(a) CCDF of PAPR for the SLM scheme and the A2PF scheme.
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(b) Probability that PAPR of an OFDM symbol vector exceeds
the target PAPR n with the A2PF scheme according to the
number of iterations.
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(c) BER performance of the SLM scheme with U = 8 and the
A2PF scheme with n =9 dB.

Fig. 2. PAPR reduction performance and BER perfor-
mance of the A2PF scheme.

1074, Generally, lower i value with fixed N leads to increased i, and larger
N for fixed n value leads to increased iqye.-

Fig. 2 (c) shows the BER performance of the A2PF scheme. Simulations
were performed complying with the digital video broadcasting for terrestrial
(DVB-T) standard [7]: N = 2048, N, = 1705, OFDM symbol duration
= 224 ps, The scattered pilot symbol spacing L = 12. Pilot symbols are
modulated by binary PSK and data symbols are modulated by 64-QAM. The
solid state power amplifier model with nonlinear parameter = 3 and input
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back-off (IBO) = 5dB, 7dB, codB is considered for the nonlinear power
amplifier (NPA) [9]. The oo dB implies no NPA at transmitter. The urban
(TU-6) channel specified in [10] is used for simulations. The A2PF scheme
without SI achieves almost the same performance as that of the SLM scheme
with SI. A little degradation of the A2PF scheme over the SLM scheme with
IBO=5dB is due to erroneous channel estimation with the phase shifted data
symbols.

5 Conclusions

The proposed A2PF scheme without SI leads to PAPR reduction performance
comparable to the SLM scheme with SI for the considered system parame-
ters. Simple channel estimation based on pilot symbols enables Sl-free data
recovery, leading to the BER performance close to the SLM scheme with SI.
Computational gain of the A2PF scheme over the SLM scheme is remarkable
with the system parameters considered.
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