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Joint BER Optimization and Blind PAPR Reduction
of OFDM Systems with Signal Space Diversity

Tarak Arbi and Benoit Geller

Abstract—This letter deals with a Peak-to-Average Power Ratio
(PAPR) reduction scheme for Orthogonal Frequency Division
Multiplexing (OFDM) systems with Signal Space Diversity. An
original algorithm for the selection of two Rotated and Cyclically
Q-Delayed (RCQD) QAM constellations is proposed to jointly
optimize the Bit Error Rate (BER) and the blind detection per-
formance of a SeLected Mapping (SLM) technique. Simulation
results show that the proposed method achieves a large PAPR
reduction with no spectral spoilage, and also enhances the BER
performance in the case of DVB-T2 over different channels.

Index Terms—Rotated and Cyclically Q-Delayed (RCQD),
Peak-to-Average Power Ratio (PAPR), SeLected Mapping (SLM).

I. INTRODUCTION

In frequency selective fading channels, it is often convenient
to use OFDM as this low-complexity modulation is spectrally
efficient. This can be problematic as the High Power
Amplifier (HPA) usually operates near its saturation region
for efficiency reasons and the transmission may suffer from
in-band distortion and out-of-band radiation.

To face this issue, several solutions have been proposed
in the literature to reduce the PAPR [1]. They can generally
be divided into three main categories: signal distortion
techniques, coding techniques and probabilistic techniques.
The most basic method of the signal distortion techniques is
the clipping technique; it replaces the peaks of the OFDM
signal over a given threshold by a predetermined value at
the price of a BER degradation. Differently, the key idea
of coding techniques consists in choosing a set of code
words with a desirable PAPR; the input data bit blocks
are then mapped into one of the pre-selected code words
with a correction code such as block or cyclic codes, at
the price of spectral efficiency degradation. Finally, several
probabilistic techniques have been proposed in the literature
such as Active Constellation Extension (ACE) [2], Tone
Reservation (TR) [3] and SLM [4]. With the SLM method,
the transmitter generates in parallel several OFDM symbols
representing all the same block of symbols multiplied by
different phase sequences and chooses for transmission the
one with the lowest PAPR. Moreover, TR techniques sacrifice
some given subcarriers so as to transmit an auxiliary signal
obtained by iteratively minimizing the PAPR of the overall
OFDM symbol. ACE methods map the symbols on the outer
boundaries of the original constellation to arbitrary positions
without reducing the minimum distance between the symbols;
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hence, these new degrees of freedom are used to reduce the
PAPR. The PAPR gain achieved by these methods does not
come without a price which may be a loss of the spectral or
power efficiency, or a higher complexity [1]. In particular,
the most penalizing limitation of the ordinary SLM algorithm
is its spectral loss since for each OFDM symbol, the index
of the used phase sequence must be coded and sent to the
receiver; several proposals [5], [6] have thus been suggested
in the literature to consider this issue.

Nevertheless, many of these methods can not be applied
by construction for RCQD signals; indeed, these rotated
constellations can possibly be used in the DVB-T2 standard
[7], as they allow to achieve better performance over fading
channels thanks to an increased Signal Space Diversity (SSD).
The main idea of RCQD [8] is to rotate the conventional
QAM constellation in order to correlate the in-phase (I) and
the quadrature (Q) signals. The resulting I/Q components are
then sent separately on independent channels. The angle at
which the constellation is rotated is a fundamental feature
for the performance gain of the system. In the literature,
optimum angles were found based on several criteria such
as maximizing the product distance between components or
minimizing the average symbol error rate [8]-[10].

The DVB-T2 standard [7] provides a series of rotation
angles and recommends to use one or two PAPR reduction
algorithms simultaneously, (i.e. ACE and TR). However,
ACE cannot be implemented with RCQD signals. In this
letter, the problems of BER optimization and PAPR reduction
for rotated constellations OFDM systems are tackled jointly.
We propose some rotation angles that allow the design of
an efficient Blind SLM algorithm to reduce the PAPR with
good performance in terms of BER; to achieve this goal,
the transmitter having at its disposal an alphabet of several
possible phase sequences, first rotates the original data
according to these sequences and then sends rotated symbols
that have the lowest PAPR. Finally, the receiver is able to
recover, with no spectral loss, the transmitted sequence of
phases by using a high performance soft ML estimator.

The rest of this letter is structured as follows. Section
IT briefly sketches our proposal and discusses the system
model. Section III presents the system performance analysis
and details the proposed Blind SLM method. Some numerical
results are presented in Section IV. Section V concludes the
letter.



II. PROPOSAL OUTLINE AND SYSTEM MODEL

Throughout this letter, uppercase boldface letters denote
sequences of N elements, where NV is the subcarriers number.

A. The transmitter side

A message frame of N (loga(M)) bits is Gray-mapped into
a series S = {s(0),s(1)---,s(N—1)} of M-QAM complex
symbols. The transmitter can choose among an alphabet of D
possible N-length phase sequences: Eé(d), d=0,1,---,D —
1}, where oD = {¢gd),¢§d>, e ,¢>]\‘,i)_1}. Moreover, let Ar
be an integer needed to cyclically delay the Q component. The

transmitter limits the PAPR with the following algorithm:

Algorithm 1 Blind SLM with RCQD signals
Requires: D, <I>(d), S, N and Ar.
for d=0 to D-1 do @
Compute Vn z(?(n) = s(n)ejd)" .
Compute Vn zj(‘.d) (n) = z1(n) + jao(n + Ar).
Compute Z,? = IFFT(Zf(d)) (Inverse FFT).

d
mazn—o,. n-1]2" ()

E(|Z:'D)[?

2
Compute PAPR(d) = |

end for

Compute d = argmin PAPR(d).

d=0,1,-+-,D—1
Transmit Zt(d)

Note that in order to reduce the complexity at the receiver
side, the number of possible rotation angles in the phase
sequences is limited to two (i.e. {qbsld) € {¢1,02},Y(d,n)}).
Furthermore, to possibly avoid any prohibitive transmission
delay, several IFFT blocks may be implemented in parallel and
the algorithm may be stopped at a given satisfying threshold.

B. The receiver side

The receiver performs a Fast Fourier Transform (FFT) of the
received signal and an inverse Q-delay to recover the received
1/Q components of a symbol z(?(n), which can be written

as:
{yl(n) = h1(n)z{? (n) + vy (n),
ya(n) = ha(n)2? (n) + va(n),

where hji(n) and ha(n) are Rayleigh random variables and
represent the channel attenuations at time n and n + Dp
respectively, and v(n) = v1(n)+ jva(n) is a complex additive
noise, where v;(n) and wvy(n) are independent zero-mean
Gaussian variables of variance Ny. For a fading channel
model with erasure events [7], if a component is erased the
corresponding channel attenuation is equal to zero.

Finally, the ML receiver recovers the transmitted symbols
such as:

(1

S = P(Y/®'%, S, H), 2)

argmax
d=0,1,---,D—1|S€SN

where S denotes the estimated symbols, S is the set of possible
symbols and Y (resp. H) refers to the received symbols (resp.
the channel attenuations). Rotation angles ¢; and ¢ have a
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Fig. 1. Rotated constellations X1 and Xo for the 64-QAM signal

great influence on the receiver performance in (2) and must be
carefully selected (see Fig. 1); the main purpose in the sequel
of this letter is thus to investigate their impact on the overall
performance and to propose a criterion to select these angles
in section IIL

III. PERFORMANCE ANALYSIS AND PROPOSED BLIND SLM
TECHNIQUE WITH SSD

Performing the detection according to (2) is equivalent
to the recovery of the phase sequence index using a soft
ML algorithm followed by the separate estimation of the
N transmitted symbols. The following subsections study the
probability of making an error at each of these two steps.

A. Performance analysis

1) Sequence Index Error Rate analysis: To reduce the
Sequence Index Error Rate (SIER), for classical constellations,
the Euclidean distance between points in X; and in X5, where
X, is the rotated constellation obtained with the angle ¢; is
maximized in [5]; however, by nature of the RCQD signal, this
criterion is not effective [8]. Moreover, due to the high Signal-
to-Noise Ratio (SNR) approximation and the high kissing
number [8], selecting angles by maximizing the so-called prod-
uct distance may lead to sub-optimal performances. Instead,
in order to minimize the SIER, we propose to minimize the
average error probability P,,, between points in constellations
X1 and Xy (see Fig. 1):

Pavg(¢1,02) = Y P(x) Y Plz = ). 3)
reXy T€Xs
P(z — &) can be expressed as:
P(x — &) =p* + (1 —p)*P"%(z — 1)

2 4)
fpl-p) Y Pia o),
=1



where P12(z — ) (resp. P'(z — %)) is the pairwise error
probability when both components are received (resp. when
only the i-th component is received) and p denotes the erasure
probability.

Furthermore, similarly to [8], we obtain the following upper
bounds:

L2 N = 1
8N
Pile—sd)<i— L (©)
- 21+ ((,CZ‘—.QA?%)2
8N,

2) Bit error probability: Beyond phase sequence estima-
tion, the angles choice also considerably influence the BER.
Assuming a correct index estimation, the bit error probability
can simply be developed as:

2

Py(d1,62) = > P(¢:) Po(0s), (7

i=1

where P(¢;) and P,(¢;) are respectively the probability of
using the angle ¢, and the bit error probability when the angle
¢; is chosen; we then have the following upper bound:

1
Py(d;) <
o(¢i) < loga M

> Px) Y dy(x,#)Plx —2), (8)

zeX; ZEX;

where P(x — ) is given in (4)-(6) and dy (x, %) is the Ham-
ming distance between the binary representation of symbols x
and Z. It is worth mentioning that differently from (3), as we
aim at minimizing the BER for a given rotated constellation,
and & now belong to the same rotated constellation X; where
1 can either be 1 or 2.

B. Proposed Blind SLM Technique with SSD

1) RCOD constellations preselection: In order to design
a robust system, the chosen couple of angles must drive to
a low SIER, and several pairs of angles may satisfy this
condition; thus, we propose to choose among the candidate
rotation angles pairs, the couple which gives the best BER
performance. This selection process can be formulated as:

(¢15¢2) = a’rgmin Pb(ﬁlvﬂ2)7 (9)
(B1,B2)€X

where the set X, given by:

Ee = {(51752) 6] - 7Ta7r[2|Png(ﬂlaﬂQ) S 6} (10)

must be as large as possible and e refers to a threshold.
A method to choose properly this threshold is discussed in
section IV.

We finally mention that in order to generate an efficient PAPR
reduction algorithm, the angles ¢; and ¢ should be quite
different. Thus, in our simulations, the angles 3; and [, that
are separated by less than 7/2 were not considered in X..
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Fig. 2. Pavg(B1,B2) for the 64-QAM constellation

Define

index estimator: the
phase code sequence as
,cg\g,lll} where 0 < d < D —1

2) Soft ML phase
equally-balanced  binary

d)y (d
C = {cf0 -
and:

(1)

Using the ML criterion, the receiver has to find the phase
sequence such as:

d = argmax P(Y|CY H). (12)
0<d<D-1
Using the Max-Log approximation, we then obtain:
) N1
d = argmax Z Ay, (13)
0<d<D-1/7%
where A9 and A} are given by:
Ay = min_|y(n) — hi(n)ar = jha(n)aof*  (14)
a=a1+jaz€Xy
Al = min ly(n) — hi(n)ay — jha(n)as|®.  (15)

a=a1+jaz€Xa

The ML estimator is theoretically based on an exhaustive
search. The ML estimation thus requires at most SN M real
multiplications and N (60 + D) — D real additions (see equa-
tions (13)-(15)). This complexity cannot be neglected for large
constellations or/and subcarriers number; in this case, it is
worth mentioning that in the literature several algorithms, such
as the hard ML estimator [5] and a 2-step estimation technique
based on a Viterbi algorithm followed by a verification and
a correction step [11] have already been proposed and can
be used to reduce the computational complexity of the blind
SLM phase sequence estimation. As displayed in the following
section, they allow to obtain similar BER performance when
compared to the full-complexity ML estimation.

IV. NUMERICAL RESULTS
A. Angles preselection

Fig. 2 presents results on Pg,q(531,02) (see (3)) for the
64-QAM constellation at a reference Ej,/Ny = 13 dB. It
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Fig. 3. SIER comparison at different thresholds for the 64-QAM over the
Rayleigh fading channel without any erasure

TABLE I
PROPOSED ANGLES FOR THE RAYLEIGH FADING CHANNEL
WITHOUT ERASURE

BER

—P—64-QAM, Ideal RSI
— © —64-QAM, blind detection
—-8-—64-QAM, Hard ML estimation

10°3 || —<4— 16-0AM, Ideal RS b . !
— & —16-QAM, blind detection \
16-QAM, Hard ML estimation %
—%— 4-QAM, Ideal RSI \‘»
4-QAM, blind detection \1

—-¥-—4-QAM, Hard ML estimation

104 I | I
0 5 10 15 20 25

E./Ng

Fig. 4. BER comparison between the ideal RSI, the proposed method and
the hard ML estimation over the Rayleigh channel without any erasure

4-QAM | 16-QAM | 64-QAM | 256-QAM
b1 27.5° 21.2° 15.5° 15.4°
[ -117.5° 159.1° 164.3° -105.5°
Ey/No 6 dB 9.5 dB 13 dB 17 dB

— P = Proposed angles, p=0

can be observed that several couples of angles achieve good
performances, whereas numerous couples of rotation angles
must be avoided. Hence a proper threshold in (10) should be
carefully chosen. Fig. 3 compares, over the Rayleigh fading
channel with D = 8 and N = 256, the SIER obtained through
a Monte-Carlo simulation where d is evaluated with (13) for
randomly selected angles verifying Pu,q(81,52) = € at the
border of ¥, ( = 1,2,4). It can be noticed that, among
the considered thresholds, only €1 = min(Pyyq(51,0H2)) and
€2 = 2min(Pyyq (61, B2)) lead to a low SIER, for a system
operating at Ej, /Ny = 13 dB. Therefore, one should rather
choose the threshold e; as it allows to obtain a larger set
Y, (see (10)) and thus a better BER performance. We then
select with (9) the best couple of angles in terms of BER at
the reference E},/Ny and this process can be realized for any
constellation (see Tables I and II).

B. System performance

Fig. 4 makes a comparison between the proposed method
and the case where the receiver has an ideal Receiver Side In-
formation (RSI) knowledge of the transmitter phase sequence

TABLE II
PROPOSED ANGLES FOR THE RAYLEIGH FADING CHANNEL
WITH 15% OF ERASURE EVENTS

7-QAM | 16:QAM | 64-QAM | 256-QAM
1 257 14.8° 6.3° 34
B2 11417 | 169.9° 172.9° 176.3°

Ey/No | 85dB | 135dB | 185dB 24 dB

—O— DVB-T2, p=0
—-¥-=q, p=0
— © - Proposed angles, p=0.15

BER

104k —#— DVB-T2, p=0.15 4
—-A-=, p=0.15

105 ¢ 3

106 ‘ :

12 13 14 15 16 17 18 19 20 21
Eb/NO

Fig. 5. BER comparison for the 64-QAM over Rayleigh fading channels with
and without erasures

index, over the Rayleigh fading channel without erasure for
N = 256 and D = 8 and for the angles chosen in Table
I. It can be observed that there is roughly no difference
between the soft ML estimator and the ideal method, which
illustrates that our blind proposal avoids any index sequence
transmission spoilage. Additionally, it can be observed that the
low-complexity hard ML estimator [5] achieves, for moderate
to high SNR, a near optimum performance. Furthermore, Fig.
5 compares the BER, obtained for the DVB-T2 [7] system
with a 64800-bit long LDPC code of rate 4/5 with 25-iteration
min-sum decoding, between the proposed angles (see Tables I
and II) and the angle currently used in DVB-T2 for 64-QAM.
The performance of the proposed angles over Rayleigh fading
channels without erasure is slightly better than that obtained
with the angle currently used in DVB-T2. Moreover, for the
Rayleigh fading channel with 15% of erasure, the proposed
angle outperforms the BER obtained with the angle used in
DVB-T2 by roughly 1 dB. Similar results are obtained for



other configuration parameters and other angles of the state
of the art. In particular we find that at BER = 1075, our
proposal achieves a 0.4 dB (resp. 7 dB) gain in BER compared

1++/5
to the performance of the angles o = attm(i) [8]

over the Rayleigh channel without erasure (resp. with 15%
of erasure).

Finally, Fig. 6 compares the PAPR reduction performance of
the proposed algorithm with the clipping scheme (with preset
clipping level at 75% of the maximum of the original OFDM
symbols), the Tone Reservation algorithm defined in DVB-T2
[7] (with a clipping threshold of 7 dB and 10 iterations), and
the theoretically optimal Partial Transmit Sequence (PTS) [12]
(with S = 16 sub-blocks and rotation angles {0, 7}), for the
64-QAM constellation and N = 1024.

First, we observe that the PAPR reduction performance of
our proposal improves as D increases (e.g. 3.7 dB gain with
D = 16). Furthermore, it can be observed that for any D > 2,
our proposal clearly achieves a better PAPR reduction than
that of the TR algorithm.

The clipping scheme achieves a poorer PAPR reduction
performance than that of our proposal for D > 4. This per-
formance could be improved with a lower clipping threshold;
nevertheless, contrarily to our proposal, the associated BER
performance would then be even more deteriorated.

Besides, when we combine the TR algorithm and our
proposal for D=8, we obtain roughly the same performance
as the optimal PTS (about a 5 dB gain). However, the optimal
PTS requires, in addition to a large side information, a high
exponential complexity in S at the transmitter side; therefore,
many extensions of the original PTS algorithm with subopti-
mal PAPR reduction performance have been proposed in the
literature [13] but the associated PAPR reduction can seriously
be degraded. In contrast to the PTS and the TR algorithms,
besides that the complexity of our proposal is lower at the
transmitter side but larger at the receiving end, our Blind SLM
proposal avoids any spectral spoilage.

Finally, it must be enhanced that beyond the capability of
the PAPR reduction itself, when choosing a PAPR reduction
method, other criteria need to be considered in order to meet
the requirements of the communication system, such as the
BER performance, the spectral efficiency and the computa-
tional complexity [1]; by design, our proposal inherently takes
into account all these issues: the BER is enhanced, there is
no spectral loss and the PAPR improvement can be chosen
according to a reasonable complexity trade-off at the receiver
side.

V. CONCLUSION

An original method to reduce the PAPR is proposed for
OFDM signals with rotated constellations. It is based on two
sets of symbols belonging to two rotated constellations with
two different angles. At the transmitting side, among several
possible phase sequences, the best signal in terms of PAPR
reduction is transmitted. To avoid any spectral efficiency loss,
the receiver must estimate the transmitted phase sequence.
Simulations results show the importance of the rotation angles
choice and the efficiency of the detection algorithm. They

102 — — — Ordinary
—<t —D=2
D=4
D=8
—$-—D=16
—©O— Clipping
—-%-—Tone Reservation
—-P-—TR and D=8 jointly
—>*— Optimal PTS

Pr(PAPR > 7)

10° ¢

104 . . .

Fig. 6. PAPR reduction performance comparison between the considered
methods for an OFDM system with 1024 subcarriers and the RCQD 64-QAM

also underline the great impact of the proposed method on
the reduction of the PAPR, as well as the BER improvement.
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