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ABSTRACT

We investigate an optimized blind SeLected Mapping (SLM)
algorithm to reduce the Peak-to-Average Power Ratio (PAPR)
for Orthogonal Frequency Division Multiplexing (OFDM)
systems with Signal Space Diversity (SSD). Several phase
sequences based on two Rotated and Cyclically Q-Delayed
(RCQD) constellations are used at the transmitter to consid-
erably reduce the PAPR. The pair of RCQD constellations
is selected so as to achieve the highest average mutual in-
formation for both the Coded Modulation (CM) and the
Bit-Interleaved Coded Modulation (BICM) schemes. These
constellations also allow, along with Hadamarad sequences,
good blind detection performances with no spectral spoilage.
Simulations totally confirm our theoretical results.

Index Terms— OFDM, PAPR, SeLected Mapping (SLM),
Signal Space Diversity (SSD), Coded Modulation (CM), Bit-
Interleaved Coded Modulation (BICM), Mutual Information.

1. INTRODUCTION

The efficiency and simplicity of OFDM modulation, over
frequency selective channels, make it very attractive for high
throughput communications. Nevertheless, the large PAPR
of OFDM signals constitutes a serious limitation as it can re-
sult on both in-band distortion and out-of-band radiation. To
remedy this issue, several solutions have been proposed such
as SLM, Tone Reservation (TR), Partial Transmit Sequence,
Active Constellation Extension (ACE) and Tone Injection
[1, 2, 3, 4, 5]. The PAPR gain achieved by these methods is
obtained at the price of either a loss of spectral efficiency or
power efficiency, or a the cost of higher complexity [6].

Besides, the authors in [7] show that the transmission
diversity over selective channels can be doubled, by the ro-
tation of an ordinary constellation (i.e. QAM) symbol and
the separate transmission of the interleaved In-phase (I) and
Quadrature (Q) components over independent fading chan-
nels. Thanks to its efficiency [8, 9, 10], some standards have
adopted this technique such as the DVB-T2 standard [11]
which recommends some specific rotation angles to build
the RCQD M-QAM signals [10, 11, 12]. Nevertheless, the
choice of these angles is not unanimous in the literature

[7, 13, 14, 15, 16, 17]. Besides, unlike the case of conven-
tional QAM signals for which DVB-T2 provides two PAPR
reduction methods (i.e. the ACE and the TR algorithms), only
the TR method can be used when RCQD signals are used [11].

The authors in [16] recently proposed a blind SLM tech-
nique for OFDM systems with Signal Space Diversity (SSD);
the transmitter having in its possession an alphabet of possible
phase sequences, known by the receiver, chooses the phase
sequence allowing the lowest PAPR. At the receiver side, the
most likely sequence of rotation angles is estimated to avoid
any spectral loss. This technique is based on two RCQD con-
stellations that [16] proposes to select so as to jointly optimize
the BER and the blind detection performance. In this paper,
we elaborate on [16] to generalize the optimization process to
the case of CM and BICM schemes [18, 21]. We also propose
to use Hadamard sequences for the phase sequences genera-
tion as we show that the Hamming distance between these
sequences impact considerably the system performance.

The rest of this paper is structured as follows. Section II
discusses the system model. Section III presents the optimiza-
tion framework and details our proposal. Simulation results
are presented in Section IV. Section V concludes this paper.

2. SYSTEM MODEL

We now describe the system model depicted in Fig. 1. First,
the user bits are channel encoded; the obtained codeword
is then interleaved in compliance with the CM or BICM
schemes. Then, every consecutiveN (log2(M)) bits are con-
verted into N complex-valued M-QAM symbols as:

s(n) = s1(n) + js2(n), (1)

where s1(n) and s2(n) are respectively the I and Q com-
ponents of s(n). Instead of a unique rotation angle, as
for the traditional RCQD modulation, the proposed trans-
mitter possesses an alphabet of D possible N-length phase
sequences: {P (d), d = 0, 1, · · · , D − 1}, where P (d) =

{θ(d)
0 , θ

(d)
1 , · · · , θ(d)

N−1}. For every phase sequence P (d) and
n in {0, 1, · · · , N − 1}, the transmitter first rotates the QAM
symbol:

x(d)(n) = s(n)ejθ
(d)
n = x

(d)
1 (n) + jx

(d)
2 (n). (2)



Fig. 1. System model; π denotes interleaving at the symbol
level (resp. at the bit level) for CM (resp. BICM).

Thereafter, the transmitter cyclically delays the Q component
x

(d)
2 (n) so that the components x(d)

1 (n) and x(d)
2 (n) experi-

ment independent channels:

z
(d)
f (n) = x

(d)
1 (n) + jx

(d)
2 (n+ ∆T ), (3)

where ∆T is an integer delay.
The transmitter then builds in parallel D OFDM symbols:

z
(d)
t (n) =

N−1∑
k=0

z
(d)
f (k)e

2πnk

N . (4)

Before any transmission, for each phase sequence P (d), the
transmitter computes the corresponding PAPR(d):

PAPR(d) =
maxn=0,··· ,N−1|z(d)

t (n)|2

E(|Z(d)
t )|2

, (5)

where Z
(d)
t = (z

(d)
t (0), z

(d)
t (1), · · · , z(d)

t (N − 1))T and E
denotes the expectation. Finally, the transmitter selects d̃ as:

d̃ = argmin
d=0,1,··· ,D−1

PAPR(d), (6)

and delivers the corresponding OFDM symbol.
Assuming perfect synchronisation [19, 20], the received

signal after Fast Fourier Transform (FFT) can be expressed
as:

y(n) = H(n)z
(d̃)
f (n) + w(n), (7)

where H is a Rayleigh random variable with unit variance
and w is a complex Gaussian noise of variance 2N0. For a
Rayleigh fading model with erasure events, the attenuation
h(n) is zero if an erasure event occurs, as defined in [11].
Then, the receiver reverses the interleaving as :

r(n) = y1(n) + jy2(n−∆T )

= h1(n)x
(d̃)
1 (n) + jh2(n)x

(d̃)
2 (n) + v(n),

(8)

where v(n) and hi with i ∈ {1, 2} have the same statistical
model characteristics as w(n) andH respectively. Thereafter,
one can estimate the index d̃ using the Maximum Likelihood
(ML) criterion as:

d̂ = argmax
d=0,1,··· ,D−1

P (R/P (d)), (9)

where R = (r(0), r(1), · · · , r(N − 1))T .
Finally, the receiver computes the Log-Likelihood Ratio
(LLR) for the mapped bits and, using the deinterleaved LLR
values, the channel decoder then recovers the user bits.

3. OPTIMIZATION FRAMEWORK

With blind SLM techniques, the index d̃ needs to be esti-
mated at the receiver side; hence, limiting the possible phase
rotation angles to a couple of possibilities (i.e. {θ(d)

n ∈
{θ1, θ2},∀(d, n)}) is beneficial as it substantially reduces the
computational complexity.

3.1. Index error probability analysis

Let us define for 0 ≤ d ≤ D − 1 the phase code sequence
C(d) = {c(d)

0 , c
(d)
1 · · · , c

(d)
N−1} as:

c(d)
n =

{
0 if θ(d)

n = θ1

1 if θ(d)
n = θ2.

(10)

Let X(d) be the N-dimensional complex constellation corre-
sponding to the phase code sequence C(d). Using the union
bound, the probability that the index d̂ is decoded when the
index d̃ is used at the transmitter can be upper bounded as:

P (C(d̃) →C(d̂)) ≤ 1

|X(d̃)|

∑
X∈X(d̃)

P (X̃)
∑

X̂∈X(d̂)

P (X̃ → X̂),

(11)
where the independence between components leads to:

P (X̃ → X̂) =

N−1∏
k=0

P (X̃(k)→ X̂(k)), (12)

andP (X̃(k)→X̂(k)) can be upper bounded as follows [7]:

P (X̃(k)→ X̂(k)) ≤ 1

2

2∏
i=1

1

1 +
(X̃i(k)− X̂i(k))2

8N0

. (13)

Obtaining rotation angles by minimizing (11) is quite de-
manding in terms of complexity. Instead, one may rather
minimize the average error probability Pavg between points
in X1 and in X2, where Xi is the constellation obtained by the
rotation of the constellation S by the rotation angle θi.

Pavg(θ1, θ2) =
∑
x∈X1

P (x)
∑
x̂∈X2

P (x→ x̂), (14)



where P (x → x̂) is given by (13). Furthermore, (11) indi-
cates that in order to minimize the index error probability, the
Hamming distance between the phase code sequence C and
C(d̂) should be maximized. Thus, we here propose to use
Hadamard sequences as they allow a high minimum Ham-
ming distance between sets of sequences [23].

3.2. Mutual information optimization

Let us consider X
¯ i

and R
¯

, the random variable vectors that
respectively represent the input and the output of the trans-
mission channel, where i can either be 1 or 2 according to
the chosen rotation angle θ1 or θ2. The mutual information
I(θi) = I(X

¯ i
,R

¯
) can be expressed as [22]:

I(θi) = H(X
¯ i

)−H(X
¯ i
|R
¯
). (15)

The entropy H(X
¯ i

) is maximized for a uniformly distributed
variable and then equals to log2M .
We now derive the expression of H(X

¯ i
|R
¯
) for CM and BICM

schemes.

3.2.1. The CM scheme

The entropy H(X
¯ i
|R
¯
) can be expressed for a CM scheme

scheme as [18]:

H(X
¯ i
|R
¯
) =

∫
r∈C
P (r)

∫
(h1,h2)∈R2

+

H(x|y, h1, h2)P (h1, h2)dh1dh2dr,

(16)
where:

H(x|y, h1, h2)=−
∑
xk∈εi

p(xk|r, h1, h2)log2(p(xk|r, h1, h2)).

(17)

3.2.2. The BICM scheme

Assuming ideal bit interleaving, the second term in (15) can
be developed as [18, 21]:

H(X
¯ i
|R
¯
) =

log2M∑
j=1

H(Bji |R¯
), (18)

where Bji denotes the j-th binary channel; H(Bji |R¯
) can be

expressed as:

H(Bji |R¯
) =−

∫
r∈C
P (r)

∫
(h1,h2)∈R2

+

H(bj |r, h1, h2)(h1, h2)dh1dh2dr,

(19)
where:

H(bj |r, h1, h2) =

−
∑
s=0,1

P (bj = s|r, h1, h2)log2(P (bj = s|r, h1, h2)),

(20)

with:

P (bj = s|r, h1, h2) =
∑
z∈Xj,si

P (z|r, h1, h2), (21)

and Xj,si denotes the set of constellation points Xi whose j-th
bit is s. Finally, P (z|r, h1, h2) can be developed as:

P (z|r, h1, h2) =
P (r|z, h1, h2)P (z)∑

z′∈Xi P (r|z′, h1, h2)P (z′)
, (22)

with:

P (r|z, h1, h2) =
1

2πN0
e

−(r1 − h1z1)2 − (r2 − h2z2)2

2N0 .

(23)

3.3. RCQD constellation preselection algorithm

At the receiver side, a phase sequence error may be catas-
trophic for the system performance. We thus propose to first
preselect all possible rotation angles couple for which the av-
erage error probability (14) is below a predefined threshold:

Ψε = {(α1, α2) ∈]− π, π]2|Pavg(α1, α2) < ε}, (24)

where ε refers to the threshold. A method to select a proper
threshold is discussed in section 4.

As a second step, we need to find, among all the previ-
ously selected couples, the rotation angles (θ1, θ2) that lead
to the highest average mutual information as:

(θ1, θ2) = argmin
(α1,α2)∈Ψε

(
I(α1) + I(α2)

2

)
, (25)

where the mutual information I(αi) presented in (15) is com-
puted using either (16) for the CM scheme or (18) for the
BICM scheme.

4. SIMULATION RESULTS

Fig. 2 presents the Sequence Index Error Rate (SIER) ob-
tained with random sequences and Hadamard sequences
for rotation angles verifying ε1 = min

(α1,α2)
(Pavg(α1, α2)),

ε2 = 2ε1 and ε4 = 4ε1 (see (14)). First, it can observed
that the SIER is rather satisfactory for low SNRs but that the
performance greatly depends on the threshold; the threshold
ε4 may lead to poor performances for a system operating at
Eb/N0 in the range of 10 to 14 dB. Moreover, Hadamard
sequences outperform random sequences in terms of SIER;
thus, for the same SIER performance, the threshold ε can
be relaxed with Hadamard sequences as this leads to a bet-
ter optimization of the rotation angles in (25). Furthermore,
Fig. 3 presents the average mutual information for the BICM
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Fig. 2. SIER comparison between random and Hadamard se-
quences at different thresholds for the 64-QAM.

and CM models for the 64-QAM over Rayleigh fading chan-
nels at Eb/N0 = 13 dB. It can first be observed that a poor
choice of rotation angles may lead to a rate loss of up to 0.12
(resp. 0.16) bit/s/Hz for the BICM (resp. CM) schemes. In
particular, the selected rotation angles with the threshold ε2
outperform the angle currently used in DVB-T2 for the 64-
QAM by about 0.02 (resp. 0.11) bit/s/Hz over the Rayleigh
fading channel without erasure (resp. with 15% of erasure
events). In addition, in contrast to [16], the rotation angle
considerably depends on the system model. Indeed, the opti-
mal rotation angles for the BICM model introduce a rate loss
of about 0.09 bit/s/Hz when used with the CM scheme.

Finally, for the 64-QAM constellation and N = 1024,
Fig. 4 compares the Complementary Cumulative Distribution
Function (CCDF) of the PAPR corresponding to the TR al-
gorithm defined in DVB-T2 [15] (with a clipping threshold
of 7 dB and 16 iterations) with those of the proposed tech-
nique for D = 2, 4, 8, 16. It can be observed that for any
D larger than 2, our proposal achieves a better PAPR reduc-
tion than the TR algorithm. In addition, in contrast to the TR
technique, our proposal avoids any spectral spoilage. Further-
more, compared to the original signal, the proposed method
achieves a 3.7 dB gain for D = 16, and even 4.9 dB when we
combine the TR algorithm and our proposal for D = 8.

5. CONCLUSION

A Blind SLM technique for OFDM systems with SSD was
investigated. A theoretical framework was developed to op-
timally select the two RCQD constellations involved in the
PAPR reduction algorithm. Simulations results confirm that
our proposed technique tremendously reduces the PAPR with-

Fig. 3. Average mutual information as a function of the two
rotation angles for the BICM (left) and the CM (right) models.

out any resource spoilage. In particular, it has been shown that
the selection of a couple of rotation angles that minimizes
the average pairwise error between the two RCQD constel-
lations and the adoption of Hadamard sequences in the con-
struction of phase sequences lead to robust blind detection
performances. In addition, selecting rotated constellations by
maximizing the average mutual information leads to a signif-
icant theoretical improvement compared to the solution cur-
rently used in DVB-T2 for both CM and BICM schemes, es-
pecially over fading channel with erasure. Therefore, our pro-
posed technique is attractive, especially for systems with high
spectral [24] and power efficiencies requirements.
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considered methods for an OFDM system with 1024 subcar-
riers and the RCQD 64-QAM.
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