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ABSTRACT This paper proposes a cyclic shifted layer asymmetrically clipped optical orthogonal frequency
division multiplexing system (CS-LACO-OFDM) for optical wireless communications. The transmitted
signal in CS-LACO-OFDM is generated by combining the signal of the first layer and signals of the
remaining L-1 layers with cyclic shift equivalents, where L is the number of the CS-LACO-OFDM layers.
In particular, the sets of cyclic shift value in CS-LACO-OFDM are modulated on the odd subcarriers of
the first layer with complex-valued symbols. Information on cyclic shift sets can be easily detected with
the help of modulated symbols conveyed in the first layer without increasing the receiver complexity.
Simulation results show that the CS-LACO-OFDMhas a similar peak-to-average power ratio performance as
LACO-OFDMwith separate selective mapping schemewhen the number of candidate signals is the same but
at remarkably low computational complexity. Furthermore, the average bit error rate of CS-LACO-OFDM
over all layers is minimized by the proposed optimal optical power allocation.

INDEX TERMS Hybrid modulation, peak-to-average power ratio, cyclic shift, visible light communication,
layer asymmetrically-clipped optical orthogonal frequency division multiplexing.

I. INTRODUCTION
Compared with conventional radio frequency wireless com-
munication system, orthogonal frequency division multiplex-
ing (OFDM) based optical wireless communication (OWC)
system is perceived as a promising technology that has
numerous advantages, such as no electromagnetic interfer-
ence, license-free spectrum, and high privacy protection [1].
The transmitted signals of OWC have to be real and unipolar
owing to the inherent nature of an optical light emitting
diode (LED) transmitter. To meet this criterion, pulse ampli-
tude modulated discrete multitone (PAM-DMT), asymmet-
rically clipped optical OFDM (ACO-OFDM), flip OFDM,
direct current-biased optical OFDM (DCO-OFDM) have
been extensively discussed in the literature [2]–[6]. However,
these schemes have some drawbacks. DCO-OFDM increases
the transmitted optical power because of the introduction
of DC-bias. Although PAM-DMT and ACO-OFDM achieve
higher optical power efficiency than DCO-OFDM, the spec-
tral efficiency is sacrificed by half. Moreover, flip OFDM
transmits the positive and negative components of real bipolar
OFDM signals over two frame durations at the cost of an
additional transmission delay.
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Layer ACO-OFDM (LACO-OFDM) has been recently
proposed for OWC systems, which combine different lay-
ers of conventional ACO-OFDM with different subcarri-
ers [7]–[12]. Although LACO-OFDM enhances the spectral
efficiency without adding DC-bias, LACO-OFDM contin-
ues to suffer from the non-linear signal distortion of LED
because of the presence of a high peak-to-average power
ratio (PAPR). The high PAPR problems have been addressed
by numerous PAPR reduction schemes for OFDM-based
OWC systems [13]–[20]. However, these PAPR reduction
schemes may be unsuitable for LACO-OFDM because of
the specific superimposed properties of transmitted signals.
The majority of these methods also require high computa-
tional complexity. To the best of the author’s knowledge,
the design of the low-PAPR transmitter with low complexity
for LACO-OFDM has yet to be addressed sufficiently.

Inspired by the joint design of low-PAPR and low-
complexity in a LACO-OFDM system, a cyclic shifted
LACO-OFDM (CS-LACO-OFDM) is proposed for OWC.
At the transmitter side of the CS-LACO-OFDM, the signal
with the lowest PAPR is chosen to be transmitted from the
combination of the signal of the first layer and the signals
of the remaining L-1 layers with cyclic shift equivalents.
In particular, the sets of cyclic shift value in CS-LACO-
OFDMare encoded into binary bits andmodulated on the odd
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FIGURE 1. Transmitter and receiver of CS-LACO-OFDM.

subcarriers of the first layer with complex-valued symbols.
At the receiver, the CS-LACO-OFDM symbols on the first
layer are first demodulated as in LACO-OFDM, and the
information on cyclic shift sets can also be detected with
the assistance of the modulated symbols transmitted in the
first layer. Thereafter, the CS-LACO-OFDM symbols on the
remaining high L-1 layers can be demodulated layer-by-layer
without increasing the receiver complexity. The main contri-
butions of the CS-LACO-OFDM system are listed as follows.

1) In terms of the optical modulation for OWC sys-
tems, this is the first joint design of the low-PAPR and
low-complexity in a LACO-OFDM system.

2) Compared with the SLM-based scheme that was
applied to each layer of LACO-OFDM, CS-LACO-OFDM
achieves considerable PAPR reduction performance, but at
substantially low computational complexity. Furthermore,
the CS-LACO-OFDMsystem has the same receiver complex-
ity as that of LACO-OFDM.

3) We also propose the optimal optical power allocation to
improve the detection performance of the sets of cyclic shift
and minimize the average bit error rate of CS-LACO-OFDM
over all the layers.

II. PROPOSED CS-LACO-OFDM
This section illustrates the transmitter architecture, receiver
architecture, optimal optical power allocation, and complex-
ity analysis in detail.

A. TRANSMITTER ARCHITECTURE OF CS-LACO-OFDM
The upper part of Fig. 1 illustrates the block diagrams of
the CS-LACO-OFDM transmitter. Similar to LACO-OFDM,

CS-LACO-OFDM divides the modulated symbols into
L single-layer ACO-OFDM modulators, where each
ACO-OFDM modulator transforms the frequency-domain
ACO-OFDM symbols into the clipped time-domain
ACO-OFDM signals by applyingN -point inverse fast Fourier
transform (IFFT) operations with Hermitian symmetry and
asymmetrically clipping. In general, we assume that the
ACO-OFDM symbols of the lth layer are independently
chosen from the QAM constellation M (l) with zero mean
and variance of σ 2. Therefore, the time-domain ACO-OFDM
signals of the lth layer is provided as follows:

x(l)ACO,n =
1
√
N

N−1∑
k=0

X (l)ACO,ke
j2πnk/N , 0 ≤ n ≤ N−1, (1)

where 1 ≤ l ≤ L,X (l)ACO,k =

(
X (l)ACO,N−k

)∗
and X (l)ACO,k

is the kth subcarrier in the lth layer. In CS-LACO-OFDM,
the modulated subcarriers for the lth layer are provided as
follows:

X(l)ACO =

{
X (l)ACO,k , k = �l

0, otherwise,
(2)

where �l =
{
2l−1, 3× 2l−1, 5× 2l−1, . . . ,N − 2l−1

}
denotes the sets of Layer l subcarriers carrying data.
As shown in [10], x(l)ACO,n is a real-valued bipolar signal that
has an anti-symmetry as follows:

x(l)ACO,n = −x
(l)
ACO,n+N

/
2l
, 0 ≤ n ≤ N

/
2l − 1. (3)
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In addition, the variance of x(l)ACO,n for the lth layer is provided
as follows:

E
[∣∣∣x(l)ACO,n∣∣∣2] = σ 2

/
2l . (4)

Thereafter, the negative amplitude of x(l)ACO,n has to be
clipped to produce unipolar signals, which are suitable
for transmission in optical wireless channel. The gener-
ated unipolar signals for the lth layer are denoted as
follows:

x(l),cACO,n =
1
2

(
x(l)ACO,n +

∣∣∣x(l)ACO,n∣∣∣) =
{
x(l)ACO,n, x(l)ACO,n ≥ 0

0, x(l)ACO,n < 0.

(5)

Compared with LACO-OFDM, the transmitted signal in the
CS-LACO-OFDM is obtained by combining the clipped
Layer 1 ACO-OFDM signal and the cyclic shift version of
the clipped Layer l (l ≥ 2) ACO-OFDM signal. Therefore,
the vth combined CS-LACO-OFDM signal can be obtained
as follows:

tv,n = ρ(1) · x
(1),c
ACO,n +

L∑
l=2

ρ(l) · x(l),c
ACO,n−τ (l)v

, (6)

where 0 ≤ v ≤ V − 1, ρ(l) is the optical power allocation
factor to the lth layer and τ (l)v is the cyclic shift in the
Layer l ACO-OFDM of the vth transmitted signal. The lth
layer ACO-OFDM signal with cyclic shift τ (l)v is defined as
follows:

x(l),c
ACO,n−τ (l)v

= [x(l),c
ACO,τ (l)v

, . . . , x(l),cACO,N−1, x
(l),c
ACO,0, . . . , x

(l),c

ACO,τ (l)v −1
]. (7)

The current study denotes τv =
{
0, τ (2)v , τ

(3)
v , . . . , τ

(L)
v

}
as a cyclic shift set for the vth transmitted signal. The
CS-LACO-OFDM signal with the lowest PAPR among the
V alternative cyclic shift sets is determined and transmitted
as follows:

v̂ = arg min
0≤v≤V−1

PAPR
(
tv,n
)
, (8)

where PAPR of tv,n in CS-LACO-OFDM is defined as
follows:

PAPR
(
tv,n
)
=

max
0≤n≤N−1

∣∣tv,n∣∣2
E
[∣∣tv,n∣∣2] . (9)

Lastly, the transmitted signal suffers from the double-sided
clipping of LED, where the resultant signal is provided as
follows:

tv̂,n =


vupper , tv,n ≥ vupper
tv̂,n, vton < tv,n < vupper
vton, tv,n ≤ vton,

(10)

where vupper and vton denote the maximum permissible
and turn-on voltages, respectively. In a CS-LACO-OFDM
system, the V cyclic shift sets have to be modulated to
complex-valued symbols based on the selected constellation
and assigned thereafter on the odd subcarriers of the first
layer. The number of required odd subcarriers is calculated as
Ncyclic =

⌈
log2 V

/
log2M

(1)
⌉
, where dκe is the ceiling func-

tion that gives the smallest integer ≥ κ, and M (1) is the con-
stellation set of the first layer. Evidently, CS-LACO-OFDM
only requires the Ncyclic subcarriers of the first layer to indi-
cate the selected signal without losing considerable spectrum
efficiency. Accordingly, the modulated subcarriers of the first
layer are modified as follows:

X(1)ACO

=

{
S(1)ACO,k , k = 1, 3, . . . , 2Ncyclic − 1

X (1)ACO,k , k = 2Ncyclic+1, 2Ncyclic+3, . . . ,N/2−1.

(11)

B. RECEIVER ARCHITECTURE OF CS-LACO-OFDM
The proposed receiver architecture of CS-LACO-OFDM is
illustrated in the bottom part of Fig. 1. The received elec-
trical signal is obtained from the output of photodiode and
is expressed as rv,n = hn ⊗ tv̂,n + wn, where hn is the
channel impulse frequency, ⊗ denotes the circular convo-
lution, and wn is time-domain AWGN noise with a zero
mean and a variance of σ 2

w. After removing the cyclic prefix
and applying N -point FFT on the received electrical sig-
nal, the resulting frequency-domain symbols are obtained
as Rv,k = HkTv,k +Wk , where Hk is the channel frequency
response of the kth subcarrier. Based on the fact that the
clipping noise of Layer 1 ACO-OFDM only impacts even
subcarriers, the Layer 1 ACO-OFDM symbols could be first
estimated using the odd subcarriers of Rv,k :

Ŷk = arg min
Xk∈M (1)

∣∣∣∣2Rv,kHk
− Xk

∣∣∣∣
=

{
Ŝ(1)ACO,k , k = 1, 3, . . . , 2Ncyclic − 1

X̂ (1)ACO,k , k = 2Ncyclic+1, 2Ncyclic+3, . . . ,N/2−1,

(12)

whereM (1) is the constellation set of the Layer 1ACO-OFDM
symbols. As shown in (12), before demodulatingACO-OFDM
symbols in the high layer, we should compensate the cyclic
shift of each layer based on the estimated symbol Ŝ(1)ACO,k .
It means that information on cyclic shift sets can be easily
detected with the help of modulated symbols conveyed in the
first layer without increasing the receiver complexity. Subse-
quently, the time-domain regenerated Layer 1 ACO-OFDM
signals x̂(1),cACO,n are obtained using equations (1) and (5). The
channel frequency response could be obtained through chan-
nel estimation and is assumed to be a perfect estimation in
this paper. Accordingly, the estimated Layer 2 ACO-OFDM
signals can be obtained by subtracting the time-domain regen-
erated Layer 1 ACO-OFDM signals from the received signals
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with the channel compensation:

x̃(2),cACO,n

= rv,n − ρ(1)x̂
(1),c
ACO,n

= tv̂,n + wn − ρ
(1)x̂(1),cACO,n

= ρ(1) · x(1),cACO,n +

L∑
l=2

ρ(l)x(l),c
ACO,n−τ (l)v +τ

(l)
v̂

− ρ(1)x̂(1),cACO,n+wn

= ρ(1)
(
x(1),cACO,n − x̂

(1),c
ACO,n

)
+

L∑
l=2

ρ(l)x(l),c
ACO,n−τ (l)v +τ

(l)
v̂

+ wn

= ρ(1)c(1)ACO,n +

L∑
l=2

ρ(l)x(l),c
ACO,n−1(l)v̂

+ wn, (13)

where c(1)ACO,n =

(
x(1),cACO,n − x̂

(1),c
ACO,n

)
and1(l)v̂ = τ

(l)
v − τ

(l)
v̂

denotes the estimation error of the Layer 1 ACO-OFDM sym-
bol and cyclic shift of the lth layer. After applying theN -point
FFT operation on (13), we could obtain the frequency-domain
Layer 2 ACO-OFDM symbols as follows:

X̃ (2),cACO,k

=
1
2
ρ(2)X (2)ACO,ke

j2πk1l /N +
1
2
ρ(2)I (2)ACO,ke

j2πk1l /N

+U (l)
ACO,k + ρ

(1)C(1)ACO,k +WACO,k , (14)

where I (2)ACO,k ,U
(l)
ACO,k ,C

1
ACO,k ,WACO,kdenote the clipping

noise of the Layer 2 ACO-OFDM symbol, frequency-domain
interference from the high layer of the ACO-OFDM symbols,
estimation error of the Layer 1 ACO-OFDM symbol, and
AWGN noises, respectively, which are provided as follows:

I (2)ACO,k =
∑N−1

n=0

∣∣∣x(2)ACO,n

∣∣∣ · e−j2πkn/N , (15)

U (l)
ACO,k =

∑N−1

n=0

(
L∑
l=3

ρ(l) · x(l),cACO,n−1l

)
· e−j2πkn/N , (16)

C1
ACO,k =

N−1∑
n=0

c(1)ACO,n · e
−j2πkn/N , (17)

At high SNR, c(1)ACO,n ≈ 0 and 1l = 0, Equation (14) could
be further simplified as follows:

X̃ (2),cACO,k ≈
1
2
ρ(2)X (2)ACO,k +

1
2
ρ(2)I (2)ACO,k +WACO,k . (18)

where U (l)
ACO,k = 0 depends on the fact that the carriers

used in each ACO-OFDM layer do not overlap, and the
demodulation of the low layer is unaffected by the high
layers. Therefore, the Layer 2 ACO-OFDM symbols could
be estimated as follows:

X̂ (2)ACO,k = arg min
Xk∈M (2)

∣∣∣2X̃ (2),cACO,k − Xk
∣∣∣ , (19)

where k ∈ �2 = {2, 6, . . . ,N − 2} and M (2) is the constel-
lation set of the Layer 2 ACO-OFDM symbols. Thereafter,

the ACO-OFDM symbols in the high layers could be esti-
mated successively in similar fashion as follows:

X̂ (l)ACO,k = arg min
Xk∈M (l)

∣∣∣2X̃ (l),cACO,k − Xk
∣∣∣ , k ∈ �l . (20)

C. OPTIMIZATION OF THE OPTICAL POWER ALLOCATION
In CS-LACO-OFDM systems, each layer can modulate dif-
ferent subcarriers with different optical power allocation.
Without loss of generality, we assume that each layer uses the
same modulation schemes, the constellation sets of which are
denoted as M (l) = M , 1 ≤ l ≤ L. As derived in [12], BER
of the Layer 1 ACO-OFDM symbols is given as follows:

B1 =
4
(√

M − 1
)

√
M log2 (M)

Q

(√
3

M − 1
·
Es,1
No

)
, (21)

where Es,1
/
No is the electrical energy-per-bit to noise power

spectral density of the Layer 1 ACO-OFDM symbols. Thus,
BER of the Layer 2 ACO-OFDM symbols could be derived
as follows:

B2 = B1 · B2|1̄ + (1− B1) · B2|1

= B2|1 + B1
(
B2|1̄ − B2|1

)
, (22)

where B2|1 and B2|1̄ denote the conditional probability of
the Layer 2 ACO-OFDM signals error, given that Layer
1 ACO-OFDM signals have been demodulated successfully
and wrongly, respectively. In general, B2|1̄ and B2|1 could be
small under high SNR. Thus, Equation (22) is approximately
obtained as follows:

B2 ≈ B2|1 =
4
(√

M − 1
)

√
M log2 (M)

Q

(√
3

M − 1
·
Es,2
No

)
. (23)

BER of the high layer ACO-OFDM symbols relies on the
estimation of the low layers. Thus, the BER performance of
the lth layer ACO-OFDM is obtained as follows:

Bl ≈ Bl|1∼l−1 =
4
(√

M − 1
)

√
M log2 (M)

Q

(√
3

M − 1
·
Es,l
No

)
. (24)

Given the Hermitian symmetry on the lth ACO-OFDM, only
theN

/
2l+1 subcarriers are used tomodulate theACO-OFDM

symbols. Thus, the overall average BER for the L layers is
expressed as follows:

Bavg =

L∑
l=1

N
2l+1
· log2M · Bl

L∑
l=1

N
2l+1
· log2M

. (25)

The object of this study is to find the optimal optical power
allocation on each layer to minimize the average BER perfor-
mance as follows:{

ρ(1), ρ(2), . . . , ρ(L)
}
= arg min

ρ(l),1≤l≤L
Bavg,

subject to E
[
tv,n
]
= 1. (26)
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The average BER performance is highly relevant to optical
power allocation, side information detection, and adopted
modulation constellation set. The electrical power of the
Layer l clipped ACO-OFDM signals has been verified and
calculated as follows:

E
[∣∣∣x(l),cACO,n

∣∣∣2] = σ 2
/
2l+1. (27)

Moreover, the optical power of the Layer l ACO-OFDM
signals is also easily proven as follows:

E
[
x(l),cACO,n

]
= σ

/(√
2l ·
√
2π
)
. (28)

The minimal average BER performance can be achieved on
the bases of these observations, in which each subcarrier
of the lth layer should have equal electrical power. Thus,
the optical power allocation to the lth layer ACO-OFDM
signals can be derived as follows:

ρ(l) =
1(√
2
)l−1 · 2

(√
2
)L
−

(√
2
)L+1

2
(√

2
)L
− 2

. (29)

D. ANALYSIS OF COMPUTATIONAL COMPLEXITY
On the basis of Equation (6), the candidate signals of
a CS-LACO-OFDM system are constructed in the time
domain, while the conventional SLM (CSLM) scheme gen-
erates the candidate signals in the frequency domain. For
a fair comparison, we analyze the overall computational
complexity in terms of the number of real multiplica-
tions and real additions required in the time-domain and
frequency-domain operations. Moreover, we exclude the
computational complexity of calculation of PAPR because
all schemes have the same complexity. Given that the
number of candidate signal is V , we assume that Layer
1 ACO-OFDM signal is unchanged and Layer l(l ≥ 2)
ACO-OFDM signal is multiplied component-wise with the
same phase sequence when the CSLM scheme is applied
to the CS-LACO-OFDM system. Therefore, the CSLM
scheme requires the VL IFFT operations with the V candidate
signals. Each N -point IFFT notably needs the 2N log2 N
real multiplications and 3N log2 N real additions. More-
over, the additional (L − 1)N real additions are needed
to combine the L-Layer ACO-OFDM time-domain signals.
Therefore, the total computational complexities required
in the CSLM scheme are 3VLN log2 N + V (L − 1)N
real additions and 2VLN log2 N real multiplications,
respectively.

A CS-LACO-OFDM system only needs the L IFFT oper-
ations to generate the L-Layer ACO-OFDM signals and
requires (L − 1)N real additions to combine all L-Layer
time-domain ACO-OFDM signals. Therefore, the total com-
putational complexities required in CS-LACO-OFDM are
3LN log2 N+V (L − 1)N real additions and 2LN log2 N real
multiplications, respectively. To explain the improvement
on the computational complexity by the CS-LACO-OFDM

system, we define the computational complexity reduction
ratio (CCRR) as follows:

CCRR

=

(
1−

complexity of the CS-LACO-OFDM
complexity of the conventional schemes

)
×100%.

(30)

We can easily obtain CCRR regarding real multiplications
and real additions, denoted by CCRRrm and CCRRra, respec-
tively, as follows:

CCRRrm

=

(
1−

2LN log2 N
2VLN log2 N

)
× 100% =

(
1−

1
V

)
× 100%.

(31)

CCRRra

=

(
1−

3LN log2 N + V (L − 1)N
3VLN log2 N + V (L − 1)N

)
× 100%

=

(
3LN log2 N (V − 1)

3VLN log2 N + V (L − 1)N

)
× 100%. (32)

Evidently, equations (31) and (32) show that CS-LACO-
OFDM can achieve the high CCRR in real multiplications
and real additions when V increases. The numerical analysis
provided in Table 1 is consistent with the mentioned above.

III. SIMULATION RESULTS
This section evaluates the performance of the CS-LACO-
OFDM system in terms of the average BER and comple-
mentary cumulative distribution function (CCDF) of PAPR
by simulations. We consider the 6-Layer ACO-OFDM with
128 subcarriers (N = 128 and L = 6), where the symbols are
modulated with 16-QAM in all layers and the optical power
allocation for each layer is obtained from equation (29).

The indicators of cyclic shift sets in the CS-LACO-OFDM
system are modulated on the odd subcarriers of the first
layer with the complex-valued symbols. Thus, we should
first decode the Layer 1 ACO-OFDM signal to extract the
information of the cyclic shift sets. Fig. 2 shows the detection
error rate of cyclic shift sets with the proposed optical power
allocation and the equal optical power allocation when the
adopted subcarriers Ncyclic are QPSK and 16QAM modu-
lation, respectively. In this figure, 16 candidate signals are
adopted leading to the required subcarriers of two and one
for QPSK and 16QAM, respectively. Evidently, the proposed
power allocation outperforms the equal power allocation by
a SNR reduction of 7dB and 5dB for QPSK and 16QAM,
respectively, at a target of detection error rate of 10−3.

Fig. 3 shows CCDF of PAPR for the CS-LACO-OFDM,
6-Layer ACO-OFDM with SLM scheme, and 6-Layer
ACO-OFDM without PAPR reduction. In this figure,
the optimal power allocation is used in all schemes.
CS-LACO-OFDM has a similar PAPR performance as
6-Layer ACO-OFDM with the SLM scheme when the
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FIGURE 2. Detection error rate of the cyclic shift sets with equal and
optimal power allocation.

FIGURE 3. CCDF curves of PAPR for different schemes.

TABLE 1. CCRRs of the CS-LACO-OFDM over the CSLM scheme.

number of candidate signals is the same, but at a remarkably
lower computational complexity as shown in Table 1.

Fig. 4 shows the average BER of the 16-QAM modula-
tion 6-Layer CS-LACO-OFDM system using equal power
allocation and the proposed power allocation. The BER per-
formance of LACO-OFDM with conventional SLM schemes
and perfect side information is also shown in this figure as
the benchmark. Note that from the simulation results that
the average BER performance of CS-LACO-OFDM is close
to the LACO-OFDM with SLM when the optimal optical
power allocation is used. However, a marginal gap exists

FIGURE 4. Average BER curves for different schemes.

in the average BER performance of CS-LACO-OFDM and
LACO-OFDM with SLM under the equal power allocation.
The reason is that the detection error rate of the cyclic shift
sets with the equal power allocation is worse than that of the
proposed optical power allocation.

IV. CONCLUSION
This study proposed a cyclic shifted layer asymmetrically
clipped optical orthogonal frequency division multiplexing
system for optical wireless communications. The proposed
system has a similar PAPR performance as LACO-OFDM
with separate SLM scheme when the number of candidate
signals is the same, but at a remarkably lower computational
complexity. Compared with equal power allocation scheme,
the proposed optimal optical power allocation could achieve
an improved performance in terms of the detection of cyclic
shift sets and average BER over all layers.
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