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Abstract: In this paper, we propose and demonstrate enhanced orthogonal frequency division
multiplexing with index modulation (OFDM-IM) schemes for bandlimited underwater visible
light communication (UVLC) systems via geometric constellation shaping (GCS) and subblock
interleaving. Specifically, two heuristic GCS approaches based on particle swarm optimization
(PSO) and hybrid genetic algorithm-PSO (GA-PSO) algorithms are proposed to generate IM-
preferable constellations. Moreover, a generalized interleaving technique is further proposed
to overcome the low-pass effect of bandlimited UVLC systems, where an optimal step size can
be obtained to perform subblock interleaving. Simulation and experiments are conducted to
evaluate the performance of the proposed enhanced OFDM-IM schemes in bandlimited UVLC
systems, where both OFDM with single-mode index modulation (OFDM-SM) and OFDM with
dual-mode index modulation (OFDM-DM) schemes are considered. The experimental results
demonstrate remarkable signal-to-noise ratio (SNR) gains of 1.3 and 1.9 dB for OFDM-SM and
OFDM-DM in comparison to the benchmark schemes, respectively.
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1. Introduction

As a promising communication technology for practical underwater environments, underwater
visible light communication (UVLC) has attracted significant attention in recent years [1,2].
Compared with traditional underwater acoustic and radio frequency communications, UVLC
enjoys many unique advantages such as large bandwidth, high data rate, low propagation latency,
high security, small size, and low power consumption [3,4]. Nevertheless, commercial off-the-
shelf light sources such as light-emitting diodes (LEDs) and laser diodes (LDs) usually have a
limited bandwidth which exhibit a typical low-pass frequency response, especially for illumination
LEDs [5]. Therefore, it is of practical significance to boost the capacity of bandlimited low-pass
UVLC systems for a given modulation bandwidth.

Owing to its high spectral efficiency, simple single-tap equalization and flexibility to enable
multi-user access, orthogonal frequency division multiplexing (OFDM) has been widely intro-
duced to improve the performance of UVLC systems [6,7]. Lately, OFDM with index modulation
(OFDM-IM) has been proposed to enhance the performance of classical OFDM by performing
index modulation among a group of subcarriers [8]. Particularly, OFDM with single-mode
index modulation (OFDM-SM) can obtain better bit error rate (BER) performance than classical
OFDM [9], while OFDM with dual-mode index modulation (OFDM-DM) can achieve higher
spectral efficiency than classical OFDM [10]. Due to the superior performance of OFDM-SM
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and OFDM-DM, they have also been considered in various VLC systems [11-14]. Moreover,
considering the complex and dynamic underwater environments, OFDM-IM techniques have
also been applied for performance improvement of UVLC systems [15]. Specifically, a unipolar
X-transform based OFDM-SM has been proposed in [16], which can reduce the peak-to-average
power ratio (PAPR) of the signal and improve the BER performance. In [17], dual-frame
OFDM-DM has been designed to realize 0.5-bit/s/Hz fine-grained adaptive OFDM modulation so
as to enhance the bandwidth utilization and hence improve the capacity of bandlimited low-pass
UVLC systems.

For both OFDM-SM and OFDM-DM, the constellation design plays a vital role to yield
satisfactory BER performance. So far, very little work has been done regarding the constellation
design for OFDM-SM and OFDM-DM in VLC or UVLC systems. In [18], a partitioning-based
constellation design approach has been proposed for OFDM-DM in VLC systems, which has
been shown to outperform the block-based constellation design approach due to the enlarged
minimum Euclidean distance. Nevertheless, the partitioning-based constellation design is still
based on the conventional rectangular quadrature amplitude modulation (QAM) constellations,
and the resultant constellation design might not be able to achieve the optimal performance. As a
promising technique to shape the constellations, geometric constellation shaping (GCS) has been
widely applied in optical fiber communication systems [19,20] and VLC/UVLC systems [21,22].
Moreover, multi-dimensional GCS has been further proposed to harvest more shaping gains
[23-25]. However, these reported GCS techniques are mostly used to shape the standard QAM
constellations, which are not directly applicable for OFDM-IM since the constellation design in
OFDM-IM needs to be conducted with respect to each subblock consisting of multiple subcarriers.
Apart from constellation design, the performance of both OFDM-SM and OFDM-DM is also
significantly affected by the low-pass frequency response of bandlimited UVLC systems. To
overcome the adverse low-pass effect, discrete Fourier transform (DFT) spreading has been
applied to OFDM-SM and OFDM-DM in VLC systems [14,18]. However, the use of DFT
spreading transforms the multi-carrier OFDM signal to a quasi-single-carrier signal, which cannot
flexibly enable multi-user access. Besides, subblock interleaving has also been considered to
mitigate the low-pass effect for OFDM-SM and OFDM-DM in VLC systems [26,27]. Compared
with DFT spreading, subblock interleaving can not only realize low-pass effect mitigation but
also enable flexible multi-user access [26]. However, traditional interleaving cannot adapt to the
distinctive low-pass profile of the system, which might limit the achievable performance gain of
subblock interleaving.

To address both the constellation design and low-pass mitigation issues for OFDM-IM, in this
paper, we for the first time propose enhanced OFDM-IM schemes for bandlimited UVLC systems,
where both OFDM-SM and OFDM-DM are taken into consideration. For the constellation
design issue, two heuristic GCS approaches are proposed to optimize the constellations for
both OFDM-SM and OFDM-DM. For the low-pass mitigation issue, a generalized interleaving
technique is further proposed to achieve improved performance than traditional interleaving.
Both simulations and experiments are conducted to verify the feasibility and superiority of the
proposed enhanced OFDM-IM schemes in bandlimited UVLC systems.

2. Principle
2.1. Enhanced OFDM-IM

Figure 1 depicts the block diagram of the proposed enhanced OFDM-IM scheme for bandlimited
UVLC systems. At the transmitter side, m input bits are partitioned into G groups via a bit splitter,
and each group has b bits (b = m/G), which are sent into a subblock. Within each subblock, b bits
are further split into two parts, b; and b, fed into an index selector and an SM/DM constellation
mapper, respectively. The length of each subblock is N, where N = Ngaa /G and Ny, represents
the number of data subcarriers.
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Fig. 1. Block diagram of enhanced OFDM-IM: (a) transmitter and (b) receiver.

For OFDM-SM, the constellation set M = [S1,S», ..., Sy| with size M is transmitted by the
selected k subcarriers, while no data is transmitted by the non-selected N — k subcarriers within
each subblock. The mapping table of OFDM-SM for N =4 and k = 2 is given in Table 1. For
OFDM-DM, the constellation sets Ma = [S’?, S?, R Sf,IA] and Mg = [S]f, Sg, R SﬁB] are
transmitted by the selected k subcarriers and the non-selected N — k subcarriers within each
subblock, respectively. The sizes of Ma and Mg are respectively denoted by M and Mg, and
we have Ma N Mp = @. The design of two distinguishable constellation sets M, and Mg
plays a vital role in OFDM-DM, which will be discussed in detail in Section 2.2. The mapping
table of OFDM-DM for N = 4 and k = 2 is given in Table 2. After index selection and SM/DM
constellation mapping, a total of G subblocks are generated which are further concatenated by a
subblock combiner to create a complete OFDM block. Subsequently, generalized interleaving is
conducted to mitigate the adverse low-pass effect of the overall system. Finally, the transmitted
signal is generated after performing inverse fast Fourier transform (IFFT) with Hermitian
symmetry (HS) and parallel-to-serial (P/S) conversion.

Table 1. Mapping table of OFDM-SM for N =4 and k = 2

Index bits Index set for M Subblocks
00 [1,2] [S:,S;,0,0]
01 [2,3] [0,5;,S;,0]
11 [3,4] [0,0,5;,5;]
10 [1.4] [5:,0,0, )]

Table 2. Mapping table of OFDM-DM for N =4 and k = 2

Index bits Index set for Ma Index set for Mg Subblocks
00 [1,2] [3,4] S;*,ij.*,s?,sf
01 [2,3] [1,4] s?,s{*,s;*,s]‘?
11 [3,4] [1,2] s?,sj‘?,s;*,s;ﬁ
10 [1,4] [2,3] S;*,s?,sj‘?,s;*

At the receiver side, the received signal undergoes serial-to-parallel (S/P) conversion, fast
Fourier transform (FFT), frequency-domain equalization (FDE), and de-generalized interleaving.
The OFDM block is then divided into G subblocks using a subblock splitter. Within each
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subblock, a low-complexity log-likelihood ratio (LLR) detector is adopted for signal detection
[14,18]. After index demapping and SM/DM constellation demapping, the transmitted bits of
each subblock can be recovered. Finally, the output bits are obtained by combining the recovered
bits of all the G subblocks via a bit combiner.

2.2. Heuristic geometric constellation shaping (GCS)

The performance of OFDM-IM is largely affected by the design of constellations. To obtain
IM-preferable constellations, we propose two heuristic GCS approaches based on particle swarm
optimization (PSO) and hybrid genetic algorithm-PSO (GA-PSO) algorithms. Without the loss
of generality, we consider the design of 8-ary constellations for both OFDM-SM and OFDM-DM
using the proposed heuristic GCS approaches. Since the position of each constellation point
can be represented by its X and Y coordinates, heuristic GCS aims to minimize the BER by
finding the optimal X and Y coordinates of each constellation point in the constellation. Hence,
the PSO and GA-PSO algorithms optimize the constellation diagram by encapsulating the BER
in the fitness value, while treating the sixteen X and Y coordinates corresponding to the eight
constellation points as one particle.

2.2.1. PSO-based GCS

In the PSO algorithm, each particle engages in random exploration of the solution space and
shares its discoveries with others, and the interactions between particles are designed to approach
the global optimum closely [28]. The flow chart of the PSO-based GCS approach is depicted
in Fig. 2, where random constellation points are first generated as the input and then the initial
population is created. Subsequently, the particle position and velocity are updated iteratively
until reaching the maximum number of iterations. Letting 7 denote the maximum number of
iterations, for the ith iteration withi = 1, ..., T, the fitness value of each particle is first calculated
and then the individual extreme value pbest and the group extreme value gbest of each particle
are further calculated. In a population of J particles, the position P and velocity V of the jth

(G =1,...,J) particle at iteration 7 are expressed by
Pl(i) = [X¥' (). Y'(i)] . M
Vi) = [ho.vo) . @

After determining the individual extreme value pbest and the group extreme value gbest of
the jth particle at iteration i, the particle position, i.e., X’ (i) and Y/(i), and the particle velocity
VI (i) of each particle at iteration i + 1 are updated as follows:

X(i+1)= [Xj(i),vf((i + 1)] : 3)
Vi+ 1) = [V 6+ 1) @
VI + 1) = wV(i) + cim [pbestj - P’(z)] +corp [gbestf - Pj(i)] , (5)

where w is the inertia weight chosen between 0 and 1; ¢; and ¢; are the cognitive and social
coefficients, respectively; r| and r, are both random numbers between 0 and 1. Moreover, the
inertia weight w is calculated by

(Wmax - Wmin)i
T ,
where Wiax and Wi, are the maximum and minimum inertia weights, respectively.

Finally, after reaching the maximum number of iterations, the obtained optimal particle
position, i.e., X°P(T) and Y°PY(T'), will be used to output the optimized constellation points.

6)

W = Wmax —
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Fig. 2. Flow chart of the PSO-based/GA-PSO-based GCS approach

2.2.2. GA-PSO-based GCS

Considering that the PSO-based GCS approach is prone to premature convergence which might
fall into a local optimality [29], the obtained constellation design using PSO-based GCS might
have relatively poor performance. To address the disadvantage of the PSO algorithm, a hybrid
algorithm combining PSO and GA can be utilized [30]. As a result, we further propose a hybrid
GA-PSO-based GCS approach to enhance the performance of constellation design for both
OFDM-SM and OFDM-DM.

The flow chart of the GA-PSO-based GCS approach is also depicted in Fig. 2, where the
difference is that two additional blocks as plotted in red lines are added to implement the GA
algorithm. Specifically, at the beginning of each iteration, particle crossover is first performed
with a given probability and then particle positions are mutated with a given probability before
calculating the fitness value, pbest and gbest and updating particle position and velocity. By
introducing the GA algorithm, the proposed hybrid GA-PSO-based GCS approach can take
full advantage of the global optimum-seeking nature of the GA algorithm and hence generate a
constellation design with improved performance.

2.3. Generalized interleaving

Practical UVLC systems are generally bandlimited with a low-pass frequency response, which
might degrade the BER performance of subblocks in the high-frequency region when applying
OFDM-SM/DM. To address the adverse low-pass effect, we further propose a generalized
interleaving technique for bandlimited UVLC systems using OFDM-SM/DM. Differing from
traditional interleaving in which the neighboring subcarriers within each subblock are interleaved
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sequentially with a step size the same as the subblock length, the proposed generalized interleaving
technique introduces a variable step size to perform subblock interleaving.

Figure 3 illustrates the OFDM-IM spectrum using generalized interleaving by taking N = 4
and G = 4 as an example. For a step size of 1, as shown in Fig. 3(a), different subblocks are
sequentially placed within the signal bandwidth and hence it is equivalent to the case without
interleaving. For a step size of 2, as given in Fig. 3(b), the four subcarriers in the first subblock
are placed at the subcarrier slots 1, 3, 5 and 7, while the four subcarriers in the second subblock
occupy the subcarrier slots 9, 11, 13 and 15. Since there are only a total of Ny, =16 subcarriers,
the four subcarriers in the third subblock are placed at the subcarrier slots 2, 4, 6 and 8, while the
four subcarriers in the fourth subblock occupy the subcarrier slots 10, 12, 14 and 16. Following
the same manner, we can perform generalized interleaving for a step size of 3, as can be seen
Fig. 3(c). When the step size is increased to the subblock length, i.e., step = 4, as depicted
in Fig. 3(d), the generalized interleaving becomes exactly the traditional interleaving. As a
result, no interleaving and traditional interleaving can be seen as two extreme cases of the
proposed generalized interleaving technique. Moreover, the step size to perform generalized
interleaving can be treated as a variable and an optimal step size can be identified to yield the
best BER performance of the overall system. Although the principle of the proposed generalized
interleaving technique is illustrated by taking N = 4 and G = 4 as an example, it is feasible to
apply generalized interleaving in a general OFDM-IM system.
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Fig. 3. Illustration of OFDM-IM spectrum using generalized interleaving by taking N = 4
and G = 4 as an example: (a) Tx, step = 1, (b) Tx, step = 2, (c) Tx, step = 3, (d) Tx, step =
4, (e) Rx, step = 1, (f) Rx, step = 2, (g) Rx, step = 3, and (h) Rx, step = 4.

3. Results and discussions
3.1.

In the simulations, we consider a bandlimited UVLC system over an additive white Gaussian
noise (AWGN) channel. The size of IFFT/FFT, the number of data subcarriers and the length of

Simulation results
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each subblock in OFDM-SM/DM are set to 128, 60 and 4. respectively. To ensure the general
applicability of the constellations obtained via the proposed heuristic GCS approaches, the
PSO-based/GA-PSO-based GCS is performed over the AWGN channel without considering the
low-pass frequency response of the bandlimited UVLC system. Considering the relatively high
computation complexity to perform PSO-based/GA-PSO-based GCS, it might not be feasible to
adaptively perform PSO-based/GA-PSO-based GCS according to the change of the low-pass
effect in practical UVLC systems. Specifically, the PSO algorithm is executed with a maximum
inertia weight wpax of 0.8, a minimum inertia weight wp, of 0.4, a maximum velocity Viax
of 4, a dimension of 16 and a learning factor of 1.5, while the GA algorithm is performed
with a crossover probability of 0.1 and a variance probability of 0.001. In addition, the SNRs
selected to perform PSO-based GCS for OFDM-SM, GA-PSO-based GCS for OFDM-SM,
PSO-based GCS for OFDM-DM and GA-PSO-based GCS for OFDM-DM are 9.8, 9.5, 11.3
and 11 dB, respectively. These SNRs are selected to ensure that the resultant BERs are near
the 7% forward error correction (FEC) coding threshold of BER = 3.8 x 103, Moreover, the
proposed generalized interleaving technique is optimized by finding the optimal step size and the
optimization is performed over the AWGN channel with the low-pass frequency response of the
bandlimited UVLC system. It should be noted that the optimal step size to perform generalized
interleaving in practical bandlimited UVLC systems can be easily obtained via the following
two steps: 1) estimating the low-pass effect experienced by the OFDM-IM signal via channel
estimation; 2) performing simulation using the estimated low-pass effect to obtain the optimal
step size that can yield the minimum BER. Since the simulation process to find the optimal step
size has relatively low computational complexity, it can be adaptively performed according to the
change of the low-pass effect in practical bandlimited UVLC systems.

Figures 4(a) and (b) show the optimization processes of two heuristic GCS approaches for
OFDM-SM and OFDM-DM, respectively. As we can see, compared with the PSO-based GCS
approach, the GA-PSO-based GCS approach requires a smaller number of iterations to reach the
7% FEC coding limit of BER = 3.8 x 1073 for both OFDM-SM and OFDM-DM cases, indicating
that the use of hybrid GA-PSO algorithm can obtain a faster convergence speed than the use
of PSO only. Furthermore, it can also been found that the GA-PSO-based GCS approach can
achieve a lower BER than the PSO-based GCS approach after 20 iterations for both OFDM-SM
and OFDM-DM cases, which shows the improved performance of the designed constellation due
to the global optimum-seeking nature of the GA algorithm.
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Fig. 4. Simulation fitness value vs. number of iterations of PSO-based and GA-PSO-based
GCS approaches for (a) OFDM-SM and (b) OFDM-DM.
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Figure 5 depicts the adopted constellations for OFDM-SM/DM in bandlimited UVLC systems.
For OFDM-SM, 8QAM and 8-ary phase-shift keying (8PSK) are considered as benchmark
constellations, while the obtained constellations using PSO-based GCS and GA-PSO-based GCS
are given by Figs. 5(c) and (d), respectively. For OFDM-DM, dual-mode 8QAM and 8PSK are
adopted for comparison, while the obtained dual-mode constellations using PSO-based GCS
and GA-PSO-based GCS are given by Figs. 5(g) and (h), respectively. As we can observe, the
constellations obtained via both PSO-based GCS and GA-PSO-based GCS generally exhibit
irregular shapes, which might achieve better performance than the benchmark constellations.
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Fig. 5. Constellations for OFDM-SM: (a) 8QAM, (b) 8PSK, (c) using PSO-based GCS,
and (d) using GA-PSO-based GCS, and constellations for OFDM-DM: (e) 8QAM, (f) 8PSK,
(g) using PSO-based GCS, and (h) using GA-PSO-based GCS.

Figures 6(a) and (b) compare the PAPR performance using different constellation designs for
OFDM-SM and OFDM-DM, respectively. As we can see, for both OFDM-SM and OFDM-DM,
comparable PAPR performance can be obtained by using different constellation designs.
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Fig. 6. PAPR performance using different constellation designs for (a) OFDM-SM and (b)

OFDM-DM.
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Figures 7(a) and (b) show the simulation BER versus SNR using different constellation designs
for OFDM-SM and OFDM-DM, respectively. For the case of OFDM-SM, as shown in Fig. 7(a),
8QAM performs the worst while the constellation obtained via GA-PSO-based GCS achieves the
best performance among all the considered constellations. Moreover, the constellation obtained
via PSO-based GCS can only slightly outperform 8PSK and further performance improvement
can be observed when using GA-PSO-based GCS. More specifically, a 0.76-dB SNR gain is
achieved by the constellation obtained via GA-PSO-based GCS in comparison to 8PSK. For the
case of OFDM-DM, as can be seen from Fig. 7(b), dual-mode 8PSK has the worst performance
while the dual-mode constellation obtained via GA-PSO-based GCS still performs the best.
Compared with dual-mode 8QAM, the dual-mode constellation obtained via GA-PSO-based
GCS achieves an SNR gain of 0.92 dB. It can be generally found from Fig. 7 that the proposed
heuristic GCS approaches can efficiently generate performance-enhanced constellations for both
OFDM-SM and OFDM-DM, and GA-PSO-based GCS outperforms PSO-based GCS due to
introduction of the GA algorithm.
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Fig. 7. Simulation BER vs. SNR using different constellation designs for (a) OFDM-SM
and (b) OFDM-DM.

In order to optimize the step size when performing generalized interleaving, a practical low-pass
frequency response measured from the experimental UVLC system is considered, which is
plotted in Fig. 8. Figures 9(a) and (b) show the simulation BER versus step size in generalized
interleaving with different SNR values for OFDM-SM and OFDM-DM, respectively. As we
can see, the BER first decreases and then increases with the increase of the step size from 1
to 15 for both OFDM-SM and OFDM-DM, and the optimal step sizes for the two cases are
both 4. Moreover, the optimal step size remains the same when changing the SNR values for
both OFDM-SM and OFDM-DM, which might be mainly determined by the adopted low-pass
frequency response in simulations.

3.2. Experimental results

We further conduct hardware experiments to evaluate the performance of the proposed enhanced
OFDM-IM scheme and compare it with other benchmark schemes by configuring an experimental
UVLC system. The experimental setup of the UVLC system is depicted in Fig. 10, where
the transmitted signal generated offline by MATLAB is first loaded to an arbitrary waveform
generator (AWG, Tektronix AFG31102) with a sampling rate of 10 MSa/s. The AWG output
is fed to the AC port of an optical transmitter (Tx) module, which is powered by a 12-V DC
bias voltage. The emitted light passes through a 1-meter water tank filled with tap water and
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Fig. 9. Simulation BER vs. step size in generalized interleaving for (a) OFDM-SM and (b)
OFDM-DM.

an optical receiver (Rx) module is used to detect the light signal, which is also powered by a
12-V DC bias voltage. The detected signal is recorded by a digital storage oscilloscope (DSO,
Tektronix MDO32) with a sampling rate of 50 MSa/s and the obtained data are further processed
offline using MATLAB. In OFDM-IM modulation, the IFFT/FFT size is 128 and the number of
data subcarriers is 60. As a result, the effective signal bandwidth is about 4.7 MHz. The low-pass
frequency response of the experimental UVLC system is illustrated in Fig. 8. In the experiments,
a optimal step size of 4 is adopted to perform generalized interleaving in the proposed enhanced
OFDM-IM scheme.

Figures 11(a) and (b) show the measured BER versus received SNR with different constellations
without and with interleaving for OFDM-SM and OFDM-DM, respectively. For OFDM-SM, as
shown in Fig. 11(a), 8QAM without interleaving cannot reach the 7% FEC coding limit of BER
= 3.8 x 1073 within the received SNR range from 13.4 to 15.8 dB, and 8PSK without interleaving
requires an SNR of 15.4 dB to reach BER = 3.8 x 1073. Moreover, the constellation obtained
via PSO-based GCS without interleaving has comparable performance as 8QAM without
interleaving, while the constellation obtained via GA-PSO-based GCS without interleaving
slightly outperforms that obtained via PSO-based GCS without interleaving. It can be seen
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Fig. 11. Measured BER vs. SNR with different constellations without and with interleaving
for (a) OFDM-SM and (b) OFDM-DM.

that further performance improvement can be obtained by applying subblock interleaving to
mitigate the adverse effect of the low-pass frequency response of the system. More specifically,
the required SNRs for the constellation obtained via GA-PSO-based GCS using traditional
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Fig. 12. Received constellation diagrams for (a) OFDM-SM, PSO, 15.3 dB, (b) OFDM-SM,
GA-PSO, 15.3 dB, (c) OFDM-DM, PSO, 18.4 dB, and (d) OFDM-DM, GA-PSO, 18.4 dB.

interleaving and generalized interleaving with an optimal step size of 4 are 14.6 and 14.1 dB,
respectively. Hence, optimal interleaving outperforms traditional interleaving with an SNR gain of
0.5 dB. Compared with 8PSK without interleaving, the constellation obtained via GA-PSO-based
GCS using optimal interleaving can achieve an SNR gain of 1.3 dB. For OFDM-DM, as can
be seen from Fig. 11(b), the constellation obtained via PSO-based GCS without interleaving
cannot reach BER = 3.8 x 10~ within the received SNR range from 15.7 to 18.4 dB, while the
constellation obtained via GA-PSO-based GCS without interleaving requires an SNR of 17.2 dB
to reach BER = 3.8 x 1073 Similarly, the use of subblock interleaving can efficiently mitigate the
low-pass effect and hence improve the BER performance. Particularly, the constellation obtained
via GA-PSO-based GCS using traditional interleaving and optimal interleaving requires SNRs
of 16.5 and 16.2 dB to meet the BER threshold, respectively. As a result, a remarkable 1.9-dB
SNR gain can be achieved by the constellation obtained via GA-PSO-based GCS with optimal
interleaving in comparison to 8QAM without interleaving. It can be concluded from Fig. 11
that both GA-PSO-based GCS and generalized interleaving are effective techniques to enhance
the performance of OFDM-IM in bandlimited UVLC systems. Figure 12 depicts the received
constellation diagrams for OFDM-SM and OFDM-DM using PSO-based/GA-PSO-based GCS.

4. Conclusion

In this paper, we have proposed and evaluated enhanced OFDM-IM schemes for bandlimited
UVLC systems, where heuristic GCS and generalized interleaving are considered to obtain
performance-enhanced constellations for OFDM-IM and address the low-pass effect of system,
respectively. For the heuristic GCS approaches, two heuristic algorithms including PSO and
GA-PSO are utilized to perform the constellation design. For generalized interleaving, the step
size is treated as a optimization parameter to yield the best interleaving performance. The
feasibility and superiority of the proposed enhanced OFDM-IM schemes have been successfully
verified via both simulation and experiments. Therefore, the proposed enhanced OFDM-IM
schemes can be promising for the application in practical bandlimited UVLC systems.
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