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Hybrid Space Division Multiple Access and
Quasi-Orthogonal Multiple Access for Multi-User

Underwater Visible Light Communication
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Abstract—Due to severe inter-beam interference and high cost
of conventional full space division multiple access (SDMA)-based
multi-user underwater visible light communication (MU-UVLC)
systems, partial SDMA has been considered to substantially reduce
inter-beam interference and costs by enabling closely located users
to share the same light beam. Moreover, non-orthogonal multiple
access (NOMA) is generally adopted to multiplex users in the same
beam. However, for users with similar channel gains, the use of
NOMA may suffer from severe error propagation. To this end, we
propose and demonstrate a hybrid SDMA and quasi-orthogonal
multiple access (QOMA) scheme for performance enhancement
of partial SDMA-based MU-UVLC systems. Simulation and ex-
perimental results show that, in two-user UVLC system applying
hybrid SDMA/QOMA, the bit error rate (BER) performance of the
near user can be substantially improved and a much wider range
of effective power allocation ratio can be achieved compared with
that using conventional hybrid SDMA/NOMA.

Index Terms—Underwater visible light communication, space
division multiple access, quasi-orthogonal multiple access.

I. INTRODUCTION

UNDERWATER visible light communication (UVLC) has
attracted extensive attention in recent years due to its

distinct advantages over traditional underwater acoustic and
radio frequency (RF) communications, including large band-
width, high data rate, low time latency, high security, and low
power consumption [1]. As a result, UVLC has been widely
considered as a promising communication technology for under-
water environments [2]. To enable communication with multiple
users simultaneously, multiple access techniques are of great
significance for UVLC systems. More specifically, orthogonal
multiple access (OMA) and non-orthogonal multiple access
(NOMA) have already been used in UVLC systems [3], [4],
[5], [6]. Moreover, space division multiple access (SDMA) has
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also been shown to be an efficient approach for supporting
multiple users by utilizing multiple spatial channels in indoor
VLC systems. For example, SDMA based optical beamforming
by using a LED light and a spatial light modulator was reported
in [7], angle diversity transmitter enabled SDMA was proposed
in [8], and SDMA has been realized in multi-user multiple-input
multiple-output VLC (MU-MIMO-VLC) systems [9], [10].

Lately, a hybrid SDMA/NOMA scheme has been adopted to
support multiple users in UVLC systems in [11], where NOMA
is used to serve the users covered by each light beam. It is well
known that NOMA is generally advantageous only when users
have distinctive channel conditions [12]. However, the users
within the same light beam in SDMA-based MU-UVLC systems
might have very similar channel conditions, and hence tradi-
tional NOMA might not achieve satisfactory performance gain
due to the severe error propagation effect. In [13], a new NOMA
scheme free of successive interference cancellation (SIC) has
been proposed based on constellation division coding (CPC) and
uneven constellation demapping (UCD), which can efficiently
eliminate error propagation even users have very similar channel
conditions. As a result, such a SIC-free NOMA scheme can be
termed as quasi-orthogonal multiple access (QOMA).

In this article, for the first time, we propose and investigate a
novel hybrid SDMA/QOMA scheme for MU-UVLC systems.
By dividing the closely located users into groups, SDMA is used
to support multiple user groups by configuring the same number
of light beams, while QOMA is adopted to serve users with
similar channel conditions within each light beam. Simulations
and experiments have been conducted to verify the feasibility
and superiority of the proposed hybrid SDMA/QOMA scheme
over other benchmark schemes in MU-UVLC systems.

II. PRINCIPLE

In this section, we first introduce the underwater channel
model and then discuss the principle of the proposed hybrid
SDMA/QOMA scheme for MU-UVLC systems. Finally, the
principle of QOMA is also described.

A. Channel Model

Although UVLC has many technical benefits, its practical ap-
plication in underwater environments still remains challenging
due to the severe power attenuation of the received optical signal.
Specifically, when photons from the incident beams propagate
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Fig. 1. Illustration of a MU-UVLC system using (a) single-beam broadcasting,
(b) full SDMA, and (c) partial SDMA.

through water, they inevitably interact with water molecules or
other suspended particles, leading to absorption and scattering
phenomena that cause light attenuation and multi-path fading.
Due to the adverse effects of absorption and scattering, the data
rate and transmission distance of UVLC are still greatly limited.
The light attenuation effects in underwater environment can be
described by the Beer-Lambert Law, which provides a simple
model as [2], [14]

I = I0 exp (−c(λ)d) , (1)

where I0 and I respectively represent the light intensities at
the transmitter side and the receiver side, d is the transmission
distance, and c(λ) denotes the total attenuation coefficient which
can be given by

c(λ) = a(λ) + b(λ), (2)

where a(λ) and b(λ) denote the absorption and scattering coef-
ficients for underwater light propagation, respectively.

When the optical signal is transmitted in fresh water under the
absence of turbulence, the channel gain hij for the line-of-sight
(LOS) UVLC system can be defined as [15]

hij = exp (−c(λ)d) (m+ 1)A

2πd2
μη cosm(ψ) cos(θ), (3)

where m = − ln 2/ ln(cosΨ) represents the Lambertian emis-
sion order with Ψ being the semi-angle at half power of the
transmitter, A is the effective receiving area of the receiver, and
the gains of the optical filter and the optical lens are denoted by
μ and η, respectively. Specifically, the gain of the optical lens
is defined as η = r2

sin2 Θ
, where r and Θ represent the refractive

index and the half-angle field-of view (FOV) of the optical lens,
respectively. Moreover, ψ is the emission angle and θ is the
incident angle.

In UVLC systems, the additive noise typically consists of
background noise, shot noise and thermal noise, which can be
commonly modeled as a real-valued zero-mean additive white
Gaussian noise (AWGN) with power of Pn = N0B, where N0

represents the noise power spectral density (PSD) andB denotes
the signal bandwidth [2].

B. Hybrid SDMA/QOMA for MU-UVLC

In a typical MU-UVLC system, as shown in Fig. 1, multiple
access can be performed mainly in the following ways: 1)
single-beam broadcasting, 2) full SDMA and 3) partial SDMA.

TABLE I
COMPARISON OF MULTIPLE ACCESS SCHEMES IN MU-UVLC

For single-beam broadcasting, as can be seen in Fig. 1(a), a
single light beam is used to serve all the users and the received
optical power of each user is low since the light beam has a
large divergence angle. For full SDMA, as depicted in Fig. 1(b),
each user is individually served by a light beam with a small
divergence angle and hence can have a high received optical
power. Nevertheless, the implementation of full SDMA requires
multiple light-emitting diode/laser diode (LED/LD) transmit-
ters to create light beams to serve the same number of users,
which inevitably increase the overall cost of the MU-UVLC
system, especially when there are a large number of users in the
system. Moreover, when users are located near each other, the
adjacent light beams might overlap with each other, resulting
in strong inter-beam interference. For partial SDMA, as shown
in Fig. 1(c), the users are first divided into groups and then
each user group is allocated with one light beam. Compared
with full SDMA, partial SDMA requires much fewer LED/LD
transmitters to support the same number of users and thus the
overall system cost is relatively low. By dividing the closely
located users into groups when performing partial SDMA, the
divergence angle of a light beam serving a user group can be
relatively small. Hence, the received optical power of each user
can be relatively high and the inter-beam interference can also be
negligible. The comparison of different multiple access schemes
in MU-UVLC systems is given in Table I.

According to the above comparison, we can see that partial
SDMA is a trade-off between single-beam broadcasting and full
SDMA, which is promising for the application in practical MU-
UVLC systems. In MU-UVLC systems applying partial SDMA,
users within the same light beam might have very similar channel
conditions and hence traditional NOMA might work well in
this case. Hence, a more efficient intra-beam multiple access
scheme should be used to further enhance the performance of
SDMA-based MU-UVLC systems.

Considering the channel similarity issue in each user group,
we propose a hybrid SDMA/QOMA scheme for MU-UVLC sys-
tems, where SDMA is used for inter-beam multiple access while
QOMA is used for intra-beam multiple access. More specifi-
cally, QOMA can be considered as an improved NOMA scheme
which is capable of eliminating the adverse error propagation
effect, which has been proposed in our previous work [13],
and hence QOMA is very suitable to support users with similar
channel conditions. The detailed principle of QOMA will be
discussed in the following subsection.

In practical MU-UVLC systems, there might be more than two
users closely distributed and a light beam might need to serve
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Fig. 2. Schematic diagram of aK-beam MU-UVLC system employing hybrid
SDMA/QOMA. Insets (a) and (b) show the principles of CPC and UCD,
respectively.

more than two users. For the case that there are more than two
users within a light beam, these users can be first sorted based
on their channel gains and then divided into pairs. Subsequently,
NOMA or QOMA can be adopted to support the two users within
each user pair, while orthogonal frequency division multiple
access (OFDMA) can be used to support different user pairs.
Please refer to our previous work [16] for more details. As a
result, for simplicity and without loss of generality, each light
beam is assumed to serve two users in the following analysis
and evaluations.

Fig. 2 illustrates the schematic diagram of a K-beam MU-
UVLC system employing hybrid SDMA/QOMA, where each
light beam serves two users including a near user and a far user.
As we can see, the input bits of the near and far users in each
light beam are first processed via CPC and then orthogonal fre-
quency division multiplexing (OFDM) modulation is performed
to obtain a non-negative real-valued output signal to modulate
the light intensity of the corresponding LED/LD transmitter.
After propagation through the water channel, the optical signal
is detected by the photo-detector (PD) of each user. The resultant
electrical OFDM signal of each user is first demodulated and
then UCD is executed to recover the corresponding output bits.

C. QOMA Enabled by CPC and UCD

Differing from traditional NOMA which is based on super-
position coding (SPC) and SIC, the adopted QOMA is enabled
by CPC and UCD [13]. The principle of CPC is shown in
Fig. 2(a), where the input bits of the near user and the far user
are first mapped into a Gray-coded (Mn ×Mf )-ary quadrature
amplitude modulation (QAM) constellation symbol, with Mn

andMf representing the required modulation orders for the near
user and the far user, respectively. Subsequently, the Gray-coded
QAM constellation is divided into several sub-constellations
according to the bit allocation scheme between the near and
far users, and then power allocation is conducted to reshape
the constellation. Moreover, the principle of UCD is shown in

Fig. 3. (a) Non-Gray-coded 16-QAM constellation generated by SPC and
Gray-coded 16-QAM constellation generated by CPC for (b) bn = b2b4,
bf = b1b3, (c) bn = b4, bf = b1b2b3, and (d) bn = b2b3b4, bf = b1 .

Fig. 2(b), where the obtained constellation symbols after OFDM
modulation are demapped to recover the output bit sequence by
using adaptive thresholds which can be derived according to
the adopted power allocation ratio. Finally, the output bits of
each user can be extracted from the output bit sequence directly
according to the adopted bit allocation scheme. In the following,
we take the 16-QAM constellation as an example to intro-
duce hybrid SDMA/QOMA. In fact, the general rule of hybrid
SDMA/QOMA is applicable to the QAM constellation with an
arbitrary order, i.e., the values ofMn andMf can be arbitrary. In
practical systems, we can choose a suitable QAM constellation
based on the quality-of-service (QoS) requirements of different
users.

Fig. 3(a) depicts the non-Gray-coded 16-QAM constellation
generated by traditional SPC, where adjacent two constellation
points on both sides of the I axis or the Q axis generally have
a two-bit difference. In contrast, for the Gray-coded 16-QAM
constellation generated by CPC, as shown in Fig. 3(b), (c)
and (d), there is only a one-bit difference between any of the
two adjacent constellation points. As a result, the CPC-generated
Gray-coded 16-QAM constellation can efficiently eliminate the
adverse error propagation effect and hence have a much better er-
ror performance in comparison to the SPC-generated non-Gray-
coded 16-QAM constellation. Moreover, for the CPC-generated
Gray-coded 16-QAM constellation with each constellation point
carrying four bits, there are three ways to partition the overall
constellation into sub-constellations, which correspond to three
bit allocation schemes among the near and far users.

Let bn and bf denote the bit/bits allocated to the near and
far users, respectively. When both the near and far users are
allocated with two bits, i.e., bn = b2b4 and bf = b1b3, as shown
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in Fig. 3(b), the 16-QAM constellation is divided into four
4-QAM sub-constellations, and the power allocation ratio (PAR)
between the far user and near user can be expressed by

ρ1 =
a2

b2
. (4)

When the near user is allocated with one bit and the far user
is allocated with three bits, i.e., bn = b4 and bf = b1b2b3, as
shown in Fig. 3(c), the 16-QAM constellation is divided into
eight binary phase-shift keying (BPSK) sub-constellations, and
the PAR between the far user and near user can be obtained by

ρ2 =
a2 + 5a2

2b2
=

3a2

b2
. (5)

Similarly, when the near user is allocated with three bits and the
far user is allocated with one bit, i.e., bn = b4, bf = b1b2b3, as
can be seem from Fig. 3(d), the 16-QAM constellation is divided
into two 8-QAM sub-constellations, and the PAR between the
far user and near user can be achieved by

ρ3 =
2a2

b2 + 5b2
=

a2

3b2
. (6)

Due to the constellation reshaping through power allocation at
the transmitter side, adaptive thresholds need to be used for
constellation demapping at the receiver side. As can be observed
from Fig. 3(b), (c) and (d), the adaptive thresholds to perform
UCD for three different bit allocation schemes can be expressed
as follows:⎧⎪⎪⎨
⎪⎪⎩

{
I = 0,± a√

2
;Q = 0,± a√

2

}
, if bn = b2b4, bf = b1b3{

I = 0,± √
2a;Q = 0,± a√

2

}
, if bn = b4, bf = b1b2b3{

I = 0,± a;Q = 0,±√
2b
}
, if bn = b2b3b4, bf = b1

.

(7)

III. RESULTS AND DISCUSSIONS

In this section, we perform numerical simulations and hard-
ware experiments to evaluate and compare the performance of
the proposed hybrid SDMA/QOMA scheme in practical MU-
UVLC systems.

A. Simulation Results

In the simulations, we consider an OFDM-based UVLC sys-
tem with four users utilizing different multiple access schemes,
where we assume the signals are transmitted through a pure
seawater channel and hence the overall attenuation coefficient
c(λ) is set to 0.056 [14]. The separation between the transmitter
and receivers is 10 m, and the transmitter semi-angles at half
power for full SDMA, partial SDMA and single-beam broad-
casting are set to 4◦, 10◦ and 30◦, respectively. Moreover, the
length of inverse fast Fourier transform/fast Fourier transform
(IFFT/FFT) is set to 256 and a total of 100 (i.e., 2nd to 101st)
subcarriers are used for data transmission. The other simulation
parameters can be found in Table II.

Fig. 4 illustrates the simulation average BER versus transmit-
ted signal-to-noise (SNR) of the MU-UVLC system applying
single-beam broadcasting, partial SDMA and full SDMA. In the

TABLE II
SIMULATION PARAMETERS

Fig. 4. Average BER vs. transmitted SNR for single-beam broadcasting,
partial SDMA, full SDMA without and with interference (w/o: without,
w/: with, interf.: interference).

case of full SDMA, when users are located close to each other
or there are some fluctuations in the seawater, the optical beam
serving an independent user may overlap with adjacent beams,
resulting in severe inter-beam interference for adjacent users. It
can be clearly seen from Fig. 4 that full SDMA performs the best
among all the schemes when there is no interference. However, in
the presence of interference, the BER performance of full SDMA
deteriorates significantly and a BER floor above the 7% forward
error correction (FEC) coding limit of 3.8× 10−3. Furthermore,
the widespread implementation of full SDMA might be imprac-
tical due to its high cost, especially in scenarios with a large
number of users. In contrast, partial SDMA offers a promising
solution by not only significantly reducing system deployment
cost but also greatly outperforming single-beam broadcasting
and full SDMA with interference, which can achieve a trade-off
between overall cost and system performance. Therefore, partial
SDMA emerges as a favorable choice for practical MU-UVLC
systems.

In the next, we investigate the BER performance of the partial
SDMA-based two-user UVLC system applying NOMA and
QOMA. Fig. 5(a)–(c) depict the simulation BER versus PAR for
three bit allocation schemes. As we can see, the BER for the far
users remain almost the same and gradually decrease with the in-
crease of PAR. However, for the near user, as the PAR increases,
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Fig. 5. Simulation BER vs. power allocation ratio ρ for 16-QAM constellation
with (a) bn = b2b4, bf = b1b3, (b) bn = b4, bf = b1b2b3, (c) bn = b2b3b4,
bf = b1.

the allocated power decreases, leading to an increased BER
for QOMA and a decreased-then-increased BER for NOMA.
It can be further observed that QOMA outperforms NOMA
for the near user especially when the PAR is small. Therefore,
applying QOMA in a partial SDMA-based MU-UVLC system
can achieve better BER performance than conventional NOMA.
Furthermore, it is worth noting that the near user fails to reach
BER =3.8× 10−3 at low transmitted SNR when using NOMA.
In contrast, both users exhibit reliable BER performance within
a specific range of PAR values when applying QOMA.

Fig. 6(a)–(c) show the simulationΔρ versus transmitted SNR
for the three bit allocation schemes, where Δρ is defined as
the range value of the PAR within which both users can reach
the FEC limit of 3.8× 10−3. It has been shown that a wider

Fig. 6. SimulationΔρ vs. the transmitted SNR for 16-QAM constellation with
(a) bn = b2b4, bf = b1b3, (b) bn = b4, bf = b1b2b3, and (c) bn = b2b3b4,
bf = b1.

range enables a greater flexibility in resource scheduling by
adjusting the PAR value to meet the BER requirements of users.
As shown in Fig. 6, Δρ achieved by both QOMA and NOMA
increases with the increase of the transmitted SNR. Moreover,
Δρ achieved by QOMA is always larger or equal to that achieved
by NOMA for all the three bit allocation schemes. Particularly,
as shown in Fig. 6(b), QOMA achieves the largestΔρ gain over
NOMA due to the severe error propagation caused by the higher
modulation order of the far user. Therefore, QOMA is an efficient
approach for expanding the range of effective PAR in the partial
SDMA-based two-user UVLC system, especially when the far
user has a higher modulation order.

B. Experimental Results

In this section, we further experimentally evaluate and com-
pare the performance of the proposed hybrid SDMA/QOMA
scheme in a practical MU-UVLC system using commercially
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Fig. 7. Experimental setup of the two-user UVLC system using commercially
available Tx and Rx modules. Insets: photo of (a) the transmitter part, (b) the
overall system, and (c) the receiver part.

TABLE III
EXPERIMENTAL PARAMETERS

available transmitter (Tx) and receiver (Rx) modules. The Tx/Rx
modules used in this experiment are highly integrated modules
and more details about these modules can be found in [17]. Due
to the hardware limitations, we consider a single-beam two-user
UVLC system to investigate and compare the performance of
partial SDMA using NOMA and QOMA. The experimental
setup is depicted in Fig. 7, where the transmitted signal generated
offline by MATLAB is first loaded to an arbitrary waveform
generator (AWG, Tektronix AFG31102) with a sampling rate of
250 MSa/s. Then, the output signal of AWG is sent to the Tx
module (HCCLS2021MOD01-Tx), which is driven by a 12-V
DC voltage. During OFDM modulation, the length of IFFT/FFT
is 256 and the signal bandwidth is dynamically adjusted by
allocating different number of subcarriers for data transmission,
i.e.,Ndata. After passing through a 1-m water tank filled with tap
water, the optical signal is detected by two users each equipped
with a Rx module (HCCLS2021MOD01-Rx), where the near
user faces the LED and the far user is located next to the near user.
Subsequently, the detected signals are recorded by a two-channel
digital storage oscilloscope (DSO, Tektronix MDO32) with a
sampling rate of 1.25 GSa/s, which are further processed offline
by MATLAB. The insets (a), (b) and (c) in Fig. 7 show the
photos of the transmitter part, the overall system and the receiver
part, respectively. The experimental parameters of the two-user
UVLC system using commercially available Tx and Rx modules
are listed in Table III.

Fig. 8. Measured BER vs. power allocation ratio ρ for 16-QAM constellation
with (a) bn = b2b4, bf = b1b3 and Ndata = 68, (b) bn = b2b4, bf = b1b3
and Ndata = 72, (c) bn = b4, bf = b1b2b3 and Ndata = 54, (d) bn = b4,
bf = b1b2b3 and Ndata = 58, (e) bn = b2b3b4, bf = b1 and Ndata = 74, and
(f) bn = b2b3b4, bf = b1 and Ndata = 77.

Fig. 8 shows the measured BER versus the PAR for 16-QAM
constellation with three bit allocation schemes. For all the cases,
the BER of NOMA and QOMA is almost the same for the
far user, which gradually decreases with the increase of PAR.
However, for the near user, QOMA can achieve better BER
performance than NOMA. With increasing PAR, the BER of
the near user using NOMA initially decreases and then gradually
increases. Specifically, when the PAR is small, the BER of the
near user with NOMA is much higher than with QOMA due to
adverse error propagation effect. Nevertheless, when the PAR is
relatively large, the error propagation is slight, resulting in an
extremely similar BER of the near user with QOMA and NOMA.
Hence, the BER performance of the near user is robust against
the interference from the far user with QOMA. As a result,
QOMA can greatly improves the near user’s BER especially
at low PAR in a practical partial SDMA-based two-user UVLC
system.

Furthermore, we define the effective PAR ρe as the value of
ρ that the BER of both users is below the 7% FEC requirement
of 3.8× 10−3. For the case shown in Fig. 8(a) that bn = b2b4



QIAN et al.: HYBRID SPACE DIVISION MULTIPLE ACCESS AND QUASI-ORTHOGONAL MULTIPLE ACCESS FOR MU-UVLC 7303507

Fig. 9. Measured Δρ vs. the number of data subcarriers Ndata for 16-QAM
constellation with (a) bn = b2b4, bf = b1b3, (b) bn = b4, bf = b1b2b3, and
(c) bn = b2b3b4, bf = b1.

and bf = b1b3, when using 68 (i.e., 2nd to 69th) subcarriers to
modulate data with a bandwidth of about 66.4 MHz, the range
of ρe achieved by NOMA is (3.14, 5.44), while QOMA extends
the range to (2.73, 6.21). Similarly, for bn = b4 and bf = b1b2b3
with Ndata = 54 in Fig. 8(c), the range of ρe is extended from
(17.92, 27.29) to (15.52, 29.49) when NOMA is replaced by
QOMA. For bn = b2b3b4 and bf = b1 withNdata = 74, Fig. 8(e)
shows that both NOMA and QOMA yield a ρe range of (0.63,
1.15). Moreover, as shown in Fig. 8(b), (d) and (f), with more
subcarriers used to modulate data, the range of ρe is 0 with
NOMA, and the QOMA extends the range to (3.17, 3.77), (19.64,
25.21) and (0.63, 0.75), respectively. The results show that the
range of ρe is significantly expanded by QOMA.

Fig. 9 depicts the measured Δρ versus the number of data
subcarriers for 16-QAM constellation with three bit allocation
schemes. As we can see, Δρ is gradually reduced with the
increase ofNdata, eventually reaching 0 for QOMA and NOMA,
which is mainly because a larger system bandwidth results in
a poorer BER performance for both users. Furthermore, for
bn = b4, bf = b1b2b3 as in Fig. 9(b), the Δρ values are 4.1
and 11.5 for NOMA and QOMA with Ndata = 56, respectively,
which indicates an 180.5% extension of Δρ by using QOMA
over NOMA. Moreover, as the modulation order of the far user
increases, the advantage of QOMA becomes more significant
due to the increased severity of error propagation. Therefore, the
efficient application of QOMA can achieve better performance
and significantly increase the range of effective PAR, which
makes it possible to support higher data rate transmission for
partial SDMA-based MU-UVLC systems.

IV. CONCLUSION

In this article, we have proposed and experimentally demon-
strated a hybrid SDMA/QOMA scheme for practical MU-UVLC
systems. Compared with conventional transmission schemes,
the hybrid SDMA/QOMA scheme can not only obtain relatively
high received optical power, but also have relatively low cost
and negligible inter-beam interference. Moreover, QOMA is
applied to enhance the performance of partial SDMA-based
MU-UVLC systems, since QOMA can eliminate the adverse
error propagation effect under channel similarity. The simulation

and experimental results show that the efficient application of
hybrid SDMA/QOMA not only achieves excellent BER perfor-
mance compared with single-beam broadcasting and full SDMA
with interference, but also outperforms conventional hybrid
SDMA/NOMA. More specifically, hybrid SDMA/QOMA can
significantly improve the BER for the near user and hence
substantially extend the effective PAR range, especially when
the far user has a large modulation order. Therefore, the proposed
hybrid SDMA/QOMA scheme can be a promising candidate to
support multiple users in practical MU-UVLC systems.

REFERENCES

[1] S. Arnon, “Underwater optical wireless communication network,” Proc.
SPIE, vol. 49, no. 1, Jan. 2010, Art. no. 015001.

[2] Z. Zeng, S. Fu, H. Zhang, Y. Dong, and J. Cheng, “A survey of underwater
optical wireless communications,” IEEE Commun. Surveys Tuts., vol. 19,
no. 1, pp. 204–238, First Quarter 2017.

[3] M. Elamassie, M. Karbalayghareh, F. Miramirkhani, M. Uysal, M. Ab-
dallah, and K. Qaraqe, “Resource allocation for downlink OFDMA in
underwater visible light communications,” in Proc. Int. Black Sea Conf.
Commun. Netw., 2019, pp. 1–6.

[4] D. Chen, Y. Wang, J. Jin, H. Lu, and J. Wang, “An experimental study
of NOMA in underwater visible light communication system,” Opt. Com-
mun., vol. 475, Nov. 2020, Art. no. 126199.

[5] L. Zhang et al., “Towards a 20 Gbps multi-user bubble turbulent NOMA
UOWC system with green and blue polarization multiplexing,” Opt. Exp.,
vol. 28, no. 21, pp. 31796–31807, Oct. 2020.

[6] L. Bariah, M. Elamassie, S. Muhaidat, P. C. Sofotasios, and M. Uysal,
“Non-orthogonal multiple access-based underwater VLC systems in the
presence of turbulence,” IEEE Photon. J., vol. 14, no. 1, Feb. 2022,
Art. no. 7308707.

[7] S.-M. Kim and H.-J. Lee, “Visible light communication based on space-
division multiple access optical beamforming,” Chin. Opt. Lett., vol. 12,
no. 12, Dec. 2014, Art. no. 120601.

[8] Z. Chen, D. A. Basnayaka, and H. Haas, “Space division multiple access
for optical attocell network using angle diversity transmitters,” J. Lightw.
Technol., vol. 35, no. 11, pp. 2118–2131, Jun. 2017.

[9] C. Chen, Y. Yang, X. Deng, P. Du, and H. Yang, “Space division mul-
tiple access with distributed user grouping for multi-user MIMO-VLC
systems,” IEEE Open J. Commun. Soc., vol. 1, pp. 943–956, 2020.

[10] C. Chen et al., “Hybrid 3DMA for multi-user MIMO-VLC,” J. Opt.
Commun. Netw., vol. 14, no. 10, pp. 780–791, Oct. 2022.

[11] Y. Li, S. A. H. Mohsan, X. Chen, R. Tehseen, S. Li, and J. Wang, “Research
on power allocation in multiple-beam space division access based on
NOMA for underwater optical communication,” Sensors, vol. 23, no. 3,
Feb. 2023, Art. no. 1746.

[12] H. Marshoud, V. M. Kapinas, G. K. Karagiannidis, and S. Muhaidat,
“Non-orthogonal multiple access for visible light communications,” IEEE
Photon. Technol. Lett, vol. 28, no. 1, pp. 51–54, Jan. 2016.

[13] C. Chen, W.-D. Zhong, H. Yang, P. Du, and Y. Yang, “Flexible-rate SIC-
free NOMA for downlink VLC based on constellation partitioning coding,”
IEEE Wireless Commun. Lett., vol. 8, no. 2, pp. 568–571, Apr. 2019.

[14] C. Geldard, J. Thompson, and W. O. Popoola, “A study of non-orthogonal
multiple access in underwater visible light communication systems,” in
Proc. IEEE Veh. Technol. Conf., 2018, pp. 1–6.

[15] A. Kumar and D. N. K. Jayakody, “Secure NOMA-assisted multi-LED
underwater visible light communication,” IEEE Trans. Veh. Technol.,
vol. 71, no. 7, pp. 7769–7779, Jul. 2022.

[16] C. Chen, S. Fu, X. Jian, M. Liu, X. Deng, and Z. Ding, “NOMA for
energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE
Trans. Commun., vol. 69, no. 3, pp. 1693–1706, Mar. 2021.

[17] C. Chen, Y. Nie, X. Zhong, M. Liu, and B. Zhu, “Characterization of a
practical 3-m VLC system using commercially available Tx/Rx modules,”
in Proc. Asia Commun. Photon. Conf., 2021, pp. 1–3.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


