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Abstract: Non-orthogonal multiple access (NOMA) has been widely recognized as a promising
technology to improve the transmission capacity of wireless optical communication systems. NOMA
considers the principle of successive interference cancellation (SIC) to separate a user’s signal at
the receiver side. To improve the ability of optical signal detection, we developed a quantum dot
(QD) fluorescent concentrator incorporated with multiple-input and single-output (MISO) to realize
an uplink NOMA-based optical wireless system. However, inaccurate interference assessment of
multiple users using the SIC detection algorithm at the receiver side may lead to more prominent error
propagation problems and affect the bit error rate (BER) performance of the system. This research
aims to propose a novel recurrent neural network-based guided frequency interference coefficient
estimation algorithm in a NOMA visible light communication (VLC) system. This algorithm can
improve the accuracy of interference estimation compared with the traditional SIC detection algorithm
by introducing interference coefficients. It provides a more accurate reconstruction possibility for
level-by-level interference cancellation and weakens the influence of error propagation. In addition,
we designed uplink and downlink NOMA-VLC communication systems for experimental validation.
When the power allocation ratio was in the range of 0.8 to 0.97, the experimental results of the
downlink validated that the BER performance of both users satisfied the forward error correction
(FEC) limit with the least squares (LS)-SIC and the long short-term memory recurrent neural networks
(LSTM)-SIC detection strategy. Moreover, the BER performance of the LSTM-SIC algorithm was
better than that of the LS-SIC algorithm for all users when the power allocation ratio was in the
range of 0.92 to 0.93. In particular, our proposed system offered a large detection area of 2 cm? and
corresponding aggregate data rate up to 40 Mbps over 1.5 m of free space by using QDs, and we
successfully achieved a mean bit error rate (BER) of 2.3 X 1073 for the two users.

Keywords: non-orthogonal multiple access; successive interference cancellation; interference coefficient
estimation; quantum dot; visible light communication; power allocation

1. Introduction

Visible light communication (VLC) is deemed to be an efficacious candidate for high
data rate communication and efficient ubiquitous connectivity, and a remarkable comple-
ment to traditional radio frequency (RF) communication. It has the capability to overcome
the spectrum scarcity and capacity limitation of RF communication. VLC offers several
promising features such as an unlicensed spectrum, low implementation cost, low power
consumption, high transmission rate, high confidentiality, relatively low health hazards,
and immunity to interference from electromagnetic radiation. With the increasing inherent
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drawbacks of RF spectrum congestion and the unprecedented demand for high-speed com-
munication, VLC can provide a high-speed and large-capacity solution for indoor wireless
communication networks and is considered to a wireless communication technology with
inevitable application prospects. It offers several unique transmission capabilities making
it feasible in various scenarios, such as visible light positioning (VLP) [1], optical camera
communication [2,3], underwater communication [4-7], free-space optical communication
(FSO) [8,9], and integrated lighting and communication [10]. Efficient transmission is the
key point to communication system design. Traditional RF communication is based on
fixed resource allocation by orthogonal allocation of the time, frequency, and code domains
of the system [11,12], which makes users communicate independently of the resources
and do not interfere with each other. The latest wireless optical code division multiple
access technology has also been studied and implemented [13,14]. However, the number
of nodes that can be served by an orthogonal multiple access system at the same moment
cannot exceed the number of orthogonal resources; therefore, the system throughput per-
formance is limited. In order to meet the diverse and stringent transmission needs in the
envisioned indoor intelligent network transmission, it is necessary to study the access
resource allocation for VLC access systems. Indoor optical access is significantly different
from the multiple access technology of RF communication due to the limited radiation
distance and angle range. Therefore, it is important to use its directional radiation to form
a beam for indoor multiple optical access. In [15], the new non-orthogonal multiple access
(NOMA) was reported for indoor environments for multi-user downlink communication
by taking advantage of light intensity distribution or uneven transmission distance without
frequency and time conflicts.

Thus, this key distinguishing feature makes it a promising approach for single-receiver
multiple-input and multiple-output (MIMO) VLC in an uplink system [16]. The authors
proposed a NOMA scheme incorporated with orthogonal frequency division multiplexing
access (OFDMA) for VLC, which provided a high system capacity, flexible bandwidth,
and high throughput for a large number of users [16]. The results indicated that inter-
user interference could be effectively eliminated through accurate channel estimation. In
order to experimentally realize a MISO system, one key constraint is étendue conservation.
Increasing the active area of the photodetector receiver can significantly enhance the
signal-to-noise-ratio (SNR), but it also raises the concern of lower data rate due to limited
bandwidth. A traditional approach to enhance the SNR is to focus light through optical
lenses. However, these optical concentrators are usually constrained by the conservation of
étendue, resulting in a tradeoff between field-of-view (FoV) and optical gain [17]. Hence,
the fluorophore, which initially absorbs impingent light and then re-emits it at a longer
wavelength, is designed to overcome the above shortcoming. Both single and double
fluorescent layers have been considered as concentrators to attain high gain and wide
FoV in VLC systems [18,19]. Moreover, the authors in [20] proposed a nanopatterned
fluorophore on a flexible matrix to achieve higher optical gain without affecting the FoV.
They developed nanopatterned luminescent solar concentrators (LSCs) as VLC detectors to
double the optical gain compared to conventional rectangular counterparts. This was also
proposed to expand the receiving spectral range of conventional silicon (Si) photodetectors
for high-speed solar-blind ultra-violet (UV) communication [21]. It validated the feasibility
of a high-speed photoreceiver structure with a composition-tunable perovskite-based
phosphor and a low-cost Si-based photodetector. Because of its wide FoV, the authors
in [22] used a novel fluorescent concentrator in a 2 x 2 MIMO indoor VLC system providing
a corresponding data rate of 32 Mbps through conventional on—off keying (OOK). It
potentially enabled a high degree of spatial multiplexing to be attained through a simple
receiver design with a wide FoV. However, most of the MIMO systems have limited data
rates of 10-40 Mbps due to narrow bandwidths and low SNRs.

In addition, multiple access technologies are classified into two categories, namely,
orthogonal multiple access (OMA) and NOMA, according to different methods of resource
division. NOMA technology divides time, code, and power dimensional resources in
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a non-orthogonal way. The resources are used to carry out data bearing-transmission,
which can support flexible connectivity and allow for more efficient use with limited
resources [23,24]. To guarantee the effective utilization of resources and enhanced capacity
of the access system, the NOMA-VLC system is designed in uplink and downlink data
transmission. It can also offer several other enticing merits, such as high spectral efficiency,
low transmission latency, and fast access with few interactions. However, there are certain
challenges that limit the performance of NOMA-VLC systems such as the error propagation
issue together with the nonlinear distortion caused by limited modulation bandwidth,
multipath effect, and nonlinearity of optical sources, e.g., light-emitting diodes (LEDs).
Moreover, securing accurate channel state information, which is essential to recover the
non-orthogonally synthesized signal, is also challenging in NOMA-VLC systems. NOMA
systems utilize the sophisticated successive interference cancellation (SIC) technique at
the receiver side for data detection and multiple access interference suppression [25],
which makes it possible to transmit information from multiple users overlapping on the
same resource unit simultaneously. However, the multi-user data detection problem is a
bottleneck for its further performance improvement.

NOMA-VLC systems are prone to two major drawbacks, which are (i) availability
of the line-of-sight (LOS) link, and (ii) overall complexity and overhead of the feedback
mechanism involving channel quality. The drawback of the LOS link usually arises in
VLC systems with mobile users due to random receiver orientations, which is highlighted
in [26-28]. A novel metric for the access point adoption problem has been investigated
for receivers with random orientations [29]. For a downlink VLC system, the handover
issue is discussed in [30], where device rotation is kept into consideration to compute the
handover probability. A generic mechanism for the random receiver orientation is designed
in [31], where the square-channel gain distribution is computed analytically. The proposed
mechanism applies to any prior distribution for the receiver orientation, which is further
developed for multi-LED scenarios in [26]. The effect of titling the receiver angle on the
BER performance is investigated in [32]. To overcome the challenge of the LOS link, a
potential solution is to use QDs with wide FoVs, which is the key motivation of our work.

In [33], a joint detection method using phase pre-distortion for multi-user detection
in a NOMA-VLC system was proposed, which had acceptable pre-distortion effects at
low, medium, and high SNR, better than the interference cancellation detection algorithm.
In [34], symmetric superposition coding and symmetric successive interference cancellation
decoding techniques were implemented, and the effectiveness was experimentally verified,
which eliminated 90% of the demodulation error compared to the conventional orthogonal
multiple access system. The aforementioned methods investigated NOMA techniques
based on power or code domain resources and did not consider NOMA techniques under
multidimensional resource multiplexing. Additionally, these methods cannot solve the
problem of multi-user detection under multidimensional resources.

One crucial challenge is how to allocate power to NOMA users when there are limited
resources. The power allocation to each user is performed in a sophisticated manner in
order to prevent a specific user from accumulating the total power. It has a substantial
impact on the performance of the NOMA technique, such as interference management
and rate distribution among users. The performance of NOMA schemes strongly depends
on the power allocation, where inaccurate power allocation can cause interference among
superimposed users [35]. Consequently, it will degrade the BER performance, rate distribu-
tion, and outage of NOMA users. Interference between the NOMA users can be avoided by
choosing power allocation accurately. An appropriate power allocation with low complex-
ity is highly desirable to exploit the power domain optimally in practical NOMA-based
VLC systems. Power allocation is important in NOMA systems to improve the system
throughout, spectral efficiency, energy efficiency, capacity, quality of service (QoS), and
user fairness. Moreover, accurate power allocation and an appropriate user pairing tech-
nique [36] must be compatible to achieve better performance of NOMA systems. Important
parameters that are required to design power allocation schemes are total power constraint,
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QoS requirements, maximizing objective function, channel conditions, CSI availability, and
many more. Some of the performance metrics used for power allocation schemes are the
number of admissible users, energy efficiency (EE), SNR, channel gain, fairness index, and
sum rate [37].

An energy efficient NOMA scheme for bidirectional VLC systems was proposed
in [38] to maximize energy efficiency under certain QoS targets through an optimal power
allocation approach. At present, although many studies have applied NOMA technology
in optical communication systems, the power allocation and the SIC signal detection
technology of NOMA have not been thoroughly studied, and the error propagation problem
is more prominent. In [39], the challenges faced by introducing a NOMA-VLC system
were summarized, including power allocation, how to combine it with optical orthogonal
frequency-division multiplexing (OFDM) modulation, and how to combine it with multiple-
input multiple-output (MIMO). In [40], a gain ratio power allocation (GRPA) strategy was
proposed to allocate power to individual users according to their channel status, which
improved the effectiveness and fairness of the system. In [41], a power allocation scheme
based on GRPA was introduced with a look-up table method. The system complexity
was reduced by designing a channel gain table for power allocation. In [42], the NOMA
technique was introduced into the MIMO multi-user VLC system. For the characteristics
of MIMO technology, the paper proposed a normalized gain difference power allocation
(NGDPA) method to improve the system capacity and transmission efficiency. A summary
of recent works on NOMA systems is provided in Table 1.

Table 1. Summary of recent studies on NOMA systems.

Reference =~ Communication Domain Focus Area
[43] VLC Karush-Kuhn-Tucker (KKT) optimality conditions to enhance sum-rate performance
) over that of OFDMA
[44] VLC Convex optimization applied to improve data rate of downlink NOMA-VLC
[45] VLC Iterative algorithm to attain an additional sum-rate gain of 10 Mbps for NOMA users
compared to time division multiple access (TDMA)
[46] VLC Harris Hawks optimization to enhance sum-rate performance by jointly optimizing
power allocation and placement of unmanned aerial vehicle (UAV)
[47] VLC Gradient projection (GP) algorithm to gain higher sum-rate performance than OMA
[48] VLC Interior point approach and zero forcir}g. (ZF) pre-coding-based NOMA techniques
outperform traditional NOMA and ZF
[49] VLC Energy-efficient power allocation (EPA) technique to improve energy efficiency of
NOMA-based IoT networks
[50] VLC Power allocation and user pairing approaches for downlink VLC-NOMA
[51] VLC Analytical method and power allocation method for better maximum sum-rate than
fixed power allocation (FPA) and GRPA
[52] VLC KKT optimality conditions to attain higher system sum-rate than FPA and NGDPA
[53] Hybrid OMA and Dynamic programming-based layer-recursion model for better achievability
) NOMA VLC throughput than traditional NOMA and TDMA
[54] RF communication Distance-dependent power allocation (DDPA) technique for mMIMO-aided NOMA
[55] RF communication Energy-efficient power allocation for multiple-user MIMO-NOMA
[56] RF communication Power allocation to ensure QoS requirements in NOMA systems
[57] RF communication Power allocation to ensure individual QoS requirements in downlink NOMA systems
Binary continuous phase modulation (CPM) with modulation is considered into
[58] RF communication downlink symbol-asynchronous non-orthogonal multiple access (ANOMA) to
improve spectral and power efficiency
. Superior performance of FSO backhauling for high-reliability and high-throughput
591 Hybrid RE/FSO ’ ’ NOMA systems compgred to gRF backhal?lling i o
. Superior outage performance for an FSO-RF system with NOMA under a dual ener
[60] Hybrid RF/FSO ’ i Earvesting (EH) mode Compgred to single EH mode ®
[61] Hybrid RF/VLC Link selection and user pairing in cooperative-NOMA
[62] Hybrid RF/VLC Outage performance and reliability improvement of cooperative-NOMA
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In this paper, an optical NOMA communication system with a new SIC signal detection
receiver was constructed to address the above problems. A novel successive interference
cancellation detection algorithm was proposed to improve the accuracy of interference esti-
mation by introducing interference coefficients in the optical NOMA system. Furthermore,
the method of collecting light based on a fluorescent concentrator was used to improve
the light collection efficiency in the uplink optical NOMA system. Moreover, a recurrent
neural network-based guided frequency interference coefficient estimation algorithm was
proposed to provide a more accurate reconstruction possibility for the level-by-level in-
terference cancellation and improve the bit error rate (BER) performance of the downlink
optical NOMA system for multiple users.

2. NOMA System Model
2.1. System Design

As shown in Figure 1, an indoor NOMA-VLC system uses the SIC technique in both
uplink and downlink data detection, for which the interference coefficient is precisely
estimated. In the indoor environment, with the uplink NOMA system in the lower left
corner, User 1 and User 2 use NOMA power allocation coding to transmit signals to the
receiver. The receiver uses SIC detection technology after photoelectric detection to sort
users according to their distance to the transmitter and performs interference cancellation
detection. In the lower right corner is the downlink NOMA-VLC system, where the
transmitter adjusts the transmitting power in the electrical domain according to the location
of the receiving users, such that different users receive different optical powers. The SIC
detection method presented in this paper is suitable for signal detection of indoor uplink
and downlink data transmission scenarios. The difference is that the uplink NOMA only
requires the base station to have an SIC receiver, while the downlink NOMA requires each
user to have an SIC receiver.

Photodetector

Optics

Concentrator Transmitter

Access Point

‘Illllu “00
’\“\\\\‘\\00

oen

I]D\ Diog
|

0 .
C-El kﬁl f——
{4 itk
User2 with SlfTéerl i
" N 2 receiver
Userl User2 SIC receiver

Figure 1. Indoor optical communication scene diagram.

2.2. Uplink NOMA

The uplink NOMA requires signal aggregation. In order to successfully implement
the aforementioned architecture, we experimentally demonstrated a 2 x 1 MISO system
enabled by the QD concentrator. Since the signals come from different directions, the
photodetector suffers from relatively low energy efficiency and a narrow FoV, and the
introduction of a QD concentrator can improve the energy conversion efficiency as well as
the FoV. In our experimental demonstration of the uplink NOMA, we used two different
QDs and compared their BER performance for two users. Both QDs varied in terms of
characteristics and optical performance. For instance, the full widths at half maximum
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of QD Material-1 (CdSe/ZnS) and QD Material-2 (CsPbBr3-50) were 26 nm and 18 nm
with central emission wavelengths of 526 nm and 514 nm, respectively. In order to further
calculate the frequency response in QD-converted exciting light, first we needed to measure
the photoluminescence (PL) lifetime of each material. The photoluminescence (PL) lifetime
of CdSe/ZnS and CsPbBr3-50 were determined to be 32 ns and 29 ns, respectively. We
collected the time-resolved PL lifetime of QDs at 526 nm and 514 nm, respectively, which
was comparable to the lifetime of other inorganic color converters, ensuring potential use
for hundreds of Mbps VLC [17]. The photoluminescence quantum yield was 86% at 450 nm
for Material-1 and 80% at 450 nm for Material-2, which was high enough to support optical
gain. The different characteristics and optical performance of the two quantum dots used
in our experiments are provided in Tables 2 and 3, respectively.

Table 2. Characteristics of quantum dot Material-1 (CdSe/ZnS) and Material-2 (CsPbBr3-50).

Characteristics Material-1 Material-2
Volatile substances (toluene) 99.65 wt% 96.51 wt%
Non-volatile organics 0.06 wt% 0.85 wt%
Density 0.870 g/cm? 0.867 g/cm?
QD (inorganics + ligands) Con. 3 mg/mL 3 mg/mL

Table 3. Optical performance of quantum dot Material-1 (CdSe/ZnS) and Material-2 (CsPbBr3-50).

Optical Performance Material-1 Material-2
PL peak emission wavelength 526 nm 514 nm
Full wave at half maximum 26 nm 18 nm
Photoluminescence quantum yield 86% 80%

The absorption and emission spectra of QDs (Material-1, CdSe/ZnS) are shown in
Figure 2a,b. The transmission electron microscopy (TEM) images of the QDs at different
scales are provided in Figure 2c,d, which clearly indicate uniform core-shell QD particles
with an average size of 7.2 nm.

Similarly, the absorption and emission spectra of QDs (Material-2, CsPbBr3-50) are
shown in Figure 3a,b. The TEM images of the QDs at different scales are provided in
Figure 3¢,d, which clearly indicate uniform core—shell QD particles with an average size of
9.8 nm.

2.3. Downlink NOMA

In the downlink NOMA-VLC system, this paper mainly considers a single-cell down-
link scenario with one base station and N users, U;,i = 1,2,3,..., N, and all terminals are
equipped with a single optical antenna. It is worth noting that there is a similar case for the
uplink scenario. For users with weak channel conditions, a higher power is allocated for
the sending signal, while the contrary is the case for users with better channel conditions.
At the transmitter end, the base station communicates with all users through the same
time—frequency resource and different powers. At the receiving end, reception is performed
through SIC. When the SIC receiver demodulates the signal of a NOMA user, it detects and
removes the signals of other NOMA users with higher power and considers the users with
lower power as interference. In particular, a receiving user with optimal channel conditions
eliminates the signal of all other NOMA users when demodulating its own signal.
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Figure 2. Material-1: (a) normalized excitation spectra of QDs, (b) normalized emission spectra of
QDs, (¢) TEM, and (d) high-resolution TEM images of the QD material.
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Figure 3. Material-2: (a) normalized excitation spectra of QDs, (b) normalized emission spectra of
QDs, (¢) TEM, and (d) high-resolution TEM images of the QD material.

In practice, interference reconstruction is complicated in the SIC detection for multiple
users. The transmitter assigns higher power P to the first user’s signal x;, and it assigns
lower power P, to the second user’s signal x;. In this case, the power allocation factor
can be expressed as #J&P—Z. Then the transmitter superimposes both signals and transmits
them simultaneously. /; is the channel gain for an optical communication system. The
superimposed signal s can be expressed as

s =/ Pix1+ vV Pxy 1
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The total signal y; (i = 1,2) can be expressed as the sum of the received signal and
the channel Gaussian white noise w;:

Y = hiS + w; (2)

Moreover, we calculate the theoretical capacity for the strong and weak users of the
NOMA system according to Equation (3). We consider the normalized bandwidth to be 1.
As shown in Figure 4, the capacity of the strong user (R;) is higher than that of the weak
user (R;) for the downlink NOMA system.

Py |

Pyl
Ry =log,(1+ T)' Ry =log,(1+
1

— ®)
Pl‘hz‘z + Wy

2-Users NOMA capacity region

T
SIC at strong user (User 1)
SIC at weak user (User 2)

The theoretical rate capacity
w £ (4]

N
T

0

0 01 02 03 04 05 06 07 08 09 1
Power allocation ratio

Figure 4. Downlink 2-user NOMA capacity region.

Considering a NOMA system with two users, the signal with higher power is x,
so the first output is xp by direct detecting. The signal estimate of x, is recovered, and
it is subtracted from the received signal y. Then, the second output x; is demodulated.
Thus, the user with weak power needs to demodulate the signal twice [63]. Using such a
detection sequence, it can realize the multiplexing of two signals in the power domain. As
shown in Figure 4, the capacity of the strong user is higher than that of the weak user due
to the different power allocations according to Shannon'’s theorem, but the relative capacity
performance of weak user is also guaranteed.

A key point in the SIC signal detection process is the user detection order. Here, the
sequencing is performed based on the signal power of the users. In NOMA systems with
more than two users, the transmitter will use power multiplexing techniques to allocate
power to different users. Usually, users with high channel gain are allocated low power,
while users with low channel gain are allocated high power. When the synthetic NOMA
signal reaches the receiver, the signal power of each user will be different, and the SIC
receiver will sort out the users according to their signal power and demodulate the different
signals for each user accordingly. It can achieve the purpose of differentiating users in the
NOMA system [64].

Compared with the traditional SIC receiver, the SIC receiver used in NOMA is more
complex and requires a stronger signal processing capability. In actual signal processing,
the power of users is constantly changing, which requires the SIC receiver to constantly
rank the user power. As seen in the SIC structure diagram, each level of processing gen-
erates a certain time delay, and in real multi-level signal processing, the generated time
delay is large [65]. In level-by-level interference removal, the accuracy of interference recon-
struction in the previous level affects the demodulation of the signal in the later level [66].
Generally, the solution of the delay of real multi-level signal processing depends on the
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future improvement of chip processing capability, while the level-by-level interference
removal detection requires further research on the related processing algorithms.

In this paper, we propose to implement a training sequence and estimation algorithm to
improve the accuracy of interference estimation. In order to obtain the accurate interference
caused by the artificially introduced interference and bandwidth-limited devices in each
part of the system, we perform full-signal fading estimation.

3. SIC Detection Based on Interference Estimation Coefficient

As shown in Figure 5, the signals of User 1 and User 2 are encoded in the power
domain by the base station, and the users use a SIC receiver to detect their own signals. The
traditional SIC detection algorithm, which directly carries out interference reconstruction,
does not consider the nonlinear effect of the device. In this paper, the interference coefficient
was firstly introduced to further accurately estimate the interference and reduce the error
propagation. The interference coefficient was estimated by regression using the least
squares (LS) and long short-term memory recurrent neural networks (LSTM) algorithms.
We used f3 to describe the interference estimation coefficient in this paper.

Base station
= I
1

f y
h 1]
P, | User2 £ /2/ Decode User 1 Interference
- = | ™ cancellation Decode User 2
2 2 aco
Encode User 1 and User 2 ‘h, ‘ < ‘hz‘ Apply SIC
A\
-_——————
| User 1 Interference | \
L _ cstimation | —p-{ Usera |
\/Ex]h‘ﬁ V2 =y- \/lelhlﬁl

Figure 5. SIC schematic block diagram.

As shown in Figure 5, the two users are assigned different transmitting powers. The
user with low channel gain is assigned a high transmitting power, and the superimposed
signal is transmitted by the base station. As User 1 has a low channel gain, high power
is allocated to User 1, and the signal is detected directly. The high power of User 1 leads
to strong interference for User 2, so it is necessary to estimate the interference of User 1
to User 2. Next, we discuss how to estimate the interference coefficient to reconstruct the
signal of User 1 for User 2 detection.

Proposed Algorithm

The expression for the interference cancellation process is given as Equation (4). To
obtain accurate interference, the interference estimation coefficient £ is introduced to mod-
ify the estimated interference. Here, h; is the channel gain for the optical communication
system, and /Pyx1h1 B is used to represent the interference. After recovering the inter-
ference estimate of xp and subtracting it from the received signal y, the received y, for
the second user is obtained as Equation (4). In order to obtain {3, we used the training
sequence inserted in the first total frame. The training sequence is not required for the
later data frame. Specifically, 3 can be estimated by the LS or LSTM algorithm with the
training sequence.

2=y —vPixihp 4)
The interference estimation coefficient is calculated as Equation (5) by the LS algorithm.

-1

p=(X"X) Xy ®)

Here, X represents the transmitting signal. Since the LS estimation algorithm needs all
training sequences of one frame to calculate the interference estimation coefficient, the cost
is too high in this process. For an accurate estimation, the LSTM algorithm is introduced
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for interference coefficient estimation of the whole NOMA-VLC system [67-69]. As shown
in Figure 6, LSTM is a special kind of recurrent neural network that is capable of learning
long dependencies. Therefore, the LSTM-SIC algorithm is proposed based on the recurrent
neural network, which uses the first 12 training sequences within a frame to forecast the
following 3 interference estimation coefficients. The interference coefficient can be obtained
by LSTM to reconstruct interference signal and substantially reduce the overhead of the
training sequence.

\ (R D 4 D
(Eanb)
® A
| o [ane] | o
J . o

@/

() &)

Figure 6. Four interacting neural network layers in the repetition module of the LSTM.

As shown in Figure 7, the LSTM algorithm can be used to predict the interference
coefficient. It can be seen that after neural network prediction training, the predicted value
and the real value tended to be the same, as seen in Figure 8a, and the cumulative error
function of the prediction network converged well after iteration, as seen in Figure 8b.
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(a) Sequence of interference coefficients
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c
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(b) Iterations

Figure 7. Prediction results of training of interference coefficient.
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Figure 8. Blocks diagrams of the experimental setup: (a) block diagram of downlink NOMA-VLC
using LSTM SIC receivers; (b) block diagram of uplink NOMA-VLC using quantum dots.

4. Experiments and Analysis of Results

To realize this work, the experimental system is shown in Figure 8. Firstly, based on
the SIC interference detection algorithm described in the previous section, the relevant
device performance was tested. Secondly, the BER performance of the NOMA signal
synthesized from two 20 Mbps OOK signals under different powers was analyzed. The
BER performance of the NOMA-VLC system with different power allocation ratios, bias
currents, and signal amplitudes are optimized.

The block diagram of the experimental setup is shown in Figure 8a. First, two pseudo-
random bit sequences of length 232-1 were generated offline at the PC, followed by OOK
modulation and superposition coding of the two sequences in the power domain to generate
the NOMA OOK signal. It was further up-sampled and processed via a raised root cosine
filter (RRC) before loading into an arbitrary waveform generator (AWG). The output
signal passed through an amplifier (AMP) and a variable electrical attenuator (VEA), and
then it passed through a T-shaped bias (Bias-T) to drive a blue LD. The optical signal
emitted from the LD passed through the wireless channel. At the receiving end, the optical
signal was detected by a 125-MHz PIN photodetector at different locations, where the
PIN photodetector worked as different users’ receiver. The signal was captured by a
mixed-signal oscilloscope (MSO), which subsequently sent the signal to the PC for off-line
processing, including resampling, RRC, timer synchronization, recursive least squares (RLS)
equalization, and NOMA OOK demodulation. Finally, the system BER was calculated.

Figure 8b represents the entire system based on blue laser diodes with a 1.5 m horizon-
tal free-space transmission distance. Two NOMA signals were generated using an AWG
and transmitted by two calibrated blue LDs of 450 nm. LD1 and LD2 were separated by
0.5 m. At the receiving end, we used QD thin film to capture two optical beams and then
pass it through a single PIN to realize signal reception at DSO. The modulated blue laser
beams were incident on the QD concentrator, fully overlapping each other. We precisely ad-
justed the position of the QD film to achieve concentrator-to-detector coupling over a short
distance. After passing the blue light from the QD film, the generated green light from QD
was collected by a 125 MHz PIN photodetector receiver. Next, we used offline MATLAB
processing to successfully decode both signals. Furthermore, we divided the experiment
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process into two parts: one was the performance test for the uplink NOMA-VLC system,
and the other was the performance test for the downlink NOMA-VLC system.

In this experiment, the P-I and V-I curves of the LD are illustrated in Figure 9. In
the operating range, with the increase of current, the output power and output voltage
increased, and there was a linear region from 0.2 to 0.8 A.

4 r T T T 0.4

—— V|
—— P-|

Voltage (V)
Laser Output Power (W)

0 02 04 06 08 1
Cument (A)

Figure 9. P-T and V-I measurement results.

4.1. The Analysis of Uplink NOMA-VLC

In the uplink NOMA-VLC system, the BER performance for different bias currents,
attenuation values, and power allocations were analyzed. Figure 10 represents the BER
performance of User 1 and User 2 with different bias current values. It can be seen that
the BER performance of all users with Material-2 was below the forward error correction
(FEQC) limit criterion when the bias current was 0.6 A. As the bias current increased from 0.1
to 0.6 A, the BERs of all users with Material-1 and Material-2 showed decay. The BERs of
all users with both materials increased when the bias current increased from 0.6 A to 1 A.
Therefore, in our following experiment, the bias current value was set to 0.6 A to obtain the
best BER performance.

——#— Material-2-User1
=~ Material-2-User2
~——a— Material-1-User1
=il Material-1-User2
= = = «FEC Limit

Bit error rate

1073 . . . \ \ . . .
0.1 0.2 03 04 05 06 0.7 08 09 1

Bias Current (A)

Figure 10. BER performance of NOMA-VLC under different bias current values.

Figure 11 shows the BER performance of User 1 and User 2 for uplink NOMA-VLC
with Material-1 and Material-2 considering different attenuation values. As the attenuation
increased, the BERs of all users showcased a decay. We executed various experimental
trials to achieve an optimized attenuation of 10 dB to find out the best conceivable BER
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performance. As we increased the attenuation above 10 dB, all the BERs indicated a rise
in each associated curve. Next, we used the LS-SIC algorithm to further improve the BER
performance. It is worth noting that the BER performance of both users considering both
materials was below the FEC limit criterion while using the LS-SIC algorithm when the
attenuation was 10 dB.

10°

== Material-2-User1
=== Material-2-User2
=—d— Material-2-User1-LS-SIC
== Material-2-User2-LS-SIC
——a&— Material-1-User1
——#— Material-1-User2
Material-1-User1-LS-SIC
Material-1-User2-LS-SIC
== == =FEC Limit

Bit error rate

102+
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fou - —— e —— — — — — — — — -

102 . . . L L . .
4 5 6 T 8 9 10 1 12
Attenuation(dB)

Figure 11. BER performance of NOMA-VLC under different attenuation values.

In order to secure successful signal decoding, there must be a sufficient power dif-
ference between received signals. We used the optimized values of bias current and
attenuation and the control power allocation ratio in the NOMA system to obtain multiplex-
ing transmission. Figure 12 shows the BER performance for two users considering different
power allocation ratios. For experimental demonstration, we considered power allocation
ratios to be 0.90, 0.91, 0.92, 0.93, 0.94, 0.95, 0.96, and 0.97. The decreasing exponential curves
showed that a higher power allocation ratio was suitable for better BER performance. We
noticed that the best BER performance was obtained at the power allocation ratio of 0.96.
Moreover, our findings indicated that the MISO-NOMA-VLC system could support an
aggregate data rate of 40 Mbps within the FEC criterion in the uplink NOMA-VLC system.

10°

Material-2-User1
=== Material-2-User2
@~ Material-2-User1-LS-SIC
—i— Material-2-User2-LS-SIC
= = = «FEC Limit

Bit error rate

06 07 08 0.9 0.97
Power allocation ratio

Figure 12. BER performance of two users with Material-2 for various power allocation ratios.

4.2. The Analysis of Downlink NOMA-VLC

In the downlink NOMA-VLC system, the BER performance for different bias currents,
attenuation values, and power allocations was analyzed. It can be seen from Figure 13 that
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with the various bias current values, the BER increased, and the optimal value was obtained
at 0.22 A. When the attenuation value was set from 2 to 11 dB, a higher attenuation value
led to better BER performance, and the best BER performance was obtained at 11 dB.

10° — ; : v r
- —a— 11dB
—i— 8dB
—i— 6dB
—— 4dB
102 2dB
———————— - — — — -FEC Limit| -
[
®
g 10*r
(0]
=
10 +
10v8 » 1 1 1 1 L 1 L
02 03 04 05 06 07 08 09 1

Bias Current (A)

Figure 13. Original BER curve without interference estimation optimization.

Figure 14 shows the BER performance of the NOMA-OOK system for different distance
variations with LS-SIC and LSTM-SIC detection algorithms under the conditions of optimal
bias current and attenuation values. It can be seen that the traditional SIC, LS-SIC, and
LSTM-SIC detection algorithms changed the BER at different distances for each user. Since
the power allocation of the two users was different, the signal of strong user was detected
directly with a low level of interference. However, when the weak user was detected,
the BER performance sharply deteriorated with the elimination of more interference of
the strong user inaccurately. Therefore, the BER of User 1 was better than that of User 2.
However, after introducing interference estimation coefficients to accurately reconstruct
the interference, the BER performance of User 2 became better. Furthermore, when the
transmission distance was less than 5.5 m, the BERs of both users were lower than the FEC
limit when using LS-SIC and LSTM-SIC detection algorithms. As the distance continued
to increase to 7.5 m, the BERs of User 1 with both algorithms were still lower than the
FEC limit, while the BERs of User 2 were lower than the FEC limit when the distance
was within 6 m. When the distance exceeded 6 m, the BER of User 2 with the LS-SIC
algorithm was higher than the FEC limit, while the BER with the LSTM-SIC algorithm
was still lower than the FEC limit up to 7.5 m. Therefore, the interference estimation
performance was optimized by using the LSTM to estimate the interference coefficient with
the training sequence.

In addition, insets are the eye diagrams (a, b, ¢, d) for the corresponding BERs indicated
by the arrows. The eye diagram of User 1 with equalization is represented by (a). The open
eyes indicate that this signal is suitable for demodulation. The eye diagram of User 2 with
equalization is represented by (b). We can see that the eyes are invisible, which indicates the
signal is not suitable for demodulation. Next, we used the LS-SIC algorithm to improve the
quality of User 2, as shown in eye diagram (c). Here, the open eyes indicate the performance
improvement. We also considered LSTM-SIC to further improve the performance of User 2,
as shown in eye diagram (d). We can clearly see that the eyes are wide open, resulting in
better performance, and the signal is suitable for demodulation.
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Figure 14. BERs at different distances with interference estimation optimization. Insets: eye diagrams
of (a) the first user with equalization, (b) the second user with equalization, (c) the second user with
LS-SIC, and (d) the second user with LSTM-SIC.

As shown in Figure 15, the BER performance of different interference reconstruction
algorithms was further compared considering different power allocation ratios. It can be
seen that when the power allocation of the two users changed, the BERs of both users
decreased until the allocation ratio was 0.8. When the ratio was larger than 0.8, the BER
of the original algorithm for the strong user (User 1) decreased sharply, and the BER of
the weak user (User 2) deteriorated sharply and exceeded the FEC. The BER of User 1
reached a minimum value at the power allocation ratio of 0.95, which was lower than
the FEC. After using the LS-SIC and the LSTM-SIC detection algorithms, both algorithms
improved the BER of User 2 to satisfy the FEC limit for a power allocation ratio ranging
between 0.8 and 0.97. As the power allocation ratio increased to 1, which is equivalent to
single-user transmission, the BER became worse again. Therefore, the proposed algorithm
can outperform the original SIC algorithm and significantly improve the BER performance
of the weak user. It provides a viable solution to achieve successive interference cancellation
detection of two users in free-space optical communications.
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Figure 15. BERs under different power allocation ratios with interference estimation optimization.
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As shown in Figure 16, the BER performance of the three successive interference
estimation cancellation methods under different attenuation values was analyzed at a
fixed power allocation ratio of 0.91. The BER of the original algorithm for User 1 was
always below the FEC limit, and the BER of User 2 was below the FEC limit only when
the attenuation value was 11 dB. After using LS-SIC and LSTM-SIC detection algorithms,
the BERs of User 1 and User 2 were below the FEC limit, and the performance was close to
the same.

0 Power allocation ratio = 0.91
10° - -
! —— Original-User1
== Original-User2
i | S.S|C-User1
—8—L5-5IC-User2
107 F —8— |STM-SIC-User1 | 7
: —8— LSTM-SIC-Usar2
— — — - FEC Limit
i)
a
g 102t
@
L e N iy

10% . . .
8 9 10 " 12

Attenuation (dB)

Figure 16. BERs at optimal power allocation ratio of 0.91 with interference estimation optimization.

As shown in Figure 17, the BER performance of the three successive interference
estimation cancellation methods was analyzed for different attenuation values at a power
allocation ratio of 0.92. The BER of the original algorithm for the strong user was always
below the FEC limit, and the BER of the weak user was always above the FEC limit. After
using LS-SIC and LSTM-SIC detection algorithms, the BERs of User 1 and User 2 were
below the FEC limit, which shows that the final power allocation ratio has a greater effect
on the BER performance.

Power allocation ratio =0.92

10° T T —
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i | S-S C-Us072
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Figure 17. BERs at optimal power allocation ratio of 0.92 with interference estimation optimization.
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As shown in Figure 18, the BER performance of the three successive interference

estimation cancellation methods was analyzed for different attenuation values at a power

allocation ratio of 0.93. The BER of the original algorithm for the strong user was always

below the FEC limit, and the BER of the weak user decreased to the FEC limit with an

attenuation value of 12 dB. After using LS-SIC and LSTM-SIC detection algorithms, both
BERs of User 1 and User 2 were below the FEC limit. Since the power allocation ratio was
0.93, the power of the strong user was 0.93, while the power of the weak user was 0.07, and
this ratio was suitable to demodulate both users accurately. An aggregate data rate up to
40 Mbps of the two signals on the same link could be achieved in the NOMA-VLC system.
A comparison of the reported MISO VLC systems is given in Table 4.

Power allocation ratio =0.93

0
10 ' ' wilii== Original-User1
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i LS-5IC-User1
i | S-S1C-Usr2
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Bit error rate

1 1
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Attenuation (dB)

=]
[

Figure 18. BERs at optimal power allocation ratio of 0.93 with interference estimation optimization.

Table 4. Luminescent concentrator-based MISO VLC systems reported in different works.

. . Modulation Data Rate .
Reference Materials Light Source Scheme BER (Mbps) Distance (m)
[17] Cdznsess/ 20510 D blue WLEDs NOMA 3.24 x 103 120 1.5 underwater
1.3
[18] Cmé6 and DCM Blue and OOK 4 %1073 12 Not provided
green LEDs p
[20] Conjugated polymer Blue LEDs OFDM <FEC 400 0.5 air
[22] Cmé6 White LEDs OOK <FEC 32 0.3 air
Material-1 .
Our work (CdSe/ZnS) Blue LD NOMA <FEC 40 1.5 air
Our work Material-2 Blue LD NOMA <FEC 40 1.5 air

(CsPbBr3-50)

5. Conclusions

In this work, we focus on indoor successive interference cancellation detection of
optical uplink NOMA based on a fluorescent concentrator and downlink NOMA based
on interference coefficient estimation. To investigate the performance of uplink NOMA,
we consider fast-response fluorescent material to ensure a wide-coverage QD concentrator
with an effective coverage area. Since NOMA has emerged as a promising candidate for
practical band-limited multi-user VLC systems, our experiments demonstrate that the
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high-speed MISO NOMA-VLC is suitable for free-space channel communication. The QD
concentrator-empowered MISO NOMA-VLC system can support an aggregate data rate of
40 Mbps by 2 LDs over a 1.5 m free-space distance, which ensures a unique connectivity
approach for indoor IoT applications. Furthermore, the LS-SIC and LSTM-SIC algorithms
are proposed in the downlink NOMA communication system. We also propose a recurrent
neural network-based guided frequency interference coefficient estimation algorithm in
the NOMA-VLC communication system, which improves the accuracy of interference
estimation by introducing interference coefficients. Numerical results demonstrate that our
proposed algorithm is effective in providing more accurate reconstruction and in weakening
the influence of error propagation. Using NOMA technology, the power multiplexing and
rate doubling for two users with the same link is achieved. Interesting work to be further
explored is to study the power multiplexing and interference detection algorithms in uplink
and downlink NOMA to further enhance the system capacity. In the future, we will focus
on improving the channel capacity with fast-response material. Furthermore, we will
investigate the feasibility of the QD-based MISO-NOMA VLC system in an underwater
environment. In addition, in future work, we would like to extend the two-user case to a
multiple-user case for the MIMO-NOMA VLC system.
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