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Abstract: In this paper, we propose a rate-splitting-based generalized multiple access (GMA) scheme
for band-limited multi-user visible light communication (VLC) systems. By splitting and transmitting
the input data of each user in a joint orthogonal multiple access (OMA) and non-orthogonal multiple
access (NOMA) manner, the proposed rate-splitting-based GMA scheme can obtain better bandwidth
utilization than OMA and suffer less severe interference than NOMA. In order to achieve the
maximum sum rate over typical low-pass VLC channels, the optimal rate-splitting-based GMA
scheme was first obtained through theoretical analysis and computer simulations. Subsequently,
the superiority of the optimal rate-splitting-based GMA scheme over both OMA and NOMA under
various channel conditions, user separations, and error propagation levels was further verified
by the theoretical, simulation, and experimental results. In particular, the experimental results
showed that, when the error propagation ratio was increased from 0 to 0.2, the sum rate reduction
ratio was significantly reduced from 31.4% to 7.5% by replacing NOMA with the obtained optimal
rate-splitting-based GMA.

Keywords: visible light communication; rate splitting; generalized multiple access

1. Introduction

Recently, the emergence of applications such as ultra-high-definition video stream-
ing, virtual reality, and online video gaming has been rapidly driving the demand for
high-speed and large-capacity wireless connectivity [1]. Considering the radio frequency
(RF) spectrum congestion, traditional RF-based wireless communications may struggle
to support the ever-increasing high data traffic in the near future [2]. To alleviate the RF
spectrum congestion, visible light communication (VLC), possessing a huge spectrum
ranging from about 380 to 780 nm, has been lately envisioned as a potential candidate to
efficiently offload heavy traffic loads from the congested RF wireless networks [3]. Due
to the wide adoption of light-emitting diodes (LEDs) for pervasive illumination in both
indoor and outdoor environments, VLC relying on LEDs can fulfill the dual-function of
illumination and communication, which has been generally viewed as one of the key
enabling technologies for the Sixth-Generation (6G) mobile networks [4] and the Internet
of Things (IoT) systems [5].

In a practical VLC system, there might be multiple users located within its serving
coverage, and the LED access point (AP) should be able to simultaneously transmit data
to all the connected users [6]. As a result, it is of practical significance to design a suitable
multiple access scheme for multi-user VLC systems [7]. Moreover, practical VLC systems
are generally band-limited and exhibit a typical low-pass frequency response, which is
mainly due to the inherent low-pass nature of the illumination LEDs [8]. Therefore, it is also
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very important to take the low-pass frequency response into consideration when designing
the multiple access scheme for practical band-limited multi-user VLC systems.

1.1. Related Work and Motivation

Thus far, various multiple access schemes have already been proposed and investi-
gated to support multiple users in VLC systems, which can be generally divided into the
following three categories.

1.1.1. Orthogonal Multiple Access

When using orthogonal multiple access (OMA) in multi-user VLC systems, users are
allocated with orthogonal resources such as time slots, frequency bands/subcarriers, and
codewords [6]. As a result, the mutual interference between different users can be negligible
in OMA-based multi-user VLC systems. In [9], time division multiple access (TDMA)
was introduced for multi-user VLC systems, where the time and power allocation was
optimized to maximize the downlink spectral efficiency. In [10,11], orthogonal frequency
division multiple access (OFDMA) was adopted to serve multiple users in the VLC system
through subcarrier allocation. In [12,13], code division multiple access (CDMA) was
utilized in the VLC system where different users were allocated with orthogonal codewords
to mitigate multi-user interference. Nevertheless, the mitigation of mutual interference
between different users in OMA-based systems is due to the partitioning of the overall
time/frequency/code resource, and as a consequence, the available resource of each user
after partitioning becomes very limited.

1.1.2. Non-Orthogonal Multiple Access

To address the inefficient resource utilization issue of conventional OMA schemes, the
concept of non-orthogonal multiple access (NOMA) has been proposed and introduced
into VLC systems [14]. In NOMA-based multi-user VLC systems, multiple users can utilize
the same time and frequency resources simultaneously by performing power-domain su-
perposition coding (SPC) at the transmitter side and successive interference cancellation
(SIC) at the receiver side [15]. By adopting constellation partitioning coding [16], joint
transceiver optimization [17], or machine learning-based signal demodulation [18], the
performance of NOMA-based multi-user VLC systems can be further enhanced. Moreover,
NOMA can also be applied to realize energy-efficient light-fidelity (LiFi)-enabled bidirec-
tional IoT communication [19]. Compared with OMA, the resource utilization efficiency of
NOMA is significantly improved at the cost of non-negligible inter-user interference (IUI).
Considering the decoding complexity, time delay, and interference level, it is generally
feasible to multiplex a pair of users in the power domain sharing the same time and fre-
quency resources [20]. In order to support more than two users in the VLC system, hybrid
OFDMA /NOMA can be applied by dividing all the users into multiple user pairs. For
example, a bidirectional hybrid OFDMA-/NOMA-based VLC system was experimentally
demonstrated in [21], and a fairness-aware hybrid NOMA /OFDMA scheme has been
further proposed for band-limited multi-user VLC systems [22]. Moreover, NOMA can
also be applied in multiple-input, multiple-output (MIMO)-based multi-user VLC systems.
Specifically, an indoor MIMO-NOMA-based VLC system was investigated in [23], and a
hybrid three-dimensional multiple access (3DMA) scheme combining NOMA and space di-
vision multiple access (SDMA) was further introduced for multi-user MIMO-VLC systems
in [24].

1.1.3. Rate-Splitting Multiple Access

Besides OMA and NOMA, rate-splitting multiple access (RSMA) has also been applied
to support multiple users in multiple-input, single-output (MISO)-based VLC systems [25].
In a two-user MISO-VLC system using RSMA, the intended message for each user is first
split into two parts: one is the private part, and the other is the common part. Then, two
common parts of two users are multiplexed and transmitted together, while two private
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parts of two users are transmitted individually [26]. In order to reduce IUI, transmitter-side
precoding is generally performed in RSMA-based MISO-VLC systems [27]. It has been
shown that RSMA can outperform both NOMA and SDMA in MISO-VLC systems, which
can be seen as a generalized version of NOMA and SDMA, with NOMA and SDMA being
its special cases [25].

1.1.4. Summary

As discussed above, both OMA and NOMA can be applied in general single-LED
VLC systems, while RSMA is mainly applicable to MISO-VLC systems with at least two
LEDs. As a result, RSMA cannot be directly introduced in general single-LED VLC systems.
Furthermore, by comparing OMA and NOMA, we can see that OMA exhibits negligible
IUI under the condition of reduced available resources for each user, while NOMA ensures
an improved resource utilization efficiency, but suffering from non-negligible IUI. Clearly,
OMA and NOMA stand for two extreme cases in terms of both resource utilization and
IUI, and we might want to know whether a generalized version of OMA and NOMA
can be designed to achieve a trade-off between resource utilization and IUI for practical
band-limited multi-user single-LED VLC systems.

1.2. Main Contributions

Inspired by the concept of partial NOMA in [28], in this paper, we propose and
evaluate a rate-splitting-based generalized multiple access (GMA) scheme for practical
band-limited multi-user single-LED VLC systems. The main contributions of this work are
summarized as follows:

* Proposal of a rate-splitting-based GMA scheme for band-limited multi-user VLC
systems, which can be seen as a generalized version of OFDMA and NOMA;

*  Derivation of the theoretical achievable rate of a general band-limited two-user VLC
system applying rate-splitting-based GMA under the impact of both the LED’s low-
pass frequency response and the imperfect SIC-induced error propagation;

*  Optimization of the rate-splitting-based GMA scheme to maximize the overall achiev-
able rate of the band-limited two-user VLC system;

¢  Evaluation of the obtained optimal rate-splitting-based GMA scheme and other bench-
mark schemes in a practical band-limited two-user VLC system through extensive
computer simulations and hardware experiments.

The remainder of this paper is organized as follows. Section 2 introduces the detailed
system model. The comprehensive theoretical, simulation, and experimental results are
presented and discussed in Section 3. Finally, Section 4 concludes the paper.

2. System Model

In this section, the channel model of a general band-limited multi-user VLC system
using orthogonal frequency division multiplexing (OFDM) modulation is described firstly.
Then, the principle of the proposed rate-splitting-based GMA scheme is introduced. Finally,
the theoretical achievable rate of a general band-limited two-user VLC system applying
rate-splitting-based GMA is derived. For the sake of clarity, Tables 1 and 2, respectively,
give the lists of the variables and acronyms adopted in the following descriptions.



Photonics 2023, 10, 446

40f17
Table 1. The list of variables.
Variable Definition
A Active area of the PD
B Signal bandwidth
d Distance between the LED and the PD of the k-th user
h(0) DC channel gain between the LED and the k-th user
e (7) Amplitude attenuation coefficient at the i-th subcarrier of the k-th user
() Gain of the optical lens
m Order of Lambertian emission
No PSD of the AWGN
ng (1) Additive noise at the i-th subcarrier of the k-th user
r Refractive index of the optical lens
Sk Set of subcarriers allocated to the k-th user
T(¢x) Gain of the optical filter
x(i) Transmitted electrical signal at the i-th subcarrier
v (i) Received electrical signal at the i-th subcarrier of the k-th user
P Emission angle from the LED to the k-th user
bk Incident angle from the LED to the k-th user
Y Semi-angle at half power of the LED
o Half-angle field-of-view (FOV) of the optical lens
0 PD responsivity

Table 2. The list of acronyms.

Acronym

Definition
AWGN Additive white Gaussian noise
CDMA Code division multiple access
FOV Field-of-view
GMA Generalized multiple access
IoT Internet of Things
IUI Inter-user interference
LED Light-emitting diode
LOS Line-of-sight
MIMO Multiple-input, multiple-output
MISO Multiple-input, single-output
NLOS Non-line-of-sight
NOMA Non-orthogonal multiple access
OFDM Orthogonal frequency division multiplexing
OFDMA Orthogonal frequency division multiple access
OMA Orthogonal multiple access
PSD Power spectral density
RF Radio frequency
RSMA Rate-splitting multiple access
SDMA Space-division multiple access
SIC Successive interference cancellation
SpPC Superposition coding
TDMA Time division multiple access
VLC

Visible light communication

2.1. Channel Model

In a general band-limited K-user VLC system using OFDM modulation, the received

electrical signal by the k-th user at the i-th subcarrier can be given by

yi(i) = (0 (D) x (i) + me (i), k=1,2,--- K,
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where I (0) represents the direct current (DC) channel gain between the LED and the k-th
user, which is caused by the propagation of light over the spatial channel; /1 (i) denotes the
amplitude attenuation coefficient at the i-th subcarrier, which is mainly due to the low-pass
frequency response of the LED [29], i € Sy with S being the set of subcarriers allocated to
the k-th user; x(i) is the transmitted electrical signal at the i-th subcarrier, and 7 (i) is the
corresponding additive noise.

The DC channel gain usually consists of both line-of-sight (LOS) and non-line-of-
sight (NLOS) components. Due to the fact that the LOS component generally has a much
larger electrical power than that of the NLOS component in most channel conditions, it is
reasonable to only consider the LOS component when modeling the propagation of light
over the spatial channel [30]. Therefore, assuming the LED follows a Lambertian radiation
pattern, the DC channel gain between the LED and the k-th user can be calculated by [31]

m+1)pA
(@) = PV ot () ()3 i) cos(), @
27td;;
where m = —In2/In(cos(¥)) denotes the order of Lambertian emission, with ¥ being the

semi-angle at half power of the LED; p is the PD responsivity, and A is the active area of the
PD; dy is the distance between the LED and the PD of the k-th user; ¢ is the emission angle,
and ¢y is the incident angle; T(¢y) is the gain of the optical filter; g(¢x) = si;—iq) is the gain
of the optical lens, with  and ® being the refractive index and the half-angle field-of-view
(FOV) of the optical lens, respectively. Note that, if the incident light is outside the FOV of
the receiver, h;(0) becomes zero.

Moreover, the amplitude attenuation coefficient h (i) at the i-th subcarrier of the k-th
user is determined not only by the low-pass frequency response of the LED, but also the set
of subcarriers allocated to the k-th user. Hence, subcarrier allocation plays an important
role in OFDM-based band-limited multi-user VLC systems [22].

In addition, the additive noise usually consists of both shot and thermal noises, and it
is generally reasonable to model the additive noise as a real-valued zero-mean additive
white Gaussian noise (AWGN) with power ¢ = NyB, where Nj is the power spectral
density (PSD) of the AWGN and B is the signal bandwidth [32].

2.2. Principle of Rate-Splitting-Based GMA

In this subsection, we introduce the principle of the proposed rate-splitting-based
GMA scheme for multi-user VLC systems. For a VLC system with more than two users, a
hybrid OFDMA /GMA scheme can be considered to support the users by dividing them
into pairs, where GMA is applied for the two users within each pair, while OFDMA is
employed among different user pairs. Hence, a two-user VLC system is considered in
the following.

Figure 1 illustrates a two-user VLC system applying conventional OMA and NOMA
schemes, where the channel gains of the near user and the far user are denoted by h;, and Fy,
respectively, with i, > hy. When OMA is applied in the two-user VLC system, the overall
bandwidth B is divided and shared by the near and far users through subcarrier allocation
during OFDM modulation. Due to the bandwidth partitioning, there is no IUI between
the near and far users, but the available bandwidth of each user is inevitably reduced. In
contrast, when NOMA is applied in the two-user VLC system, both the near user and the
far user can utilize the overall bandwidth B, under the condition of severe IUIL. Compared
with the conventional OMA and NOMA schemes, our proposed rate-splitting-based GMA
scheme can be seen as a generalized version of both OMA and NOMA, which achieves
better bandwidth utilization than OMA and suffers less severe IUI than NOMA.
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Figure 1. A two-user VLC system applying conventional OMA and NOMA.

Figure 2 shows the schematic diagram of a two-user VLC system applying the pro-
posed rate-splitting-based GMA scheme. As we can see, the binary input data of each
user are first split into two parts via a data splitter. More specifically, the binary input
data of the near user by, are split into by, ; and by, », while the binary input data of the far
user by are split into bg; and bgy. After that, by 1, bno, bg1 and b, are mapped into the
quadrature amplitude modulation (QAM) constellation symbols xp, 1, xn 2, X¢1, and x5,
respectively. Here, xp, 1 and x¢ are separately transmitted in the OMA manner, while x,, »
and x; are transmitted in the NOMA manner. Hence, x, > and x¢, are combined together
via power-domain SPC after power allocation. Letting P, and P, respectively, denote the
electrical powers allocated to transmit x,, » and x;,, the superposed electrical signal after
SPC can be given by

X2 = V/PaXnp + V/Pexeo, 3)

where we have Pyec = Pn + Pr and P is the total allocated electrical power. Moreover, we
further define « = P,/ P as the power allocation ratio (PAR) between the electrical powers
allocated to, respectively, transmit x;, » and x¢,, and hence, we have [22]

P — P elec
=1 +
: 4)
P — D‘Pelec
R

Since the near user usually has a better channel condition than that of the far user, i.e.,
hn > hy, it is generally assumed that P, < P, and therefore, we have 0 < a < 1 [14].
Subsequently, subcarrier allocation is performed for the transmission of the OMA parts xy, 1
and x¢; and the NOMA part x,. Considering the low-pass frequency response of practical
VLC systems, the performance of the two-user VLC system using rate-splitting-based GMA
largely depends on the adopted subcarrier allocation approach. After executing the inverse
fast Fourier transform (IFFT) with the Hermitian symmetry (HS) constraint, parallel-to-
serial (P/S) conversion, digital-to-analog (D/A) conversion, and DC bias addition, the
resultant signal is directly used to modulate the LED for optical signal generation.
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Figure 2. Schematic diagram of a two-user VLC system applying the proposed rate-splitting-based
GMA scheme. FU: far user, NU: near user.

At the receiver side, each user uses a photo-detector (PD) to receive the optical signal,
and the output signal is digitized via analog-to-digital (A/D) conversion. After serial-
to-parallel (S/P) conversion, the forward FFT, and frequency-domain equalization (FDE),
subcarrier extraction is carried out to extract the desired signals from the allocated sub-
carriers at each user. For the far user, the estimate of x¢1, i.e., £, is demapped to recover
the binary data bf 1, while the estimate of xy, i.e., £, is also directly demapped to recover
the binary data bg . The final output data of the far user by is obtained by combining by
and bf,z together via a data combiner. For the near user, the estimate of x4, i.e., £1, is
demapped to recover the binary data Enll, while the estimate of x», i.e., £, is first utilized
to conduct SIC, and the resultant signal is then demapped to recover the binary data by, ».
By combining by, 1 and by, » together through a data combiner, the final output data of the
near user b, can be achieved. It should be noted that the SIC at the near user might not
always be perfect, and error propagation due to imperfect SIC might occur [16].

Figure 3 illustrates the transmitted OFDM spectrum employing different multiple
access schemes in the band-limited two-user VLC system. When OMA is applied, as shown
in Figure 3a, it is generally assumed that the low-frequency band (LFB) is allocated to
the near user, while the high-frequency band (HFB) is allocated to the far user, in order
to maximize the overall achievable rate of the system [10]. In contrast, when NOMA is
adopted, as shown in Figure 3b, both the near user and the far user can utilize the overall
bandwidth, and hence, subcarrier allocation is not required. To efficiently implement the
proposed rate-splitting-based GMA scheme in the band-limited two-user VLC system, the
overall bandwidth needs to be divided into three bands, i.e., LFB, medium-frequency band
(MFB), and HFB, and subcarrier allocation among two OMA parts and one NOMA part
should be considered according to the low-pass frequency response of the system. Under
the general assumption that the OMA band allocated to the near user should have a lower
frequency than that allocated to the far user, the potential transmitted OFDM spectrum
using rate-splitting-based GMA mainly has three forms with respect to the three locations
of the NOMA part. More specifically, the first one is illustrated in Figure 3¢, where the
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NOMA part is located in the LFB, the second one is illustrated in Figure 3d, where the
NOMA part is located in the MFB, and the third one is illustrated in Figure 3e, where the

NOMA part is located in the HFB.

P Low-pass frequency P
/\ 1'csp0nsc
S Pr FU N
P, NU FU .
\\ \\
\ \
\ \
B, B P, NU
B2 gl B2 gl
(a) OMA (b) NOMA
P P P
A 1LFB MFB  HFB A 1FB MFB  HFB A IFB  MFB  HFB
| FU Tl FU .l FU
Py FU N . P¢ . Py \\\
NU NU FU NU FU
NU i NU R NU R
P, By B, By Py B, Byg By P, B, By By
0 B2 g 0 B2 g 0 B2 5>/
(¢) GMA with NOMA in LFB (d) GMA with NOMA in MFB (e) GMA with NOMA in HFB

Figure 3. llustration of transmitted OFDM spectrum employing: (a) OMA, (b) NOMA, (c) GMA with
NOMA in LFB, (d) GMA with NOMA in MFB, and (e) GMA with NOMA in HFB. LFB: low-frequency
band, MFB: medium-frequency band, HFB: high-frequency band.

Letting By, By, and By, respectively, denote the bandwidths of the near user’s OMA
band, the far user’s OMA band, and the NOMA band, we have By, + B + B,y = B. More-
over, we further define the bandwidth allocation ratio (BAR) of the near user’'s OMA band
as fn = 2Bn/B and the BAR of the far user’s OMA band as ¢ = 2B;/B, with 0 < 8, <1
and 0 < B¢ < 1. Specifically, the proposed rate-splitting-based GMA scheme becomes
OMA with equal bandwidth allocation if B, = B¢ = 1, while the proposed rate-splitting-
based GMA scheme becomes NOMA if B, = B¢ = 0. It can be observed from Figure 3
that the performance of the proposed rate-splitting-based GMA scheme depends on the
BARs fn and B¢, the PAR « for the NOMA band, and the locations of the NOMA band.
Therefore, the overall achievable rate of the band-limited two-user VLC system applying
rate-splitting-based GMA can be maximized by optimizing S, B¢, « and the locations of
the NOMA band.

2.3. Achievable Rate

The overall achievable rate of the band-limited two-user VLC system applying rate-
splitting-based GMA can be obtained by the summation of the achievable rates of both the
near user and the far user. For each user, the achievable rate also consists of both the OMA
part and the NOMA part. As shown in Figure 3c—e, the overall bandwidth of the OFDM
signal is divided into three bands, i.e., LFB, MFB, and HFB. Hence, the data subcarriers of
the OFDM signal are also divided into three subsets accordingly.

Let S = {sl,s2, - ,sK} represent the overall available subcarrier set for data trans-
mission, with K denoting the total number of data subcarriers. For an overall signal
bandwidth B, the occupied bandwidth of each subcarrier is given by Bsc = B/K. Let
Sh = {s}l,sﬁ, cee, srlf“}, S = {s},s%, o ,sf‘}, and Sy = {srllf, sif, o ,sﬁ“}, respectively,
denote the subcarrier sets allocated to the near user’s OMA part, the far user’s OMA part,
and the NOMA part, where Ky, K¢, and K ¢ represent the numbers of subcarriers in the cor-
responding subcarrier sets, and hence, we have S, N St N Spf = F, Sn USf U Sps = S, and
Kn + K¢ + K¢ = K. Moreover, the BARs f,, and B can also be re-defined as fn = 2K, /K
and ﬁf = 2Kf/K.
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At the receiver side of the far user, as can be seen from Figure 2, the OMA part #¢; and
the NOMA part £; are both directly demapped. Hence, the received signal-to-noise ratio
(SNR) of the far user at the i-th subcarrier can be obtained by

(hf(o)hff(zi))zpelec, ic Sf
Y= - ,
(h5(0)h(i))"P ,
(hf(Of)hf(i)f)aniaz' i € Spf

©)

where h¢(0) and (i) denote the DC channel gain and the amplitude attenuation coefficient
at the i-th subcarrier of the far user, respectively. By substituting (4) in (5), we have

(he(0) e (i) yex, i € S

7= (e (0)he())* e
D((hf(O)hf(i))z')’tx +1+ a’

, ©)
i€ Syt

where Yty = Pyjec /0> denotes the transmitted SNR [33].

Moreover, at the receiver side of the near user, as shown in Figure 2, the OMA part
%n,1 is directly demapped, while SIC is first performed for the the NOMA part £, before
demapping. As a result, considering the error propagation effect caused by imperfect SIC,
the received SNR of the near user at the i-th subcarrier can be achieved by

. (hn(o)hl’(;(zi))zpelecl ic Sn
) m@m)PP @)
g(hn(O)hn(i))ZPf-|-g—2’ 1 € Onf

where h,(0) and hy (i) represent the DC channel gain and the amplitude attenuation
coefficient at the i-th subcarrier of the near user, respectively, and ¢ denotes the error
propagation ratio (EPR). Similarly, by substituting (4) in (7), we have

(M (0)hn(i))*Yx, 1€ Sn

To = (I (0)hn (1)) 7
‘:(hn )hn(i )2’)/tx +1+ o’

®)

iGSnf‘

Based on (6) and (8), the achievable rates of the near user and the far user can be,
respectively, calculated as follows:

B .
Rp=— log, (1+m ), ©)
TR (1)
B .
Ri=p2 ¥ logy(1+1]), (10)
1€[S,Sni]

and hence, the achievable sum rate of the near and far users can be given by

R:RnJer:I]i( y 1og2(1+7;)+ Y 1og2(1+fy;')). 11)

i€ [Sﬂ/Snf] i€ [Sfrsr\f}

3. Results and Discussion

In this section, theoretical and simulation investigations were first performed to find
the optimal rate-splitting-based GMA scheme among the three candidates, as shown in
Figure 3c—e. Then, theoretical, simulation, and experimental results are presented to



Photonics 2023, 10, 446

10 of 17

evaluate and compare the achievable rate of a practical band-limited VLC system applying
the optimal rate-splitting-based GMA scheme and other benchmark schemes.

3.1. Optimization of Rate-Splitting-Based GMA Schemes

To obtain the optimal rate-splitting-based GMA scheme, we considered a practical
band-limited two-user VLC system adopting the three candidate rate-splitting-based GMA
schemes, as shown in Figure 3c—e. In this work, our goal was to find the optimal rate-
splitting-based GMA scheme by identifying the optimal f,, and B¢ values with optimal
power allocation for the NOMA part, and the optimization was performed via exhaustive
search using computer simulations. The formulation of the optimization problem and
the derivation of the optimal solution are outside the scope of this work, which will be
investigated in our future work.

Figure 4a depicts the geometric configuration of the two-user VLC system, where the
near user is right under the LED with a vertical separation of 2.15 m, while the horizontal
separation between the near user and the far user is denoted by 4. The key simulation
parameters of the band-limited two-user VLC system are listed in Table 3, and the sim-
ulations were performed by using MATLAB. The semi-angle at half power of the LED
and the half-angle FOV of the optical lens were both 70°; the gain of the optical filter
was 0.9; the refractive index of the optical lens was 1.5; the responsivity and the active
area of the PD were 0.53 A/W and 1 cm?, respectively. Moreover, the signal bandwidth
was 39.1 MHz, and the noise PSD was 10722 A2 /Hz. To reflect the low-pass nature of
practical VLC systems, we adopted a practically measured low-pass frequency response in
the simulations, which is illustrated in Figure 4b, and the corresponding —3 dB bandwidth
of the VLC system was 14.8 MHz.

0f
LED
@
Z 57
g
o
é
2.15m ;:):’_IO—
S
g
o-15¢
s
a om —3dB bandwidth: 14.8 MHz
Near user Far user -0 ) ) )
(NU) (FU) 0 10 20 30 40
Frequency (MHz)
(a) (b)

Figure 4. Simulation setup of a two-user VLC system: (a) geometric configuration and (b) system
frequency response.
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Table 3. Simulation parameters.

Parameter Value
Vertical separation 215m
Semi-angle at half power of LED 70°
Gain of optical filter 0.9
Refractive index of optical lens 1.5
Half-angle FOV of optical lens 70°
Responsivity of PD 0.53 A/W
Active area of PD 1 cm?
Signal bandwidth 39.1 MHz
Noise power spectral density 10722 A% /Hz

Figure 5 shows the contour plot of the achievable sum rate versus BARs S, and f¢ for
three candidate rate-splitting-based GMA schemes with different error propagation levels,
where the transmitted SNR was 7t = 118 dB and the user separation was ¢ = 1.5 m. For the
first candidate rate-splitting-based GMA scheme, i.e., GMA with NOMA in LFB, as shown
in Figure 5a—c, the maximum achievable sum rate was achieved with B, =1 and B¢ = 0 for
both ¢ = 0 and 0.05, while the maximum achievable sum rate was obtained with B, =1
and B¢ = 0.2 for ¢ = 0.1. In contrast, for the second/third candidate rate-splitting-based
GMA schemes, i.e., GMA with NOMA in MFB/HFB, as can be seen from Figure 5d-i, the
maximum achievable sum rate was always achieved with B, =1 and ¢ = 0 for three error
propagation levels, i.e., ¢ =0, 0.05, and 0.1. Hence, for the cases that GMA with NOMA in
MEFB and HFB, the optimal B¢ values were both 0, which indicates that the far user’s data
were only transmitted in the NOMA manner and the resultant GMA scheme only consisted
of two bands, i.e., an LFB transmitting the near user’s data in the OMA manner and an
HFB transmitting both the near user’s data and the far user’s data in the NOMA manner.
Since GMA with NOMA in MFB and GMA with NOMA in HFB became exactly the same
when B¢ = 0, we only needed to compare GMA with NOMA in LFB and GMA with NOMA
in HFB so as to identify the optimal rate-splitting-based GMA scheme.

According to the obtained optimal combination BARs B, and B for each case, Figure 6
shows the achievable sum rate versus the transmitted SNR for different GMA schemes with
different error propagation levels and user separations. For ¢ = 0, as shown in Figure 6a,
nearly the same achievable sum rate can be achieved by GMA with NOMA in LFB and
GMA with NOMA in HFB for two user separations, i.e., § = 0.5 and 1.5 m. However, for
¢ =0.05 and 0.1, as can be seen from Figure 6b,c, GMA with NOMA in HFB achieved a
higher sum rate than GMA with NOMA in LFB, especially when ¢ and ¢ were relatively
large. Therefore, it can be clearly observed from Figure 6 that GMA with NOMA in HFB is
the optimal scheme, which can always achieve the highest sum rate among all the candidate
rate-splitting-based GMA schemes. Figure 7 depicts the obtained optimal rate-splitting-
based GMA scheme with NOMA in HFB, 8, = 1 and B¢ = 0, and hence, we can have
Bn = By = B/2 and By = 0. Moreover, it can also be found from Figure 6a—c that the
simulation results agreed well with the theoretical results.
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Figure 5. Contour plot of the achievable sum rate (Mbit/s) for (a) NOMA in LFB, ¢ = 0, (b) NOMA
in LFB, ¢ = 0.05, (c) NOMA in LFB, ¢ = 0.1, (d) NOMA in MFB, ¢ =0, (¢) NOMA in MFB, ¢ = 0.05,
(fy NOMA in MFB, & = 0.1, (g) NOMA in HFB, ¢ = 0, (h) NOMA in HFB, = 0.05, and (i) NOMA in
HFB, ¢ = 0.1, where the optimal combination of B, and B¢ to achieve the maximum sum rate for each
case is highlighted by the blue star.
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Figure 6. Achievable sum rate vs. transmitted SNR for different GMA schemes and different user
separations with (a) ¢ =0, (b) ¢ = 0.05, and (c) ¢ = 0.1.
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Figure 7. Optimal GMA scheme over band-limited low-pass VLC channel.

3.2. Performance Evaluation and Comparison

Next, we further evaluated and compared the performance of a practical band-limited
two-user VLC system applying the obtained optimal rate-splitting-based GMA scheme
and two state-of-the-art benchmark schemes including OMA and NOMA via theoretical
analysis, simulations, and experiments. The simulation setup is shown in Figure 4a, and the
simulation tool was MATLAB; the detailed simulation parameters can be found in Table 3.
Moreover, the experimental setup of a two-user VLC system is depicted in Figure 8a, and
the photo of the experimental testbed is given in Figure 8b.

Figure 8. (a) Experimental setup of a two-user VLC system and (b) the photo of the experimen-
tal testbed.

In our experiments, the transmitted signal was first generated offline by MATLAB and
then sent to an arbitrary waveform generator (AWG, Tektronix AFG31102) with a sampling
rate of 100 MSa/s. Subsequently, the AWG output signal was added with a 36 mA DC
bias current via a bias-tee (bias-T, MiniCircuits, ZFBT-6GW+), and the resultant signal was
utilized to drive a commercially available LED. At the receiver side, two users were located
within the coverage of the VLC system, where each user was equipped with an avalanche
photo-diode (APD, Hamamatsu C12702-12) to detect the optical signal. The transmission
distance between the LED and the two APDs was 60 cm. It can be seen that APD 1 directly
faced the LED, while the separation between APD 1 and APD 2 is also denoted by J, which
ranged from 5 to 20 cm. The detected electrical signals from two APDs were recorded by a
two-channel digital storage oscilloscope (DSO, LeCroy WaveSurfer 432) with a sampling
rate of 500 MSa/s, which were further processed offline via MATLAB. In the digital OFDM
modulation at the transmitter side, the size of the IFFT was set to 256, and a total of 100 (i.e.,
2nd to the 101st) subcarriers were adopted for data transmission. Hence, the bandwidth
of the generated OFDM signal from the AWG was 39.1 MHz. The measured frequency
response of the experimental system is shown in Figure 4b with a —3 dB bandwidth of
14.8 MHz.

Figure 9a—c show the theoretical and simulation sum rate versus the transmitted SNR
for ¢ =0, 0.05, and 0.1, respectively, where § = 1.5 m and B = 39.1 MHz. For ¢ = 0, which
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indicates perfect SIC without error propagation, it can be found that GMA outperformed
NOMA in terms of the achievable sum rate when the transmitted SNR was relatively small,
while nearly the same sum rate can be achieved by GMA and NOMA when the transmitted
SNR reached 120 dB. Moreover, GMA always achieved a higher sum rate than OMA,
and the sum rate gain became more significant when the transmitted SNR was gradually
increased. For ¢ = 0.05, the achievable sum rate of NOMA was substantially reduced,
which became comparable to OMA. For ¢ = 0.1, which means the error propagation is
severe, NOMA even performed worse than OMA, especially when the transmitted SNR
was relatively large. Figure 9d—f show the experimental sum rate versus the peak-to-
peak voltage (Vpp) of the AWG output signal for ¢ =0, 0.05, and 0.1, respectively, where
6 =20 cm and B = 39.1 MHz. Similarly, as we can see, NOMA achieved a comparable sum
rate as GMA for ¢ = 0 with a large Vpp, while the achievable sum rate of NOMA was
greatly reduced when the error propagation became severe. It can be clearly observed from
Figure 9a-f that the optimal rate-splitting-based GMA scheme always achieved the highest
sum rate, and its performance gain over NOMA was much more significant when the error
propagation was more severe.
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Figure 9. Theoretical and simulation sum rate vs. transmitted SNR for (a) { =0, (b)  =0.05, (c) ¢ = 0.1,
and experimental sum rate vs. Vpp for (d) ¢ =0, (e) ¢ = 0.05, and (f) ¢ = 0.1.

Figure 10a—c show the theoretical and simulation sum rate versus the user separation
for ¢ =0, 0.05, and 0.1, respectively, where ¢ = 118 dB and B = 39.1 MHz. For ¢ =0,
NOMA and GMA achieved nearly the same sum rate when the user separation was less
than 1 m, and GMA gradually outperformed NOMA when the user separation was larger
than 1 m. Moreover, the achievable sum rate of OMA was reduced rapidly with the increase
of the user separation. For large ¢ values of 0.05 and 0.1, the achievable rate of NOMA
was substantially reduced. Figure 10d-f show the experimental sum rate versus the user
separation for ¢ =0, 0.05 and 0.1, respectively, where Vpp = 1.5 V and B = 39.1 MHz. It can
be seen that the obtained experimental results demonstrated the same trend as that shown
by the theoretical and simulation results. Hence, in comparison to OMA and NOMA, the
optimal rate-splitting-based GMA scheme was able to achieve a substantially improved
sum rate when the two users had a large separation.
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and experimental sum rate vs. user separation for (d) ¢ =0, (e) ¢ = 0.05, and (f) ¢ =0.1.

Figure 11a shows the theoretical and simulation sum rate versus the EPR ¢, where
Ytx =118 dB, 6 = 1.5 m, and B = 39.1 MHz. As we can see, the achievable sum rate of
GMA was only slightly reduced from 164.6 to 150.1 Mbit/s when ¢ was increased from 0 to
0.2, and the corresponding sum rate reduction ratio was as low as 8.8%. In contrast, the
achievable sum rate of NOMA was significantly reduced from 159.5 to 98.9 Mbit/s, which
indicated a sum rate reduction ratio of as high as 38.0%. Figure 11b shows the experimental
sum rate versus the EPR ¢, where Vpp = 1.5V, § =20 cm, and B = 39.1 MHz. Similarly,
when ¢ was increased from 0 to 0.2, the obtained sum rate reduction ratios of GMA and
NOMA were 7.5% and 31.4%, respectively. Therefore, compared with NOMA, the optimal
rate-splitting-based GMA scheme exhibited greatly enhanced robustness against imperfect
SIC-induced error propagation.
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Figure 11. Achievable sum rate vs. EPR for NOMA and GMA: (a) theoretical and simulation results
and (b) experimental results.

Moreover, it can be seen from Figures 9-11 that the simulation results slightly un-
derestimated the experimental ones, which was mainly because that the experimentally
received SNRs were slightly lower than the corresponding received SNRs in the simulation
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system. Despite this difference, our primary objective of this study was to investigate the
general tendency in the performance of our proposed system under various conditions.
Although the simulation and experimental results may differ quantitatively, we believe
that the qualitative trends observed in both cases are reliable and useful for evaluating the
feasibility and superiority of our proposed scheme.

4. Conclusions

In this paper, we proposed and evaluated a novel rate-splitting-based GMA scheme for
band-limited multi-user VLC systems. As a generalized version of both OMA and NOMA,
GMA achieved better bandwidth utilization than OMA and suffered less severe interference
than NOMA. By optimizing the BARs of the two OMA bands through theoretical analysis
and computer simulations, we successfully obtained the optimal rate-splitting-based GMA
scheme among all the three candidate schemes. Moreover, our theoretical, simulation,
and experimental results further demonstrated that the optimal rate-splitting-based GMA
scheme can always achieve the highest sum rate under various channel conditions, user
separations, and error propagation levels. More specifically, the optimal rate-splitting-based
GMA scheme greatly outperformed NOMA when the user separation was relatively large,
which also exhibited excellent robustness against error propagation caused by imperfect
SIC. Therefore, the optimal rate-splitting-based GMA scheme can be a promising candidate
for practical band-limited multi-user VLC systems. In our future work, we will investigate
a hybrid OFDMA /GMA scheme to support more than two users in a practical VLC system,
and efficient user pairing approaches will be further proposed.
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