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Optical Beam Steerable Orthogonal Frequency
Division Multiplexing (OFDM) Non-Orthogonal
Multiple Access (NOMA) Visible Light
Communication Using Spatial-Light
Modulator Based Reconfigurable
Intelligent Surface

Yin-He Jian, Chih-Chun Wang, Chi-Wai Chow
Tzu-Chieh Wei ", Yang Liu

Abstract—We put forward and demonstrate a steerable optical
beam visible light communication (VLC) system combining orthog-
onal frequency division multiplexing (OFDM) and non-orthogonal
multiple access (NOMA) schemes, and utilizing a spatial light
modulator (SLM)-based reconfigurable intelligent surface (RIS)
for beam steering. When utilizing the SLLM as RIS for optical beam
steering, its operation principle, maximum achievable steering
angle (i.e., field-of-view, FOV), as well as the corresponding loss
should be analyzed. We theoretically and experimentally analyzed
in detail the characters of SLM when acting as the RIS. Experimen-
tal results demonstrate the flexibility of both active beam control
and data rate allocation for multiple users. The SLM-based RIS
can independently and simultaneously control multiple beams, and
significantly reduce the deploying cost of the increase in the devices
for the multi-beam handling scenario. All of the specified channels
under evaluation satisfy the pre-forward error correction bit-error
rate limit (pre-FEC BER = 3.8 x 1073).

Index Terms—Free-space optical communication (FSQO), non-
orthogonal multiple access (NOMA), optical wireless communi-
cation (OWC), orthogonal frequency division multiplexing
(OFDM), visible light communication (VLC).
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1. INTRODUCTION

PTICAL wireless communication (OWC) is one of the
promising technologies for the high-speed requirements

, Senior Member, IEEE, Wahyu Hendra Gunawan

, and Chien-Hung Yeh

in the next-generation wireless systems [1], [2], [3]. It can pro-
vide abundant bandwidth resource for relaxing the highly con-
gested radio-frequency (RF) communication spectrum [4], [5].
Besides, the immunity of electromagnetic interference (EMI),
low-cost deployment and high privacy are also benefited from
the utilization of OWC systems. Among these OWC technolo-
gies, one realization is the visible light communication (VLC)
[6], [7], which can provide both the data transmission and light
illumination at the same time [8], [9], [10]. Many VLC systems
with the capability of high data rate transmissions have been
reported [11], [12], [13], [14], [15], [16], [17]. VLC systems
also show their unique and high-performance applications in
underwater communication [18], [19] and visible light position-
ing (VLP) [20], [21], [22]. Hence, VLC is considered as an
important candidate for the future 6G networks [23].

The VLC systems can be mainly characterized into two types:
the non-line-of-sight (NLOS) diffused systems; and the direct
line-of-sight (LOS) systems [24]. They have their own advan-
tages and shortcomings. For example, although the diffused
systems can support the NLOS transmission, which is especially
useful for the environment with obstacles, the performance is
subjected to poor power efficiency, pulse spreading issue and
multipath-induced inter-symbol interference (ISI). On the other
hand, in spite of preserving from the high received power, the
LOS systems require additional mechanisms to ensure that the
transmitter (Tx) and receiver (Rx) are precisely faced to each
other; and it will become more challenging for catering mobile
terminal users. Therefore, several approaches of actively con-
trolling optical beams such as using micro-electro-mechanical
system (MEMS) [25], optical phased array (OPA) [26], [27],
diffractive optical device [28], tunable liquid lens as well as
liquid crystal on silicon (LCoS) based spatial light modulator
(SLM) [29] have been proposed recently. In particular, SLM
can act as reconfigurable intelligent surface (RIS) [30] in the
optical domain and play the role of optical beam steering. RIS
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is composed of an array of reflective elements electronically
controlled by phase shifters. The RIS have shown its dramatic
improvement over system performances via handling with the
power-induced low data rate and the sparse channel-induced low
rank issues in the RF spectrum. SLM could also be a promising
candidate for enhancing the received power through providing
the active beam control and beam focusing. Among other optical
beam steering techniques, only SLM can independently and si-
multaneously control multiple beams, significantly reducing the
deploying cost of the increase in the devices for the multi-beam
handling scenario. Moreover, SLM can be more attractive owing
to its compact size, lightweight and low power consumption.

In the future network, it is highly expected to develop point-
to-multipoint (PtoM) transmissions in order to accommodate
the demands such as Internet of Things (IoT) and mobile user
hand-over issue. Though the diffused systems can provide such
a link, they are still restricted to aforementioned disadvantages.
Non-orthogonal multiple access (NOMA) technique [31], [32],
[33] provides an alternative solution and is one of the promising
technologies to address these challenges. The features of the
NOMA scheme mainly contain the improved spectral efficiency
and the massive connectivity [34]. The innovative concept of
NOMA schemes can allow multiple users to share the time or
the frequency resources via the power or code division mul-
tiplexing during the transmission. Specifically, for the power
domain multiplexing based NOMA scheme, the basic idea is
the combination of the superposition code and the successive
interference cancellation (SIC), which will be introduced later.
In addition, the NOMA scheme has been proved for being
capable of achieving the capacity bound and flexibly allocating
different data rate pairs for multiple users.

In this work, we demonstrate an optical beam steerable VLC
system combining orthogonal frequency division multiplexing
(OFDM) and NOMA schemes, utilizing a SLM-based RIS for
beam steering. This work is a follow-up and extended oral
presentation in OFC 2023 [32]. Ref. [32] only experimentally
demonstrated the feasibility of using SLM for optical beam
steering without providing any equations and detail analysis.
The key contributions of this work include:

1) Detail discussion of the successive interference cancel-
lation (SIC) with equations are provided. It allows suc-
cessful decoding of two or more data that arrive simulta-
neously.

ii) Detail characterization of SLM is discussed with equa-

tions. Specifically, the relation between the computer-
generated holograms (CGHs) and the beam steering effi-
ciency is found.
Analysis of steering loss against the steering angle based
on direct simulation and application of derived formula
are performed. Compared with the direct simulation, our
derivation can provide an intuitive view of connecting
CGHs and the steering efficiency.

When utilizing the SLM as RIS for optical beam steering, its
operation principle, maximum achievable steering angle (i.e.,
field-of-view, FOV), as well as the corresponding loss should
be analyzed. We theoretically and experimentally analyzed in
detail the characters of SLM when acting as the RIS, and a FOV
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Fig. 1. Experiment of the OFDM-NOMA beam steerable VLC system utiliz-

ing the SLM-based RIS. AWG: arbitrary waveform generator; LD: laser diode;
BS: beam splitter; Pol: Polarizer; SLM: spatial light modulators; PD: Photode-
tector; RTO: real-time oscilloscope; CGH: computer generated hologram.

of 4.6° is achieved in the proposed system. The flexibility of both
active beam control and data rate allocation for multiple users are
demonstrated. By adjusting different power ratios (PRs) in the
NOMA scheme, the data rates for user-1 and user-2 of (1.943
Gbit/s, 2.795 Gbit/s) and (2.131 Gbit/s, 1.943 Gbit/s) can be
attained when the steering angle is 0° and PR equals to 2.5 and
4, respectively. Moreover, for these two PR values of 2.5 and 4,
the data rates for user-1 and user-2 of (1.028 Gbit/s, 1.92 Gbit/s)
and (1.903 Gbit/s, 1.267 Gbit/s) with the steering angle of 2°
can be obtained. All of the channel pairs can simultaneously
satisfy the pre-forward error correction bit error rate (pre-FEC
BER = 3.8 x 107?) requirement. It is worth to mention that
in this proof-of-concept demonstration, only two simultaneous
users are supported, the SLM-based RIS could independently
and simultaneously control multiple beams, and significantly
reduce the deploying cost of the increase in the devices for the
multi-beam handling scenario.

II. EXPERIMENTAL SETUP AND NOMA ALGORITHM

Fig. 1 shows the proposed the OFDM-NOMA beam steerable
VLC system utilizing the SLM-based RIS for beam steering and
focusing. Two independent data sequences are digitally gener-
ated and combined using the NOMA algorithm. The detailed
process of the NOMA algorithm will be introduced in the next
paragraph. After the NOMA encoding, the OFDM encoding is
executed, which involves Inverse Fast Fourier Transform (IFFT),
parallel-to-serial (P/S) and the addition of the cyclic prefix (CP).
The OFDM data sequence is converted to the analog signal via an
arbitrary waveform generator (AWG, Tektronix AWG 70001).
The optical signal is obtained through driving the analog signal
to the laser diode (LD, Thorlabs PL520) with wavelength of
520 nm in this experiment. It is necessary to place one polarizer
behind the output of the LD to match the alignment angle of the
SLM. In order to simultaneously support the data transmission
for two users, the optical beam is divided into two paths via a
beam splitter (BS). The measured splitting ratio is 64:36 and
the beam with less power is reflected by the mirror with 0.64
dB loss. These two beams are separately adjusted to incident
on the different locations of the SLM and the SLM can reflect
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Fig.2. Flow diagrams of the NOMA algorithm in (a) channel estimation phase

and (b) data transmission phase.

the beams in a controlled manner. The operation principle and
the performance analysis will be discussed in Section III. The
FOV of ~ 4.6° provided by the SLM can be achieved. Though
the SLM works, in principle, as incident beam is normal, it
is allowed to make the incident beam oblique within a small
range relative to the normal direction without the performance
degradation (i.e.,  and ¢ in the rightmost inset of Fig. 1) and
it can significantly facilitate the arrangement of the experiment.
Therefore, the steering angle (i.e., 8; for user-i) is defined as the
deviation from the reflected beam. Two steering angle pairs (61,
05) = (0°, 0°) and (2°, —2°) are tested in this experiment. The
optical beam steering is controlled by uploading different CGHs
to the SLM-based RIS. It is worth to mention that although
only two steering angle pairs are demonstrated, it should be
achievable to independently control all of the steering angles
within the FOV for two users to support realistic user-moving
cases.

The two photodiodes (PD, EOT ET-2030A) with the same
specification are located ~ 1 m away from the SLM. The beam
sizes for both users are ~ 2 mm. Prior to the reception, the
lenses are placed in front of the PDs for focusing. The PDs
are attached to a real-time oscilloscope (RTO, Teledyne LeCroy
816ZI1-B) and the two signals can be simultaneously captured.
The decoding process follows the OFDM decoding, which in-
volves signal resampling, the removal of CP, serial-to-parallel
(S/P), Fast Fourier Transform (FFT), one-tap equalization. It is
followed by the NOMA decoding to separate two data sequences
from each other. Last, the BER is calculated to evaluate the VLC
system performance.

The underpinning working principle of the NOMA scheme
is the utilization of the superposition code and the SIC. The su-
perposition code permits the summation of data sequences with
different powers while the SIC process allows the subtraction
over data sequences and makes the decoding iterative. Fig. 2(a)
and (b) shows the flow diagrams of the NOMA algorithm,
including the channel estimation phase and data transmission
phase. Here, the OFDM encoding and decoding processes are
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purposely omitted to simplify the figure. One necessary in-
formation that can determine the performance of the NOMA
scheme is the decoding order. Therefore, the channel estimation
should be performed to acquire the full channel state information
(CSI) as shown in Fig. 2(a). In this stage, two independent
normalized power 4-quadrature amplitude modulation (QAM)
data sequences are scaled with different power and then added
up. Without loss of generality, the power used for the data-2 is
assumed to be larger (i.e., \/Piarge) than that of the data-1 (i.e.,
v/ Pgman). At the Rx side, the channel coefficients for user-1
and user-2 (i.e., hy and hy) will be estimated. Moreover, in
order to further improve the data rates, the signal-to-noise ratio
(SNR) distributions are also estimated through the calculation
of the average Euclidean Distance between the Tx and Rx data.
There are four SNR distributions to be acquired since both users
experiences two decoding processes and the SNR distributions
can be obtained for each decoding (i.e., SN RS |, SNR2 ||
SNRLst , and SNR2 ). During the decoding process, the
first step is to consider the data-2 received by both user-1 and
user-2 since data-2 is encoded with larger power. Here, the
data-1 is regarded as the noise and the maximum likelihood
(ML) detection is employed. The procedure can be expressed as
(1) and (2).

V Pldrgex2 uscrl(z)

= arg max3 ) f (yuserl (i)|\/ﬁrgex2,m> (1)
\V Plarger u5672(z)

- user P arge m) 2
arg max (y 2(1)|\/Parge2 )

where Yyser1(i) and yyser2(i) are the i-th received signals
after one-tap equalization for user-1 and user-2, respectively.
{\/PlargeZ2,m|m = 1,2,3,4}stands for the set of normalized
4-QAM scaled with \/Prarge. T2 user1(i) and To yser2(i) are
the i-th estimated symbols of the data-2 for user-1 and user-2,
respectively. f(z) stands for the Gaussian probability density
function (PDF). The SNR distributions for the first decoding

(.., SNRLt | and SNRL3 ) are estimated using (3) and
.
1 Par el 1 2
SNRS = + AR ) =0
N |yuser1(z) - Plargel'Q ('L)|

SNRlst _ i |\/m$2(2)‘2 (4)
|yuser2(i) - \/ml'g(i)lz

user2 — N
where /Plage2(4) is i-th symbol of the data-2 scaled with
\/Plaree and N is the data length of the data-2. Then, with the
estimated data-2, the SIC is performed to obtain the data-1,
which means that the estimated data-2 sequence will be sub-
tracted from the received signals for both user-1 and user-2. It
can be mathematically written as (5) and (6).

V Psmall/m\l,userl (7/)

= arg

max
m={1,2,3,4}
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f ((yuserl(z) \/ Plar&emQ userl ) | V Psmanz1 m) (5)
\V4 Psmall%\l,usw? (Z)

= arg 1max

m={1,2,3,4}

f ((yuserz(%) V/Plarge T2, usera( )|\/ smdnfﬂun) (6)

where {v/Piman®1.m|m = 1,2,3,4} stands for the set of nor-
malized 4-QAM scaled with v/Pmai, T1,user1 (1) and T yser2 ()
are the i-th estimated symbols of the data-1 for user-1 and user-2.
The SNR distributions for the second decoding (i.e., SN R27¢ |
and SN R?"4 ) are estimated using (7) and (8).

user2

SNR2nd

userl

1 |\/ smandfl( )|2
AV Plarge:Z:Q,userl( ) -

B N zl: ‘yuserl (l) -

V Psmallxl (Z) |2
(7N

SNRQnd

user2
1 | V Psmallzl(i)|2
AV Plarge£2,user2 (Z) -

a N zl: ‘yuseTQ(i) -

V Psmallxl (Z) |2
(3)

where \/Pgnanz1(?) is i-th symbol of the data-1 scaled
withy/Pgmai-

In the stage of data transmission, the power ratio (PR, i.e.,
v/ Plarge /Pgman), which has been specified in the channel esti-
mation remains unchanged. The absolute value of /; and &5 are
compared with each other to determine the decoding order, as
shown in Fig. 2(b). The principle of arranging the decoding order
is that the poorer channel (i.e., smaller |4|) will be decoded, in
general, with less SIC iterations. This means the corresponding
data sequence for this channel should be encoded with the
larger power (i.e., \/Plaee) and there is no need to decode
twice for this data sequence. Besides, the bit-loading is also
applied based on SNR distributions acquired from the channel
estimation phase. The purple lines shown in Fig. 2(b) illustrate
the NOMA encoding and decoding processes in the case of the
better channel of user-1 (i.e., |h1|>|h2|). In the encoding part,
bit-loaded data sequences of the data-1 and the data-2 according
to SNR?md | and SNRL , distributions are generated and
encoded with v/Pgma and y /Piaee, respectively. In the decoding
part, (9)—(11) will be applied to obtain these two data sequences.

\/ Plargex2 userl = arg H%%X f (yuserl(i)‘ V PlargexZ,m)
)
V smallxl userl

= arg m"ziuxf ((Yuser1 (2)

-V Pld.rgemQ userl ) | V smdllxl m)

(10)
\/ Plarge/w\2,user2 (Z) = arg n’igx f (yuser2 (Z)‘ \/ Plarger,m)
(11)
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where the cardinalities of the sets {1 ,,} and {z2,,} depend
on the SNR2%4 | and SNRLs , distributions. Similarly, the
NOMA encoding and decoding processes for the case of the
better channel of user-2 (i.e., |h|<|hz|) are illustrated as the
blue lines shown in Fig. 2(b). In accordance with SN RL5 | and

user
SN R?md  distributions, the data-1 and the data-2 are encoded

with \/%and v/ Psmar, respectively. Thereby, (12)—(14) will
be performed during the decoding.

\V4 Plargezv\l,uscrl(i) = arg mna;X f (yuserl(i)‘ V Plargexl,m)

(12)
Vi Plargefv\l,useTQ( ) = arg maX f (yuse'rQ ‘ V Plargexl m)
(13)

V Psmall£2,user2 (Z) = arg mrgxf ((yuser2 (7/)
-V Plarge£1,user2 (”) |\/mm2,m)

(14)

One great advantage of the NOMA scheme is the flexibility
of the data rate allocation for multi-users, which is achieved
by adjusting the PR for different users. In this proof-of-concept
experiment, two PR values are chosen, including PR of 2.5 and
4.0, and different data rate pairs are demonstrated.

III. OPERATION PRINCIPLE OF SLMS AND PERFORMANCE
ANALYSIS

When utilizing the SLM as RIS for optical beam steering,
its operation principle, maximum achievable steering angle, as
well as the corresponding loss should be analyzed. The SLMs
act as optical 2-dimensional (2D) phase arrays to provide the
active control of optical beams. The SLM consists of a liquid
crystal (LC), areflective and two electrode layers. One electrode
is based on transparent indium tin oxide (ITO) material allowing
light to pass through. The LC layer can be controlled by pixel
electrodes, at which different addressed grayscale voltages can
tilt the angle of the LC axes to provide different phase changes.
There are many applications through providing phase changes
for each pixel, such as the beam steering, holograms, and the
generation of orbital angular momentum (OAM) beams, etc.

Fig. 3 illustrates the schematic diagram of the working princi-
ple of the SLM for beam steering. The voltages applied to pixel
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electrodes are addressed at a fixed voltage spacing Aw; hence,
the corresponding phase changes at a fixed spacing Ay will
be produced accordingly. Provided that one addressed voltage
corresponds to one grayscale value, all addressed voltages will
produce one CGH pattern, and it will be uploaded to the SLM.
Let the aperture size and the gap between two adjacent pixels are
d and g, respectively. The pitch and filling factor of the SLM can
be defined as D = d + g and r = d/D, respectively. Owing to the
artificially generated grating structure pattern (i.e., CGH pattern)
inside the SLM, the component of wave vector can be adjusted
depending on the phase change Ay per pixel provided by the
SLM. The relation can be written as (15), where 6; and 6, are
the incident and the reflected angles of the beam, respectively.

2
777 (sind, —sin6;) D = Ay

(15)

Assume that the incident beam is normal to the SLM, the
steering angle of the 0-order spot given the phase spacing Ay
can be calculated by (16) and the FOV can be expressed in (17)
by substituting the maximum phase change per pixel with 7 rad.

A
0, — sin~! (;Tg) (16)
A
FOV = 2sin~! <2D> (17)

It is worth to note that the FOV of the SLM depends on the
working wavelength A and the pitch D. As illustrated in (17),
larger FOV can be achieved if we extend the wavelength to a
longer wavelength band (e.g., from the visible light to C-band).
Moreover, when the pitch D decreases, larger FOV can also
be obtained. However, decreasing D will lead to more pixel
crosstalk, resulting in the accuracy degradation for the phase
control.

The SLM used for the experiment has a pitch D of 6.4 um,
filling factor r of 0.93 and the working wavelength of 520 nm
and the quantized voltage of 8-bit resolution (i.e., 256 grayscale
levels). The FOV is calculated to be 4.6°. The simulation is im-
plemented via Matlab. In this simulation, Fraunhofer diffraction
is assumed and the object plane is set at the output of the SLM.
Moreover, the edge effect is neglected since the beam size is
much smaller than the panel size of the SLM. Also, the intrinsic
SLM loss such as absorption is not considered. Provided that
the input is the plane wave, the phase change supported by the
CGH with the exact dimension (e.g., the pitch d and the gap
g of the SLM) contains all information required at the object
plane and the Fourier transform (FT) can be conducted. The
image plane is set to be 1 m away from the SLM and the
intensity is normalized to be unity. The simulation result of
the beam steering using these parameters at different steering
angles is shown in Fig. 4(a). As illustrated in Fig. 4(a), the FOV
represents the maximum achievable steering angle of the 0-order
light beam. However, when the steering angle is larger than the
FOV, the 0-order light spot will be significantly attenuated, and
the corresponding 1-order light spot will appear within the FOV
range as also illustrated in Fig. 4(a). As shown in Fig. 4(a), the
position difference (i.e., x-axis) between the 0-order and 1-order
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different steering angles.

beams for a particular angle is fixed. When the steering angle
of the 0-order beam is larger than the FOV, the optical intensity
will drop significantly similar to the optical phase array effect
described in [27], and the 1-order beam will move inside the
FOV range. Due to the conservation of energy, the intensity of
the 1-order beam will increase accordingly

Apart from the direct simulation, the steering losses against
the different steering angles are also mathematically character-
ized. The behavior of the derivation of the optical beam can be
well-modeled from the perspective of the Fraunhofer diffraction
in Fourier optics. As illustrated in Fig. 3, for a given fixed pitch
D, the periodic voltages applied to different pixel-columns in
the SLM via the uploaded CGH file will produce the periodic
phase shift pattern correspondingly. This periodic phase shift
pattern forms the optical grating structure needed for optical
beam steering. The optical grating structure in the SLM is similar
to the optical phase array described in [27]. When the optical
steering angle is large, the optical intensity will drop accordingly.
To be specific, we define two positive integers n and m, where
n as the smallest number such that 256 x n can be divisible
by a positive number m. Note that the grayscale value of 256
corresponds to the phase change of 27. Following this definition,
the phase change of n / m x 27 per pixel results in periodic
structure of mD. For example, if the grayscale values follow
the set {0, 85, 170}, the corresponding (m, n) is (3, 1) and if the
grayscale values follow the set {0, 102,204, 51, 153}, where the
gray-scale values of 51 and 153 are equivalent to those of 306
and 408, the corresponding (m, n) is (5, 2). The phase function
supported by the SLM, as the mathematical expression along
the x-axis in Fig. 3(b), can be written as (18).

p(z) = 75 5]

xi(i< S <itrie{ol,...,m-1}) (8)

where r is the filling factor, x is the position variable at the
objective plane, n as the smallest number such that 256 x n can
be divisible by a positive number m. [ is the indicator function,
where [(true) and /(false) will return one and zero, respectively.
Since p(z) is periodic over mD, the corresponding Fourier
Transformis a series of delta functions scaled with 27 ay standing
at the frequencies of wy, = 2wk /mD. The coefficients a; can be
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calculated as (19) and further simplified and rearranged in (20).

an = 1 (efjkr%' _ 1) pi2m 1 — e—i2m(n—k)
K —jk2m e
(19)
= e (T 1) 2 o
An+qm —j(n T qm)27r (6 e 20)

where k = n + gm for those integer g. The other aj, turn out
to be zeros. From the Fraunhofer diffraction theory, the axis of
frequency domain of the object plane can be connected to that
of the space domain of the image plane. By the correspondence
of two axes, the location of the 0-order beam can be shown to
be located at k = n (i.e., ¢ = 0). It is noted that one CGH and
one corresponding steering angle has the specified and unique
(m, n) pair. Therefore, the intensity of the 0-order beam can be
obtained by means of substituting (m, n) into (20), setting g =
0 and taking its norm. By the proper normalization, the steering
loss induced by the LC periodic structure for O-order beam can
be simplified as a compact form and shown in (21).

2
lan|* = (ﬂ) sin? (r@>
™m m

Fig. 4(b) shows the simulated steering loss against the steering
angle obtained from the direct simulation and the application of
(21), as well as the measured loss. We can observe the three
results are match with each other. The power meter (Thorlabs
PM100D and S120C) has the diameter of 9.5 mm, which is large
enough to receive the beam spot. The power in the simulation
and the measurement are respectively normalized by those of at
the steering angle of 0° (i.e., ’rTlLlE}lOO sup |a, |? for (21)). It should

ey

be noted that in the experiment, there exists the reflection at
the steering angle of 0° from the external glass, accounting
for roughly 2.97% of the total power. Hence, only 97.03% of
measured power is actually interacted with the LC so that it
should be controllable (and thereby steerable). From Fig. 4(b),
it is observed slight differences between the theoretical values
and the measured values. First, at the steering angle of 0°, the
measured value is higher than the theoretical one by 0.13 dB.
This could be explained from the additional reflection of the
glass as mentioned. For other measured values, they are below
the theoretical ones. Specifically, the differences are 0.43 dB,
0.58 dB, 0.77 dB and 0.94 dB for the steering angles of 0.59,
1.0%, 1.5% and 2.0°. These differences could be attributed to the
intrinsic loss induced by the LC, the non-uniform electric field
applied to the LC and the non-linear voltage-phase relationship
of the SLM used for the experiment. Further calibration of the
SLM allows the mitigation of the latter two non-ideal effects and
can improve the steering loss.

IV. RESULTS AND DISCUSSION

The proof-of-concept experimental demonstration of the pro-
posed OFDM-NOMA beam steerable VLC system utilizing
SLM-based RIS as depicted in Fig. 1 is performed. Here, we
illustrate the feasibility and flexibility of optical beam steering
and data rate assignment to two users. For the former, two
steering angle pairs (01, 02) = (0°, 0°) and (2°, —2°) are used;
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and for the latter, two power ratios PR = 2.5 and 4.0 in the
NOMA scheme are also evaluated.

The optical power after the polarizer is fixed at 7.27 dBm.
The optical powers of 0.86 dBm and 3.77 dBm are measured
at user-1 and user-2 positions as the steering angle is (61, 62)
= (0° 0°). However, the powers of only -3.28 dB and -0.09
dBm are obtained for user-1 and user-2 as the steering angle
increases to (01, 03) = (2°, —2°). The reason for the reduction
of the power has been discussed in Section III above. It turns
out that for the NOMA scheme, user-2 experiences the better
channel so that SIC should be performed while the poor channel
of user-1 implies only one decoding process. Therefore, the data
sequences for user-1 and user-2 should be encoded with /Prarge
and +/Pgman, respectively; and during the decoding process,
(12)—(14) will be applied.

Fig. 5(a) and (b) show the measured SNR distributions, the
corresponding bit loadings and their realizations of the constella-
tions for user-1 and user-2 at the PR of 2.5 and 4.0, respectively
when the steering angle is (A1, 02) = (0°, 0°). The red lines
represent for user-1 and the blue ones is for user-2. The data rates
achieved in Fig. 5(a) (i.e., PR = 2.5) are 1.943 Gbit/s for user-1
and 2.795 Gbit/s for user-2. Besides, the data rates achieved in
Fig. 5(b) (i.e., PR = 4.0) are 2.131 Gbit/s for user-1 and 1.943
Gbit/s for user-2. The realizations of the constellations shown in
Fig. 5(a) and (b) clearly illustrate the received signals for user-1
and user-2. In the constellation of user-1 at PR = 2.5, “small”
8-QAM data around the origin 4-QAM data is observed, and
similarly at PR = 4.0, “small” 4-QAM data around the origin
4-QAM and 8-QAM is observed. This is owing to only one
decoding process applied to user-1, in which the data of user-2
is regarded as the noise. However, the constellations of user-2 at
both PR = 2.5 and PR = 4.0 look normal as the typical QAM
data due to the implementation of the SIC. Moreover, if we look
into the SNR distributions of user-1 from PR = 2.5 to PR =4.0,
the rise of ~ 3 dB can be seen, which is because the user-1 is
encoded with 4 /Piae so that the rise of PR implies the increase
of the/Piyge. The drop of SNR distributions of user-2 can be
interpreted in the similar fashion.

Fig. 6(a) and (b) show the measured SNR distributions, the
corresponding bit loadings and their realizations of the constella-
tions for user-1 and user-2 at the PR of 2.5 and 4.0, respectively,
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when the steering angle is (61, 62) = (2°, —2°). The data rates
achieved in Fig. 6(a) (i.e., PR = 2.5) are 1.028 Gbit/s for
user-1 and 1.92 Gbit/s for user-2. Also, the data rates achieved
in Fig. 6(b) (i.e., PR = 4.0) are 1.903 Gbit/s for user-1 and
1.267 Gbit/s for user-2. The realizations of the constellations
and the rise/drop of the SNR distributions of user-1/user-2 can
be explained in the same manner as Fig. 5(a) and (b).

The BER measurements of the proposed OFDM-NOMA
beam steerable VLC system utilizing SLM-based RIS are per-
formed and shown in Fig. 7(a)—(d). and 8(a)-(d) at different
steering angles respectively. With the previously specified data
rates and the steering angle of 0°, Fig. 7(a)—(d) show the BERs
of user-1 at the PR of 2.5, user-2 at the PR of 2.5, user-1 at the
PR of 4.0 and user-2 at the PR of 4.0, respectively; and similarly,
with the previously specified data rates and the steering angle of
2° and —2°, Fig. 8(a)—(d) show the BERs of user-1 at the PR of
2.5, user-2 at the PR of 2.5, user-1 at the PR of 4.0 and user-2
at the PR of 4.0, respectively. The results indicate that all of
the data rate pairs can be simultaneously satisfied the pre-FEC
BER (i.e., 3.8 x 1073). In the experiment, the Rxs is re-aligned
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after the optical beam steering to retrieve the highest possible
performance. The coverage area for both users in this proposed
system at 1 m away from the SLM is 8 cm X 8 cm [i.e., 8 cm
= 1 m x tan(4.6°)]. According to the FOV analysis discussed
in (17), using infrared (IR) wavelengths or using an SLM with
smaller pitches can increase the coverage area. In addition, an
angle magnifier can be introduced at the output of the SLM to
further increase the FOV [35].

V. CONCLUSION

The ability of active beam control as well as the capability of
supporting multiple user transmission scenario becomes more
and more crucial in the modern OWC systems. In this work,
we demonstrated an optical beam steerable VLC system com-
bined OFDM and NOMA schemes, utilizing the SLM-based
RIS for beam steering. In this proof-of-concept demonstration,
only two simultaneous users were supported, the SLM-based
RIS could independently and simultaneously control multiple
beams. Hence, the adoption of the SLM can reduce the deploying
cost of the increase in the devices for the multi-beam handling
scenario. We also theoretically and experimentally analyzed in
detail the characters of SLM when acting as the RIS, and a
FOV of 4.6° was achieved in the proposed system. Though the
demonstrated FOV is limited, it can be relaxed by extending
the wavelength to the longer band. The flexibility of both active
beam control and data rate allocation are demonstrated, showing
the data rates for user-1 and user-2 of (1.943 Gbit/s, 2.795
Gbit/s) and (2.131 Gbit/s, 1.943 Gbit/s) can be attained when
the steering angle is 0°; and the data rates for user-1 and user-2
of (1.028 Gbit/s, 1.92 Gbit/s) and (1.903 Gbit/s, 1.267 Gbit/s)
with the steering angle of 2° can be also reached. All of the
data rate pairs can simultaneously fulfill the pre-FEC BER (i.e.,
3.8 x 1073) requirement.
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