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ARTICLE INFO ABSTRACT
Keywords: Multiple-input multiple-output (MIMO) technology, a fundamental element of 6G, has been widely imple-
Visible light communication mented in visible light communication (VLC) systems. However, actual MIMO-VLC systems face significant
Multiple-input multiple-output challenges due to severe channel correlation. To tackle this issue, in this paper, we propose two enhanced
E;ﬂ;):;‘:ggearé’:mal coverage transmitter designs for performance improvement of indoor MIMO-VLC systems, including single transmitter
¥ partial coverage (STPC) and enhanced STPC. For the STPC scheme, a single LED transmitter only needs to
cover part of the receiving plane, instead of covering the whole receiving plane as in the conventional single
transmitter full coverage (STFC) scheme. For the enhanced STPC scheme, each light-emitting diode (LED) is
replaced with an LED subarray so as to further improve the system performance. Our simulation results reveal
that the system performance is influenced by the LED array spacing, LED subarray spacing, and the LED
semi-angle at half power. We identify the optimal combinations of these parameters to maximize the average
achievable spectrum efficiency of the system. Notably, the STPC and Enhanced STPC schemes demonstrate
increases in average achievable spectrum efficiency of 478.14% and 589.49%, respectively, compared to the
benchmark STFC scheme.
1. Introduction use of multiple transmitters and receivers, MIMO can improve spectral
efficiency and reduce the bit error rate (BER). MIMO-VLC systems can
In recent years, the use and importance of wireless communica- also achieve high rate transmission without increasing transmit power
tion have increased signiﬁcantly [1]. However, the available radio and bandwidth [18]. Spatia] multiplexing (SMP) is one of the most
frequency (RF) bands are limited and are unlikely to provide significant classical MIMO techniques. SMP achieves high data rates by exploiting
new spectrum for wireless communications in the near future [2]. A muyltiplexing gains. To provide these gains, SMP requires sufficiently
promising alternative to RF is the use of indoor visible light com- low channel correlation [19,20].

munication (VLC) [3]. This is because a key advantage of VLC is
that it allows lighting and communication to occur simultaneously,
thereby saving power [4]. It is safe to deploy in areas where RF is
difficult to use, e.g., underwater positioning and navigation in high-
precision environments [5]. VLC can be fully utilized in environments
where electromagnetic interference (EMI) is prohibited, such as in
aircraft communication systems and hospital operating rooms [6-9].
Both the light source and receiver are reliable and scalable [10].
Therefore, VLC provides a promising solution for next-generation 6G
mobile communications.

Owing to the limitations of off-the-shelf light emitting diode (LED)-
based VLC, the modulation bandwidth is restricted to a few MHz [11].
Utilizing multiple-input multiple-output (MIMO) technology is one ap-
proach to overcome this limitation. The VLC data rate can be in-
creased to several Gbit/s when using high spectral efficiency modula- The geometric setup of a general MIMO-VLC system is shown in
tion schemes, especially MIMO techniques [12-17]. Due to the parallel Fig. 1(a), which is configured in a square room with a side length of /

Single transmitter full coverage (STFC) is usually used in traditional
MIMO solutions. However, actual MIMO-VLC systems suffer from se-
vere channel correlation because of line-of-sight (LOS) transmission and
the closely spaced photo-detectors (PDs). As a result, the multiplexing
gain that can be achieved is not significant. In this regard, we pro-
pose the single transmitter partial coverage (STPC) scheme and the
enhanced STPC scheme to a certain extent to alleviate this problem.
In this study, numerical simulations are conducted to evaluate the
performance of MIMO-VLC systems using the proposed schemes and
further comparisons are made with the benchmark STFC scheme.

2. System model
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Fig. 1. (a) Geometric setup of a general MIMO-VLC system, (b) the transmitter setup for the STFC and STPC schemes, and (c) the transmitter setup for the enhanced STPC scheme.

and a vertical distance between the transmitter and the receiver of A.
The MIMO-VLC system modulates the intensity of the optical power,
transmits the signal through the LEDs, and then the signal reaches the
receiver through the free space, where the receiver directly detects and
recovers the transmitted information. The transmitter of the system
consists of an array of LEDs, with the number of LEDs in the array
denoted as N,. The receiver is equipped with N, PDs. Therefore, the
signal received at the receiver end can be expressed as

y=Hx+n, (€Y

T T
wherey = [Y1» ,er] is the received signal vector, x = |x, ... ,le]

is the signal vector at the transmitter, n = n N{] is the noise
vector, and H is the N x N dimensional channel transmission matrix,
which is denoted as
hyy hiN,
H= : : ,
hy, 1

.

2
hn, N,

where h,, (r=1,2,...,N;;t=1,2,..., N;) denotes the channel gain be-
tween the rth PD and the rth LED. If the channel matrix H is full

column rank (i.e., (N, > N,), we can retrieve the signal vector x from
the received signal via zero-forcing equalization as follows

ﬁ:ﬁy=x+fln, 3)
where H denotes the pseudo inverse of H, which is given by
fi=(mH) "', )

where H* represents the conjugate transpose of H. The noise is assumed
to be real-valued additive white Gaussian noise (AWGN) with power
P, = NyB, where N, and B represent the noise power spectral density
(PSD) and the signal bandwidth, respectively.

In indoor VLC systems, there are two main link models, LOS link
and the non-line-of-sight (NLOS) link. In this paper, we only consider
the LOS link, because it occupies more than 95% of the total received
power [21]. It is assumed that the LED follows the Lambertian radiation
pattern and the channel gain between the rth LED and rth PD is denoted
by

(m+ 1) Ay
ra = ———5— cos” (04) T (6,,) g (6,) cos (6,,), 5)
2rd o
where m is the Lambertian order of the LED and it is denoted as
In2 6)

" (cos@, )

where @, /, is the semi-angle at half power of the LED; d,, denotes the
distance between the rth LED and the rth PD; ¢,, and 6,, denotes the
irradiance angle and incident angle, respectively; T (6,,) is the optical

filter gain; g (6,,) is the optical concentrator gain, where g (6,,) =
2
n

sin”(¥)

rt

with n and ¥ being the corresponding refractive index and the

field-of-view (FOV), respectively; A, denotes the physical area of the
PD.

In SMP-based indoor MIMO-VLC systems, different LEDs simultane-
ously transmit independent data streams and the signal-to-noise ratio
(SNR) of the rth data stream can be calculated by

P, s Yo

N, 7 A=
Z,:] (hr,l)zpn Er:l (hr,t)2
where P, is the transmitted optical power of each LED and y, is the
transmitted SNR, which is defined as y, = %, and h,, is the element

e =

@)

rt
in the rth row and rth column of H. The overall achievable spectrum
efficiency of the N, x N, MIMO-VLC system using SMP can be obtained
by

NT
1
R:;§10g2(1+y,)
®)
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==Y log| 1+ ——F7"—
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2 =1 Z,:r] (hr,t)2

) |

3. Single transmitter partial coverage

In this section, we present the details of the proposed STPC and
enhanced STPC schemes, while comparing them with the classical STFC
scheme. Fig. 1(b) shows the transmitter setup for the STFC scheme,
where the LED array spacing, representing the distance between the
adjacent LEDs in each array, is denoted as dy,,. The STFC scheme
refers to a classical MIMO-VLC system utilizing an array of LEDs where
each LED fully covers the receiving plane as shown in Fig. 2(a). The
diagram shows four circles representing the coverage areas of the LEDs.
Each circle fully encompasses the receiving plane, illustrating that full
coverage is achieved across the entire surface. However, the MIMO-VLC
system with STFC suffers from severe channel correlation due to the
LOS transmission and closely spaced PDs. Therefore, the STPC scheme
is proposed in this study to overcome this issues. As shown in Fig. 1(b),
the geometric setup of the STPC scheme is the same as the STFC
scheme. Compared to the STFC scheme, each LED in the STPC scheme
operates with a smaller semi-angle at half-power, resulting in partial
coverage of the receiving plane. However, full coverage is still achieved
through the combined effect of the LED array. Fig. 2(b) demonstrates
this by depicting four circles, where each individual circle (representing
the LED coverage area) does not fully cover the receiving plane, but
the overall arrangement ensures complete coverage of the entire plane.
Moreover, in this study, as shown in Fig. 1(c), by replacing each LED
in the STFC scheme with a subarray of LEDs, we further propose the
enhanced STPC scheme. The LED subarray spacing, representing the
distance between the adjacent LEDs in each subarray, is denoted as d,.
This approach seeks to deliver more uniform and controlled illumina-
tion across the receiving plane. The diagram for this scheme depicts
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Fig. 2. Coverage diagrams of LEDs for (a) STFC, (b) STPC and (c) Enhanced STPC.
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Fig. 3. Geometric schematic of the coverage area of the LED array for (a) STFC, (b) STPC, (c) enhanced STPC, and (d) the top view of the enhanced STPC scheme.

smaller, denser circles (representing the subarrays), which overlap to
create a more granular and detailed coverage, ensuring comprehensive
illumination of the receiving plane.

It is crucial to ensure that every point on the receiver plane receives
adequate light from the LED array. Fig. 3 illustrates the geometric
schematic of the coverage area of the LED array for various configu-
rations, highlighting how different schemes affect the light distribution
across the receiving surface. In the STFC scheme, each LED must cover
the entire receiver plane. Given that both the room and the LED
array are square and share the same center, diagonal symmetry can
be leveraged for the analysis. Therefore, by verifying that the LED
positioned at point Q in Fig. 3(a) can cover the entire receiver plane, we
can infer that all LEDs placed symmetrically along the diagonals will
cover the entire receiving surface effectively. As LED Q moves from
point F to point O, it becomes evident that the entire receiver surface

is covered once points F/, M’, and S’ are reached. Since these three
points are covered if point S’ is illuminated, to ensure full coverage, the
semi-angle at half-power for the STFC scheme must satisfy the following
conditions:

o's’ Vi + \/Edarray

Dgrpe > 20'QS’ = arctan 00’ h ©)]

Considering the STPC scheme, each LED partially covers the receiv-
ing plane but ensures full coverage with the array of LEDs. As illustrated
in Fig. 3(b), if the LED positioned at point R can cover points F’, L/,
and O’, then the entire receiver plane is covered. As LED Q moves from
F to O, full coverage requires that during the first half of its movement,
point O’ must be covered, and during the second half, point F’ must be
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covered. Thus, the semi-angle at half-power for the STPC scheme must
meet the following conditions:

! !
ZR'RF =arctan 2L 0<a, ., <!
> > RR Ly 2
STPC = , , RO /
2R'RO :a.rctanm, 3 derray <l
10)
\/ilfﬁdmmy !
— \[ h ’ Osdarraysz
Zdarray 1
EETI 7 S daray S/

In the enhanced STPC scheme, each subarray of LEDs partially
covers the receiving plane, while the entire array of LED subarrays
ensures full coverage. To clearly illustrate the coverage process from F
to O, as shown in Fig. 3(c), we consider 1/4 of the room for geometric
calculations. Given the symmetry in the array’s coverage from F to
O, we focus on the first half of the process. By leveraging geometric
symmetry, we observe that when the LED at point I covers points F’,
G, C', E', and O’, the entire receiving plane is adequately covered. The
nearest LEDs responsible for covering these points are: LED [ for point
F’, LED B for points G’, C’, and E’, and LED H for point O’. Therefore,
to ensure proper coverage at point F’, the semi-angle at half-power for

the enhanced STPC scheme must meet the following conditions:

F'I'

@ > 2F'II' = arctan —
E-STPC = arctan =
\/E(l - darray - dsub)
7 .

To cover point G’, it is required that
/B/

BB’
\/([ - darray - dsub)z + (dsub)2
2h ’

To ensure point E’ is covered, it can be determined that
! R/

(€8]

®p_gpc > 2G' BB’ = arctan

(12)

) > 2E’'BB’ = arctan
E-STPC = BB

\/(darray - dsub)2 + (dsub)2
2h '

The point C’ can be covered if
el

13

B
@ > +#C’'BB’ = arctan
E-STPC 2 BB

14

\/(darray - dsub)2 + (Z - darray - dsub)2
2h ’

For the LED H to effectively cover point O’, the following condition
should be satisfied:

10
HH'

(15)
\/Edarray - \/Edsub

2h

Dp_grpc = £H'HO = arctan

Additionally, to ensure that each LED in the array remains within
the range from O to F, dy,, needs to satisfy d,.,, € (0,/). To ensure
that there is always a certain distance between the LED subarrays,
dgp < —=2. To ensure that the LED in the subarray is always in the

I—d
room, dg,;, < —.

4. Simulation results

In this study, we propose the STPC as well as enhanced STPC
schemes and compare them with the traditional STFC scheme. This
section evaluates the application of different schemes in a room with
dimensions of 4 x 4 x 3 m, featuring a square LED array centered
on the ceiling. The height of the receiver plane is set at 1 m, with
1681 uniformly distributed receiver positions used to calculate the

Optics Communications 575 (2025) 131279

Table 1
Simulation parameters.

Parameter Value

Room dimension 4mx4mx3m

PD spacing 10 cm

Gain of optical filter, T, (6,,) 1

Refractive index of optical lens, n 1.5

FOV of PD, ¥ 70°
Responsivity of PD, p 1 A/W
Height of receiving plane I m

Active area of PD, A, 1 cm

Noise PSD, N, 1072 A%/Hz

Modulation bandwidth, B 20 MHz

average achievable spectrum efficiency . Additionally, the semi-angle
at half power of each LED @, , in the array is dynamically adjustable.
Key parameters for this study are summarized in Table 1. Although
a specific room configuration is considered in the simulations, the
proposed STPC and enhanced STPC schemes are generally applicable
to the room configuration with arbitrary sizes.

First, as shown in Fig. 4, we analyze the impact of the LED semi-
angle at half power (@, /), array spacing (d,.,), and subarray spacing
(dgy,) on the performance of MIMO-VLC systems using the STFC, STPC,
and enhanced STPC schemes. Our goal is to identify the optimal combi-
nation of these parameters to maximize the system’s average achievable
spectrum efficiency . The white pentagram marks the point of maxi-
mum achievable spectrum efficiency, while infeasible regions indicate
areas where the matrix is not full rank, leading to invalid config-
urations. In Fig. 4(a), we observe the average achievable spectrum
efficiency for varying @,,, and d,,, in the STFC scenario. AS dy.,,
increases, the average achievable spectrum efficiency fluctuates, peak-
ing at d,;,,y = 3 m and @, , = 68.33°. Fig. 4(b) presents the results for
the STPC scenario, where the maximum achievable spectrum efficiency
occurs with dy,y = 2 m and @/, = 42.59°. In the enhanced STPC
scheme, Fig. 4(c) shows that with an LED array spacing of 1.5 m, the
maximum rate is achieved at @, = 39° and d,, = 0.48 m. Similarly,
Fig. 4(d) demonstrates that for an LED array spacing of 2 m, the highest
rate is obtained with @/, = 46.3° and dy;, = 0.2 m. In this current
work, the optimal parameters are obtained via numerical simulations.
In our future work, we will consider the analytical derivation of the
expressions for optimal @, /,, d. and dg, in the proposed STPC and
enhanced STPC schemes.

Fig. 5 presents a performance comparison of MIMO-VLC systems
utilizing STFC, STPC, and enhanced STPC schemes under varying array
spacing. The relationship between the average achievable spectrum ef-
ficiency and array spacing for each scheme is depicted with the optimal
values of @, , and d,;, selected for each point on the graph. As shown,
the enhanced STPC scheme consistently outperforms the other two,
while the STFC scheme always demonstrates the lowest performance.
In the STFC case, the optimal array spacing occurs at dy,y = 3 m,
achieving an average spectrum efficiency of 2.8 bit/s/Hz. For the STPC
scheme, the maximum average achievable spectrum efficiency of 13.2
bit/s/Hz is obtained at d,,,, = 2 m, reflecting a 478.1% improvement
over the STFC scheme. The enhanced STPC scheme shows the highest
performance, peaking at around 1.5 m, with a 589.5% improvement
over the STFC scheme.

In Fig. 6, the performance of MIMO-VLC systems utilizing STFC,
STPC, and enhanced STPC schemes are compared under different trans-
mitted SNR levels. The enhanced STPC scheme consistently achieves
the highest performance, with the rate increasing steadily as the SNR
improves. The STPC scheme also demonstrates a steady increase but
remains below the enhanced STPC. On the other hand, the STFC scheme
shows the lowest performance, with the maximum achievable spectrum
efficiency being the lowest among the three schemes across all SNR
conditions. The main reason that the proposed STPC and enhanced
STPC schemes can substantially improve the spectrum efficiency over

array
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Fig. 4. Performance evaluation of STFC, STPC and enhanced STPC under varying semi-angle at half power of LED @, ,, the array spacing d,,,, and the subarray spacing d,.

the conventional STFC scheme is that they can efficiently mitigate the
channel correlation of MIMO transmission with a much reduced LED
semi-angle at half power.

5. Conclusion

In this paper, we propose and analyze two enhanced transmitter
designs including STPC and enhanced STPC schemes for MIMO-VLC
systems. To achieve the maximum spectrum efficiency, we optimize
the LED semi-angle at half power (@, /,), array spacing (d, ), and
subarray spacing (d,) for each scheme. The optimal combinations of
these parameters are identified via numerical simulations. We demon-
strate that the proposed STPC and enhanced STPC schemes significantly
outperform the traditional STFC scheme. More specifically, the en-
hanced STPC scheme exhibits the highest performance among the
three, achieving a 589.5% improvement over the STFC scheme. The
STPC scheme, while still below the enhanced STPC scheme, achieves a
478.1% improvement over the STFC scheme. Therefore, the proposed
enhanced transmitter designs can be promising for practical MIMO-VLC
systems.
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