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ABSTRACT This treatise presents a framework for the optimisation of a colour-based optical spatial
modulation for visible light communication (VLC). The focus is particularly on the conflicting interests
between illuminance and signal transmission. The system under consideration is configured with a non-line-
of-sight (NLoS) model, based on the joint use of colour shift keying (CSK) and optical spatial modulation
(OSM) with intensity modulation and direct detection (IM/DD). With the adaptation of the aforementioned
optical techniques and convex optimisation, the design and development of a colour-based optical wireless
system is carried out. Firstly, an optimisation problem with the intention of minimising the total luminous
intensities of the light emitting diode (LED) arrays subject to the transmitting LED array’s optical power
budget, minimum required illuminance level, LED-user channel conditions and latency intolerant users’
(LITUs) quality-of-service (QoS) target constraints is defined. Secondly, a coordinated algorithm for the
selection of a transmitting LED array, maintenance of a particular illuminance and signal-to-interference-
plus noise ratio (SINR) levels during symbol transmission is designed. Lastly, through computer simulations,
a numerical analysis is carried out to demonstrate and evaluate the performance of the algorithm. During the
transmission of all symbols, the proposed framework is capable of satisfying the SINR target for LITUs
while reducing the optical power by approximately 20% to 25% and 20% to 75% for transmitting and
non-transmitting LED arrays, respectively. Additionally, provided that the required illuminance level is
specified within the standardised levels of 300 lux to 1500 lux, the proposed system can provide adequate
illuminance as per the users’ requirement at all points where either a LITU or a latency tolerant user (LTU)
is located at any given instance. However, fair SINR levels are not guaranteed at the points where the LTUs
are positioned. On the other hand, the algorithm disposes low illuminance levels ranging from 100 lux to
250 lux at locations towards the room boundaries where there are no users. The proposed system is able to
achieve data rates of 5 Mbps to 25 Mbps using commercially-off-the-shelf LEDs.

INDEX TERMS Colour, illumination, line-of-sight, optimisation, visible light communication, wireless.

I. INTRODUCTION
Illumination is on the verge of being completely restruc-
tured because of the advancements in the solid-state lighting
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(SSL) domain. Contemporary incandescent and fluorescent
lamps are rapidly being replaced by SSL luminaires, which
have higher energy efficiency, higher brightness and light
uniformity [1]. SSL luminaires, in particular, light emitting
diode (LED) and laser diode (LD) luminaires are desirable
for their capability to switch between different levels of
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luminous intensity at an extremely high rate, which enables
SSL luminaires to also be used for visible light communi-
cation (VLC) [2], [3]. In VLC, spatial arrays consisting of a
single ormulti-colour light sources are typically employed for
a dual purpose, being the provision of illumination and data
transmission over a wireless channel. Conventionally, LEDs
are widely used instead of LDs for the establishment of VLC
systems due to their smaller footprint, ease of installation,
wider output beam pattern, lower cost, longer life-span and
lower heat dissipation. The limited use of LDs is driven by
the possible health hazard concerns as well as colour mixing
complexity [4]. Owing to the dual purpose of the lighting
sources in VLC, it is substantial to come up with efficient
techniques for resource allocation to mitigate the negative
impacts of the conflicting interests between illuminance and
data transmission.

Multiple-input multiple-output (MIMO) systems have
been widely studied for implementation in optical wireless
communication (OWC) systems, particularly VLC. Optical
spatial modulation (OSM), is one of the MIMO algorithms
utilised for the facilitation of data transmission for indoor
VLC systems. OSM is conceptualised based on the idea of
spatial modulation (SM). Therefore, OSM is inherently capa-
ble of attaining higher spectral efficiency. Besides, OSM is
completely robust to inter-channel interference (ICI) and this
property simplifies symbol decoding on the receiver unit [5].
With that being said, OSM based systems can result in a
sub-optimal performance due to twomain shortfalls. The first
being, OSM does not simultaneously use all of the available
LED or LD lamps as transmitters for data transmission, which
leads to reduced data rates when compared to other MIMO
techniques. Lastly, when a channel is highly correlated, as is
the case when using non-imaging receivers, there is a signif-
icant power loss [6].

As a means of augmenting the overall performance of
OSM-based systems, other techniques can be appropriately
used synchronously with OSM. The standardised IEEE
802.15.7 colour shift keying (CSK) modulation in [7] is one
of those techniques that possess advantageous qualities to be
integrated with OSM. In CSK, the signal constellation points
are defined based on the mixture of three different colour
bands (red, green and blue) of themulti-coloured light source.
CSK technique is one of the favourable VLC modulation
techniques due to its ability to offer higher data transmission
speeds [7]. Multi-colour sources on their own intrinsically
form a colour space MIMO, which can lead to elevated data
throughput [8], [9]. Different CSK constellation sizes may
be used depending on the data rate requirement. Moreover,
there are no known negative impacts to the human vision
on account of the constant power of the modulated signals,
resulting in flicker-free illumination. On the other hand, due
to the restricted freedom of the constellation symbols, the
optimised minimum Euclidean distance of CSK symbols is
much smaller compared to techniques such as quadrature
amplitude modulation. Symbol restriction emanates from the
colour space chromaticity diagram shown in Figure 1 as

FIGURE 1. CIE 1931 colour space chromaticity diagram.

defined by the International Commission on Illumination
1931 (CIE 1931) [10]. This diagram confines the CSK con-
stellation symbols to only a portion of its shape.

Various studies on OSM and CSK techniques have been
widely carried out. For the relevant background on OSM and
CSK, the reader is referred to some of the recent research
works in [11], [12], [6], and [13] on OSM whereas part of
the recent literature on CSK is presented in [7], [14], [15],
and [16].

Joint utilisation of OSM and CSK is capable of meet-
ing particular data rate specifications with low-order system
complexity. On the other hand, the integration of the two
techniques yield an improved system performance as it reaps
the benefits of elevated data rates from the colour domain of
CSK and the spatial gain from the spatial domain of OSM [8].
In the proposed system, concurrent exploitation of both OSM
and CSK for adequate room illumination as well as data
transmission with priority given to latency intolerant users
(LITUs) is considered. To the best of the authors’ knowledge,
at the time of writing this paper, there has only been two
papers [8], [9], which focused on the joint use of CSK and
OSM forMIMO systems in VLC. However, the authors of the
existing works in [8] and [9] did not consider the omnipres-
ence of heterogeneous users of the network. Moreover, the
authors did not look into the provision of adequate illumi-
nance at different points of the room during data transmission.

Unlike the works in [8] and [9], this study considers the
optimisation of a multi-user system under various constraints
in a heterogeneous user network (i.e users have different
quality-of-service (QoS) requirements). The proposed system
is configured as an indoor non-line-of-sight (NLoS) model
based on the collaborative use CSK and OSM with IM/DD.
The considered system model for this work is adapted
from [8] but with the capability of transmitter re-assignment
based on the location of the user that is being served. This
allows efficient provision of the desirable QoS to all LITUs.
The proposed scheme is also capable of allocating adequate
illuminance at all points where users are located. To the extent
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of the authors’ knowledge, the authors believe that it is the
first time that the consideration of power minimisation in
the presence for heterogeneous users is being investigated
for application in VLC systems. In addition, the simulation
results presented in this paper have not been previously
reported in the literature.

The remaining part of this article is structured as follows.
In Section II, the functional units of the proposed scheme
are presented. Section III provides the optimisation model
of the proposed system. In Section IV, simulation results are
provided to demonstrate the performance of the algorithm.
Lastly, in Section V, the study is concluded based on the tech-
nical findings of the previous sections. Furthermore, in the
same section, the pros and cons of the proposed system as
well as some of the future works are discussed.

II. FUNCTIONAL MODEL
Joint utilisation of CSK and OSM is capable of meeting data
rate specifications with low-order complexity. On the other
hand, the integration of the two techniques yield an improved
system performance as it reaps the benefits of elevated data
rates from the colour domain and the spatial gain from the
spatial domain [8], [9]. For avoidance of ambiguity and con-
fusion, uppercase and boldface font is used to represent matri-
ces while vectors are represented by lowercase and boldface
font.

A. SIGNAL MODULATION
The core block diagram of the proposed scheme based on
CSK is shown in Figure 2. Let X denote the input binary
data carrying matrix block. This input block is defined by
Nb × N , where, N represents the total number of symbols
in a colour-based OSMwhereas Nb is the total number of bits
transmitted per symbol and it is defined by [8]

Nb = log2M + log2 NT , (1)

where M is the constellation size and NT is the total number
of optical transmitter arrays. The vectors of X, given by[
x0, x1, . . . , xN−1

]T are individually mapped to the available
LED arrays and also to the different constellation points in
the colour (signal) domain. Data symbols have two variables
of bits, which are the most significant bits (MSBs) and the
least significant bits (LSBs). The MSBs of the data symbol
are mapped to CSK constellation points in the colour domain
while the LSBs are mapped to the indices of the LED arrays.
The mapping facilitates the selection and activation of the
transmitting LED array in the spatial domain according to the
pre-defined mapping table. The activated array will in-turn
simultaneously illuminate the room and transmit data to all
users. Like the colour domain, the spatial domain is also
carrying data. An illustration of the mapping procedure of the
colour-based OSM using 8-CSK and four LED transmitter
arrays is shown in Figure 2. During the mapping process, X
is transformed into a new chromaticity mapping matrix Z,
defined by (NT × 2) ·N . Subsequently, Z is transformed into
an intensity matrix U with dimensions (NT × 3) ·N [8].

FIGURE 2. Colour-based OSM mapping procedure using 8-CSK and four
LEDs. Adapted from [8].

To delineate themapping process, consider the first symbol
x0 = [1 1 1 0 1]T as depicted in Figure 2. The MSBs (first
three bits) of this transmission symbol are mapped to one of
the points in the 8-CSK signal domain, which in this case
is expressed by s7. CSK constellation points are determined
based on their xy-chromaticity coordinates as defined in [7]
with reference to the CIE 1931 chromaticity diagram shown
in Figure 1. The LSBs (last two bits) are used to select and
activate one of the LED transmitter arrays, which in this case
is LED array denoted as LED 1. The same procedure is then
followed for the next symbol [0 1 0 1 1]T until allN symbols
have been transmitted [12].

Upon completion of the X conversion, the non-zero
xy-chromaticity coordinates contained in the column vectors
of the sub-matrices in Z can now be converted into their
weighted x and y luminous intensity (chromaticity) values.
This conversion is facilitated by Figure 1 and solving a system
of linear equations given by

sixi + sjxj + skxk = x
siyi + sjyj + skyk = y

si + sj + sk = 1,

(2)

where, si, sj and sk are the CSK symbol intensities, with a
symbol defined as, s =

[
si, sj, sk

]
. As shown in Figure 2,

all rows of the sub-matrices in U have only one non-zero
row and this row corresponds with the LED number that is
activated during symbol transmission. Detailed guidelines of
CSK modulation are given by the IEEE 802.15.7 standard
in [7]. The modulated intensities are then used to control the
light emission of the transmitter following the same concept
of OSM as defined in [12].

B. OPTICAL CHANNEL
An optical channel is mainly characterised by the DC channel
gain between the transmitter and receiver as defined by [17]
where,Ar ,m1, φ, Ts, g,ψ , d are respectively, active collection
area, LED’s Lambertian order, irradiance angle, optical fil-
ter’s gain, optical concentrator gain, incidence angle, distance

119972 VOLUME 10, 2022



G. A. Mapunda et al.: Optimization of a Color-Based Spatial Modulation Scheme for VLC Under Illuminance and SINR Constraints

between the receiver and the transmitter and finally, ψc is the
optical detector’s field-of-view (FOV). Equation 3, as shown
at the bottom of the page, only considers the line-of-sight
(LoS) components, however, various aspects such as, but not
limited to; surface material, the angle of incidence and rough-
ness of the surface (e.g walls and ceiling) relative to the trans-
mission wavelength (i.e wavelength-dependent reflectance of
surfaces) as well as the orientation and positioning of the
transmitter-receiver pair must be considered for a robust and
reliable channel gain. A consideration of the aforementioned
aspects (which defines the reflected path’s channel gain)
together with the LoS DC channel gain yield [17]

hNLoS = hLoS (0)+
REFL∑
i=1

hi (0) , (4)

where REFL is the number of reflecting elements and hi (0)
is the NLoS channel gain from the path of the reflecting
object/surface defined in (5), as shown at the bottom of
the next page, where ρi represents the reflection coeffi-
cient of reflector i, dA represents the reflective area of the
reflecting region, φ1i is the transmission angle between the
transmitter/source and reflector i, αi is the angle of inci-
dence on the reflecting surface, βi is the angle of irradi-
ance from the reflector to the receiver. The distance between
the transmitter-reflector pair and the reflector-receiver pair
are represented by d1i and d2i, respectively. The considered
model for this work is graphically depicted in Figure 3. The
total instantaneous optical power at the receiver is expressed
as

pr = Hpmax
l , (6)

where, pmax
l is the maximum transmitting optical power. H

is a NR × NT channel gain matrix, with NR being the total
number of receivers. The individual entries of H define the
channel gains between the pairs of the multi-luminaire LEDs
chip and the PD. For instance, the (NT × 3)-dimensional vec-
tor, hij is the channel gain vector between the RGB transmitter
i and the RGB receiver j, i.e, hij = [h(0)ij , · · · , h

(2)
ij ].

C. RECEIVER
During one time interval T , of a colour-based OSM data
symbol, one sub-matrix of U i.e. Vk , is transmitted through a
channel with NT transmitters until all N symbols are trans-
mitted. All transmitters have an array of RGBLED chips. The
k-th received signal rk at each receiver is expressed by

rk = RhT
ijVk + nk , (7)

where nk is the AWGN vector at the receiver. The noise
vector has a variance of σ 2 and contains three independent

FIGURE 3. NLoS link configuration.

and identically distributed (i.i.d) elements with mean value
of 0 and a noise variance of σ 2

0 = σ
2/3. At each detector, the

variance σ 2
0 of the AWGN is modelled as a summation of the

shot noise and thermal noise, which are respectively defined
by [18]

σ 2
Q = 2qe〈i〉B, (8a)

σ 2
TH =

4kBTkB
RL

, (8b)

where, qe is the electronic charge, 〈i〉 is the average current
over an instance of time, B is the bandwidth (in Hz) of the
filter that follows the PD, kB is the Boltzmann constant, Tk
the absolute temperature (in K) and RL is the load resistance.
Therefore the SNR may be expressed as

γ0 =
E
{
‖Rpk‖2

}
σ 2
0

, (9)

where E {·} is the operation for the expected value defining
the average received power, R is the responsivity of the
optical detector and pk is the received power of all legitimate
colour domain symbols.

D. SIGNAL DEMODULATION
Due to the concurrent use of CSK and OSMmodulation tech-
niques, there is a need for joint demodulation of the CSK and
OSM modulated symbols. The concatenated demodulation
technique [8] or alternatively the joint maximum-likelihood
(ML) based demodulation [19] are the twomethods that could
be used to demodulate the received signal. On account of
improved performance and the ability to achieve demodu-
lation of the colour-based OSM modulated symbols with a
single attempt, joint ML-based demodulation is considered.
With this technique, as opposed to its counterpart, both the
transmitter index and CSK signal points are detected at once.

hLoS (0) =


Ar (m1 + 1) cosm1 (φ)Ts (ψ) g (ψ) cos (ψ)

2πd2
, 0 ≤ ψ ≤ ψc

0, ψ ≥ ψc,
(3)
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In order to demodulate the CSK-modulated signals, each
receiver must constitute three PDs with each having narrow-
band optical colour filters of red, green and blue among other
components.

A simple estimate of symbol xk , defined by x̂k can be
done by the use of colour calibration to compensate for
any impairments induced during signal propagation and the
estimated symbol is defined by [7]

x̂k = RH−1rk . (10)

In the event that H does not have a full rank, matrix inver-
sion is infeasible. Under such a circumstance, the pseudo
inverse of H can be used. On the other hand, detection tech-
niques such as the maximum likelihood-aided detectors and
lattice-reduction-aided detectors may be used. In this work,
an estimate of xk , is obtained by means of determining the
a posteriori probability of each symbol xt,c, xt,c ∈ X.
Symbol xt,c is expressed by

xt,c = RHVt,c, (11)

where Vt,c is a NT × 3 matrix. The t-th row of matrix Vt,c

contains the light weighted intensities
(
si, sj and sk

)
of the

RGB LED chips while all other rows of the matrix contains
values of zero signifying that there is only one specific trans-
mitter activated during the transmission time interval of one
symbol. The intensities of the RGB LED chips are obtained
from the c-th point of the M -ary CSK constellation point.
Hence the a posteriori probability is denoted by [20], [19],
and [8]

Pr
(
xt,c|rk

)
= p

(
rk |xt,c

) Pr (xt,c)
p (rk)

=
Pr
(
xt,c

)
2πσp (rk)

exp

(
−
∥∥rk − xt,c

∥∥2
2σ 2

)
, (12)

where Pr
(
xt,c

)
is the a priori probability of symbol xt,c.

In the log domain, Equation 12 may be represented as

lr
(
xt,c|rk

)
= A−

(∥∥rk − xt,c
∥∥2

2σ 2

)
, (13)

where A = ln
[
Pr
(
xt,c

)]
− ln

[
2πσp (rk)

]
. In the absence

of priori information, A is the same for all symbols and
lr
(
xt,c|rk

)
is defined by ln

[
Pr
(
xt,c|rk

)]
. Therefore, Equa-

tion 13 is used to estimate Symbol xt,c as the ML function
and the maximum a posteriori probability (MAP) estimate is
defined by [20], [19], and [8]

x̂k = {t̂, ĉ} = argmax
t,c

[
lr
(
xt,c|rk

)]

FIGURE 4. Colour-based OSM network with LITUs and LTUs.

= argmin
t,c

∥∥rk − xt,c
∥∥2 . (14)

The symbol xt,c, with the least distance from the received
symbol rk , can now be regarded as the legitimate symbol
x̂k . The demodulated index of the LED is expressed as t̂
and the constellation point is denoted by ĉ [8]. Subsequently,
there is conversion of the constellation point back to the
xy-chromaticity coordinates and finally the decoding module
is used to retrieve the bit stream of symbol xk .

III. OPTIMIZATION MODEL
Consider a typical multicast and coordinated downlink indoor
VLC system configured with a NLoS model with L transmit-
ters, G groups of users and U users. All transmitters have
an array of RGB LED chips. The sets of transmitters, groups
and users are denoted by L = {1, . . . ,L}, G = {1, . . . ,G},
and U = {1, . . . ,U}, respectively. As depicted in Figure 4,
at any given instance of a data symbol transmission, only
one of the L transmitters (as shown with colour filled solid
lines) is selected and activated for data transmission as well
as illumination while the other transmitters (as shown with
unfilled dashed lines) are strictly activated for augmenting
illumination.

The number of groups which are served by transmitter l
is defined as Gl , where the corresponding set of groups is
given by Gl . The number of users in group g is represented
by Ug and the corresponding set of users is denoted by Ug.
Each user can be a member of only one group, therefore, the
sets of users who are members of different groups have no
elements in common, meaning that they are disjoint and this
is defined by Ua ∩ Ub = ∅, ∀a,b ∈ G, a 6= b. Each
of the optical transmitter arrays have maximum and equal
transmission power of pmax

l .

hi (0) =


ArρidA (m1 + 1) cosm1 (φ1i) cos (αi) cos (βi)

(2πd1id2i)2
, 0 ≤ ψ ≤ ψc

0, ψ ≥ ψc,

(5)
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Given a data symbol from the l-th transmitter to the
u-th user, the transmitted signal, which is inferred to be
non-negative for intensity modulation suitability, is given
by [21]

xl =
τVg
√
T
, (15)

where τ is the optical source conversion factor for intensity
modulation in W/A and Vg ∈ RL×3 is the data symbol
matrix. The signal received by user, u, is given by

yu = RhT
l,uxl +

∑
j∈L\{l}

hT
j,upj + nu, ∀l ∈ L, ∀u ∈ Ug

(16)

where hT
l,u ∈ R1×L is the channel gain vector between the

l-th transmitting LED array and the u-th user, hT
j,u ∈ R1×L

is the channel gain vector between the j-th non-transmitting
LED array and the u-th user. The noise vector of the u-th user
is denoted by nu ∈ CN

(
0, σ 2

)
and it has the same properties

as defined for equation 7 [22]. The notation L\{l} represents
a set L excluding member l. It now follows that, the SINR of
user u belonging to group g is defined by

SINRu =

(
hT
l,upl

)2
∑

j∈L\{l}

(
hT
j,upj

)2
+ σ 2

u

. (17)

The horizontal illuminance on surface s, during symbol trans-
mission is linearly dependent on the luminous intensities of
the LED arrays [22], hence it is defined by

E tx
s =

INl,u cosm1 (φ)

d2l,u cos (ψ)︸ ︷︷ ︸
ETX

+

∑
j∈L\{l}

INj,u cosm1 (φ)

d2j,u cos (ψ)︸ ︷︷ ︸
EnTX

, (18)

where INl,u and INj,u are the combined (i.e white) max-
imum luminous intensities of the transmitting array and
non-transmitting arrays in the normal direction respec-
tively. dl,u is the distance between the transmitting LED
array and user u whereas dj,u is the distance between the
non-transmitting LED array and user u. ETX and EnTX repre-
sents the illuminance of the transmitting and non-transmitting
arrays respectively. Under the consideration of safety and
visual efficiency, there is a minimum required illuminance,
Eru , for every user station without any form of visual strain
on the user at any given time instance.

The illuminance distribution across the working area must
conform to a certain factor which is termed as illuminance
uniformity. It is defined as the ratio of the lowest illuminance
level to the average illuminance of uniformly distributed N
sensors in the room [23]. It is therefore denoted as

ε =

min
n
(En)

1
N

N∑
n=1

En
(19)

A. ASSUMPTIONS
For this work, without any calculations or special considera-
tions, a few assumptions were made as follows:
• for each receiver, there is an uplink of either IR or RF.
• each transmitter array can determine the location of each
mobile receiver before transmission.

• for ease of tractability of the optimisation problem, illu-
minance sensors with no decoders are distributed across
the room to ensure illuminance uniformity.

B. PROBLEM FORMULATION
The optimisation problem is formulated with the aim of
minimising the luminous intensities of the transmitting arrays
while fulfilling the SINR target for LITUs and taking into con-
sideration the required minimum horizontal illuminance. For
simplicity, firstly the optimisation problem is formulated with
the consideration of the SINR of only LITUs while the LTUs
are provided with the best case SINR levels from the system.
Since the human eye perceives illuminance logarithmically,
the problem may be cast as

(P1) : minimise
INl,u>0, INj,u≥0

maxs| log E tx
s − log Eru |, (20a)

subject to INl,u ≤ Icsk
Nl,u , ∀l ∈ L, (20b)

INj,u ≤ Imax
Nj,u , ∀j ∈ L\{l}, (20c)

E tx
s ≥ Eru , ∀u ∈ Ug, (20d)

SINRu ≥ γu, ∀u ∈ Ug, (20e)

where Icsk
Nl,u represents the CSK modulated intensities of the

transmitting array and γu is the LITU’s SINR target.
The formulated optimisation problem is a non-convex

mixed-integer non-linear programming problem.P1 becomes
intricate with an increasing number users, especially when
they are moving around the room [24]. As different symbols
are transmitted and the coordinates of the user’s location
change, the SINR level changes and the optimisation problem
will have to be repeated with every change. To reduce the
complexity of solving P1 due to the aforementioned changes,
the problem is solved in two parts following a pragmatic
approach.

To simplify the complexity of P1, the proposed sys-
tem model firstly re-configures the CSK-OSM scheme to
re-assign the transmitting LED array based on the distance
from the centre of the transmitter to the centre of the receiver.
If the selected LED array is furthest from the user, the selected
LED array is re-assigned to the LED array closest to the user.

Secondly, it is noted that the objective function presented in
(20a) is non-convex and this makes it difficult to solve it effi-
ciently. Nonetheless, this problem can easily be transformed
into its convex equivalent based on the properties of loga-
rithmic functions. To describe the transformation procedure,
let maxs| log

(
E tx

s /Eru

)
| be represented by max| log (A/B) |,

then, it follows that

max| log (A/B) | =

{
log (A/B) , A/B ≥ 1
− log (B/A) , A/B ≤ 1,
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=

{
argmax (| log (A/B) |) , A/B ≥ 1
argmax (| log (B/A) |) , A/B ≤ 1,

=

{
argmax (log (A/B)) , A/B ≥ 1
argmax (log (B/A)) , A/B ≤ 1.

(21)

Based on equation 21, the objective function can be now be
turned into a convex form and hence re-formulate P1 for
determination of a global solution. Hence the problem P1 in
equation 20 can now be cast as

(P2) : minimise
INl,u>0, INj,u≥0

maxsf
(
E tx

s /Eru

)
, (22a)

subject to INl,u ≤ Icsk
Nl,u , ∀l ∈ L, (22b)

INj,u ≤ Imax
Nj,u , ∀j ∈ L\{l}, (22c)

E tx
s ≥ Eru , ∀u ∈ Ug, (22d)

SINRu ≥ γu, ∀u ∈ Ug, (22e)

where f (x) = max {x, 1/x}. It is now noted that the objective
function f (x) is nonlinear, non-differentiable, and convex
due to monotonical increase of a logarithmic function. It is
also worth noting that equation 22e is non-convex neither
is it concave. For problem P2 to be solved efficiently by
the available convex optimisation techniques, the constraint
stated in equation 22e should be converted into a convex
function. One way to achieve convexity of equation 22e is
to firstly re-write the constraint as(

hT
l,upl

)2
≥ γu

∑
j∈L\{l}

(
hT
j,upj

)2
+ σ 2

u , (23)

it then follows that, taking the square root on both sides,
makes the constraint a convex second order cone constraint
denoted by [25]

hT
l,upl ≥

√√√√γu ∑
j∈L\{l}

(
hT
j,upj

)2
+ σ 2

u . (24)

Now problem P2 can be efficiently solved, it is however
worth noting that, this optimisation problem may highly
likely not satisfy the solution with equality based on the fact
that this work’s attempt is to satisfy two objectives, being
the light intensity and the SINR target. For instance, in the
event that the SINR target threshold is low, the target will
be satisfied with a high SINR as compared to a higher SINR
target threshold, which may likely not be satisfied due to
elevated interference from the non-transmitting LED arrays.
To maintain the desired illuminance during any symbol trans-
mission while satisfying the user SINR target, Algorithm 1 is
proposed.

The algorithm requires four (4) main inputs which are;
maximum array intensities for all of the available light
sources (LED arrays), the target SINR level for LITUs, the
user required illuminance level as well as the symbols to be
transmitted. The initialisation step sets the intensities of all

Algorithm 1: Algorithm for Optimal Illuminance and
Symbol Transmission Under Illuminance and LITUs’
SINR Constraints
Input: Imax

Nl,u ,∀l ∈ L, γu, Er, sl
Initialisation: Set 0 ≤ INl,u ≤ Imax

Nl,u ,∀l ∈ L
Result:Maintain Er and ensure γu

1 Set Er using (18) ; F Required illuminance without

transmission

2 Compute Emax
s using (18) ; F Maximum illuminance

without transmission

3 for l = 1 to L do
4 for u = 1 to U do
5 Compute dl,u ; F Distance between LED array

l and user u

6 Append dl,u to an array ;

7 for u = 1 to Ug do
8 Extract dl,u from an array in step 6 ; F For LITUs
9 if dl,u is the shortest to the LITU then
10 Set l as the transmitting LED array;
11 else
12 Re-assign l to the LED array with the shortest

distance to the LITU.
13 Solve (P2) with the constraint in (24);
14 Update INl,u = slI∗Nl,u ; F Optimal intensity for

the transmitting array

15 Set I∗Nj,u ,∀j ∈ L\{l} ; F Optimal intensities for

non-transmitting arrays

16 Compute E tx∗
s using (18) ; F Optimal illuminance

during transmission

17 Update Er = E tx∗
s

18 repeat
19 Step 3
20 until All symbols are transmitted ;

the LED arrays to a certain level within the acceptable indoor
illuminance level. The purpose of the algorithm is to maintain
the standard illuminance while ensuring that the target SINR
for LITUs is met. The first step of the proposed algorithm
is to set the user required illuminance before transmission
of any symbol. The second step calculates the maximum
illuminance that is offered by all of the LED arrays while
steps 3 to 6 computes the distances between the transmitting
array and the users on the receiving plane. Steps 7 to 12 of the
algorithm are concerned with the selection of the transmitting
LED array based on the distance between the transmitter and
the receiver. If the transmitting array is closest to the receiver,
the said transmitting array is used for transmission, if other-
wise the transmitting LED array is re-assigned. Step 13 of
Algorithm 1 is merely for solving the optimisation problem
based on the stipulated constraints in order to determine the
optimal LED array intensities for the required illuminance
without degradation of the LITUs’ SINR target. In step 14,
using the optimal intensity for the transmitting array, the
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TABLE 1. LED and PD simulation parameters.

algorithm alters the intensity of the transmitting array while
in step 15, the intensities of the non-transmitting arrays are
altered with the optimal intensities as obtained from step 13.
Step 16 basically computes the optimal illuminance and
subsequently in step 17, the proposed algorithm alters the
required illuminance by replacing it with the optimal illumi-
nance. Finally steps 18 through 20 are for repeating the prior
steps until all of the symbols have been transmitted.

IV. SIMULATIONS
All computations for producing the simulation plots pre-
sented herein were carried out using Python 3.8.5 and
CVXPY 1.0.31 [26], [27].

A. SETUP AND SIMULATION PARAMETERS
To analyse the performance of the system, computer sim-
ulations based on different configurations were carried out
as described in this subsection. Transmitters are mounted
to flush with the surface of the ceiling of a general indoor
working space, measuring 5m × 5m × 3m. The receiving
plane is 1m above the floor and the receivers are positioned
facing the ceiling. There are four light fixtures which are each
made up of an array of twenty (4× 5) RGB LEDs. With
reference to Figure 4, the centre of the room, on the xy-plane
(receiving plane), is defined by coordinate (0, 0). The illumi-
nating fixtures are positioned at (1.25, 1.25), (−1.25, 1.25),
(1.25,−1.25) and (−1.25,−1.25). Each user is equipped
with a receiver made up three PDs preceded by either a red,
green or blue optical filter with an optical gain of unity.
A selected set of parameters of the non-imaging PD and the
RGB LED used for simulations are tabulated in Table 1. The
LED spectra of the RGB chips making up the transmitters is
shown in Figure 5(a). Figure 5(b)shows typical transmittance
curves for the RGB optical filters.

B. NUMERICAL RESULTS
According to the International Organisation for Standardisa-
tion (ISO), the illuminance level of an indoor space should
be from 300 lux to 1500 lux, depending on the tasks being

FIGURE 5. RGB LED spectra and optical filter transmittance curves.

carried out [23]. Using the parameters in Table 1, the illu-
minance patterns as well as the plots of the received optical
power on the xy-plane at different points of the room for
various LED array configurations are shown in Figure 6.
Figure 6(a) depicts the illuminance patterns for one array
located at the centre of the room, Figure 6(b) depicts the
illuminance patterns for one array located at the corner of the
room, Figure 6(c) depicts the illuminance patterns for two
arrays located at the opposite corners of the room whereas
Figure 6(d) show the illuminance pattern for four arrays
located at the corners of the room. Figure 6(e) shows the plots
of the received power across the room under different array
configurations. As expected, configurations where a single
LED array is used, low levels of illuminance are experienced,
hence low optical power levels at the receiver whereas the
use of numerous arrays yield higher levels of illuminance,
resulting in increased optical power as seen in Figure 6(d)
and Figure 6(e). Adequate and uniform levels of illuminance
are in accordance with ISO standards for configurations of at
least two LED arrays.
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FIGURE 6. Illuminance levels and power distribution of various array
configurations without symbol transmission.

FIGURE 7. Heat-maps of the illuminance with varying intensities of the
non-transmitting arrays during one symbol transmission using 8CSK-OSM.

Figure 7 shows the heat-maps depicting indoor illuminance
levels during signal transmission under distinct intensities
of the non-transmitting arrays. It is observed in Figure 7(a)

FIGURE 8. SINR plots across the room with varying intensities of the
non-transmitting arrays during one symbol transmission using 8CSK-OSM.

FIGURE 9. Heat-maps of the illuminance across the room without and
with dimming of the non-transmitting arrays during the transmission of
different symbols using 8CSK-OSM.

to Figure 7(f) that the illuminance distribution depicted in
Figure 6(d) is altered differently when the intensity combina-
tions differ, subsequently affecting the SINR (see Figure 8(a)).
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FIGURE 10. SINR plots across the room without and with dimming of the
non-transmitting arrays during the transmission of different symbols
using 8CSK-OSM.

With reference to Figure 6(b) and Figure 7(b), illuminance
levels are drastically reduced when non-transmitting arrays
are off. The depictions in Figure 7, clearly show that dif-
ferent settings for intensity levels of the transmitting and
non-transmitting arrays may lead to some challenges in rela-
tion to the minimum illuminance and signal transmission.
These challenges, among others, include; high energy con-
sumption, under utilisation of resources, high levels of inter-
ference leading to poor QoS and visual disturbance during
transmission owing to non-uniform levels of illuminance. The
proposed system adapts the configuration in Figure 6(d) and
the intensities of the non-transmitting arrays are not equally
dimmed or brightened during transmission.

The illuminance distribution patterns during symbol trans-
mission without dimming of the non-transmitting arrays are
shown in Figures 9(a) to 9(c). During the transmission of s0,
as seen in Figure 9(a), the illuminance levels are higher
for the working areas under non-transmitting arrays while
there is very little illuminance for areas under the trans-
mitting array, which is located at (1.25, 1.25). The above
mentioned phenomenon is perpetual during the transmission
of all subsequent symbols, as depicted in Figure 9(b) for
s1 and Figure 9(c) for s3 using the transmitters located at
(−1.25,−1.25) and (1.25,−1.25), respectively. Although,
illuminance levels are within the standardised levels during
symbol transmission, it will be very difficult if not infeasible

FIGURE 11. Heat-maps of the optimised illuminance offering the required
illuminance of 550 lux after transmitter re-assignment but without the
SINR constraint for different configurations during transmission of
different symbols using 8CSK-OSM with receivers at different positions.

for the receiver to decode the transmitted symbols due to high
interference levels. It is demonstrated in Figure 10(a) that, the
SINR for all symbols is very low compared to Figure 8(b)
where all non-transmitting arrays are turned off.

The illuminance patterns during the transmission of
the same symbols as in Figures 9(a) to 9(c) when the
non-transmitting LED arrays are providing only 20% of
their total intensities are shown in Figures 9(d) to 9(f).
Comparing Figure 10(a) and Figure 10(b), it shows that
SINR improves significantly when non-transmitting arrays
are dimmed. Nonetheless, this may drastically decrease the
illuminance levels to below the required values at other room
locations. This is observed from Figure 9(d) to Figure 9(f),
where the illuminance levels at the furthest point from the
transmitter are at most 200 lx during symbol transmission.

With the aid of the proposed algorithm, the sub-optimal
illuminance heat-maps and the resultant SINR levels are
depicted in Figures 11 to 13. The simulations that yield
sub-optimal results were initially done with only the con-
sideration of illuminance without the SINR constraint. The
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FIGURE 12. SINR levels without the SINR constraint for configuration one
during transmission of different symbols using 8CSK-OSM with receivers
at

(
0, 2

)
(LITU location) and at

(
0, −1.5

)
(LTU location).

FIGURE 13. SINR levels without the SINR constraint for configuration two
during transmission of different symbols using 8CSK-OSM with receivers
at

(
2, 0.5

)
(LITU location) and at

(
−1.25,−2

)
(LTU location).

optimal illuminance heat-maps and the resultant SINR levels
are depicted in Figures 16 to 18. For simulations that yield the
optimal results, they were carried out with the consideration

FIGURE 14. Symbol error without the SINR constraint for configuration
one during transmission of different symbols using 8CSK-OSM with
receivers at

(
0, 2

)
(LITU location) and at

(
0, −1.5

)
(LTU location).

FIGURE 15. Symbol error without the SINR constraint for configuration
two during transmission of different symbols using 8CSK-OSM with
receivers at

(
2, 0.5

)
(LITU location) and at

(
−1.25, −2

)
(LTU location).

of both transmitter re-assignment and the SINR constraint.
In all of these maps and plots, the LITU is considered to
be placed at Rx0 while the LTU is considered to be placed
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FIGURE 16. Heat-maps of the optimised illuminance offering the
required illuminance of 550 lux and meeting the SINR level target of
−10 dB for different configurations during transmission of different
symbols using 8CSK-OSM with receivers at different positions.

at Rx1. Comparing Figures Figures 9(a) to 9(c) with all of
the sub-figures in Figure 11, it is clear that when consid-
ering only the illumination constraint after transmitter re-
assignment, the proposed algorithm is capable of satisfying
the required illuminance levels (in this case, the required
illuminace was set to 550 lux) at different user locations with
no need to perform manual dimming. However, it is worth
noting that the algorithm provides the required illuminance
to the LTU mostly from the non-transmitting arrays. This
means that there is a high likelihood of very poor SINR
levels for latency tolerant users. This is the motivating factor
for the introduction of part two of the formulated problem,
however, the solution to reduce the impacts of the the said
interference is not considered in this work and it forms part
of the future work to be carried out. For a possible solution
to the aforementioned problem, the reader is directed to the
work in [28], which deals with mixed-QoS SINR balancing
between LITUs and LTUs. Adaptation of the work in [28] as
the solution for part two of the problem may result in the
capability of providing fairness for all types of network users.

FIGURE 17. SINR levels with the SINR constraint for configuration one
during transmission of different symbols using 8CSK-OSM with receivers
at

(
0, 2

)
(LITU location) and

(
0, −1.5

)
(LTU location).

FIGURE 18. SINR levels with the SINR constraint for configuration two
during transmission of different symbols using 8CSK-OSM with receivers
at

(
2, 0.5

)
(LITU location) and at

(
−1.25,−2

)
(LTU location).

Figure 12 shows the SINR levels per symbol with and
without transmitter re-assignment for different user config-
urations during symbol transmission, respectively. It should
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FIGURE 19. Symbol error with the SINR constraint for configuration one
during transmission of different symbols using 8CSK-OSM with receivers
at

(
0, 2

)
(LITU location) and

(
0, −1.5

)
(LTU location).

be noted that some symbols are plotted on top of each other
and this is attributed to the fact that, some symbols may
have the same amount of power due to the nature of CSK
modulation colour bands. From these plots, it suggests that
the target SINR should be bounded to the maximum and
minimum system values due to the varying SINR levels of the
individual symbols. Moreover, the satisfaction of the SINR
target largely depends on the location of the user, therefore
user stations may need to be pre-defined in a practical real-
time application. For mobile users, the mobile range needs
to be restricted to the locality of the transmitting LED array
during the transmission of a symbol.

It is observed in Figures 16(a) to 16(f), by way of compari-
son with Figures Figures 11(a) to 11(f) that the consideration
of the SINR constraint does not affect the illuminance levels
in an undesirable manner because the desired illuminance
level is met in all cases. On the other hand, the simulations
in Figures 17 and 18 shows that there is power reduction
for all of the transmitted symbols while satisfying the SINR
target, which was set to−10 dB for this simulation. However,
some of CSK symbols may result in an infeasible solution in
the event that the desired illuminance is very high and the
transmitting power is very low. This is likely to occur during
the transmission of symbols with very low optical power due
to the principle of CSKmodulation technique, which reduces
the optical intensity of the RGB chips.

FIGURE 20. Symbol error with the SINR constraint for configuration two
during transmission of different symbols using 8CSK-OSM with receivers
at

(
2, 0.5

)
(LITU location) and at

(
−1.25,−2

)
(LTU location).

The amount of error associated with the decoded symbols
is shown in Figures 14, 15, 19 and 20. It is observed in all of
these figures that the magnitude of error of the decoded sym-
bols is in the order of 10−2 and 10−4. As expected, the symbol
error for the LTUs is higher than that of the LITUs. Moreover,
the transmitter re-assignment as well as the consideration of
the SINR constraint significantly reduces the amount of error
of the decoded symbols.

The minimum and average data rate for the types of net-
work users are depicted in Figure 21. With reference to
Figures 16 and 21, it is observed that with an increase in the
number of LITU or LTU, the data rates significantly decreases
due to the amount of interference from the non-transmitting
arrays as they compensate for illuminance. Moreover, from
Figure 21, it is evident that lower modulation orders are more
robust to noise whereas higher order modulation orders are
not as robust in the presence of noise despite them offering
high data rate. However, with the obtained SINR levels shown
in Figure 12(a) and Figure 12(b), the average data rate in
worst case scenarios for both types of users for the defined
room dimensions can be met with bounded SINR targets for
LITUs. So, in general, the proposed algorithm, without the
consideration of SINR balancing, is capable of providing the
desired illuminance at all user positions with a satisfactory
SINR level for LITUs, which is the main aim of this work.

119982 VOLUME 10, 2022



G. A. Mapunda et al.: Optimization of a Color-Based Spatial Modulation Scheme for VLC Under Illuminance and SINR Constraints

FIGURE 21. Effects of the CSK modulation order, transmitter
re-assignment and SINR constraint on the data rates for LITUs and LTUs
for various CSK modulation orders.

V. CONCLUSION
In this paper, an algorithm for the optimisation of a
colour-based optical spatial modulation scheme for visible
light communication (VLC) was proposed. The proposed

scheme is based on the joint utilisation of CSK and OSMwith
IM/DD. The aim was to ensure that the illuminance levels are
not affected by the optical intensity variations which arise due
to CSK modulation while minimising the amount of optical
power used for symbol transmission without depreciation of
the SINR target. In comparison to other VLC works, where
the conventional spatial modulation is applied, this paper
proposed a low-complexity algorithm with the consideration
of heterogeneous network users with minimal error of the
decoded symbols. The proposed algorithm is capable of satis-
fying the user’s required illuminance level provided it is spec-
ified within the recommended levels as per the ISO standards.
Furthermore, the algorithm can meet the SINR targets for the
LITUs while minimising the optical power of the LED arrays
without affecting the required illuminance level. That being
said, in general terms, the proposed algorithm is capable of
providing the desired illuminance at all user positions with
reduced optical intensity and a satisfactory SINR level for
almost all of the transmitted symbols, with the exception
of the symbols that are transmitted with limited power due
to CSK modulation technique. One of the shortfalls of this
work is that it does not guarantee acceptable SINR levels for
LTUs. Additionally, this work did not consider illumination
uniformity to ensure standard illuminance levels for the entire
room. In the future, the authors intend to introduce the second
part of the problem to deal with mixed QoS through the
adaptation of distributed algorithms used in radio frequency
systems as well as the introduction of additional constraints
to the optimisation problems to deal with illuminance unifor-
mity. Lastly, the re-assignment of the transmitting LED array
may lead to very poor SINR levels for the latency-tolerant
network users even when the fairness approach offered by
distributed algorithms is applied. Therefore, it is of signifi-
cance to investigate other spatial modulation techniques such
as the generalised spatial modulation.
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