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Abstract—Visible light communication (VLC) has been recog-
nized as a promising technology for handling the continuously
increasing quality of service and connectivity requirements in
modern wireless communications, particularly in indoor scenar-
ios. In this context, the present work considers the integration
of two distinct modulation schemes, namely spatial modulation
(SM) with space time block codes (STBCs), aiming at improving
the overall VLC system reliability. Based on this and in order to
further enhance the achievable transmission data rate, we integrate
quasi-orthogonal STBC (QOSTBC) with SM, since relaxing the
orthogonality condition of OSTBC ultimately provides a higher
coding rate. Then, we generalize the developed results to any num-
ber of active light-emitting diodes (LEDs) and any M -ary pulse
amplitude modulation size. Furthermore, we derive a tight and
tractable upper bound for the corresponding bit error rate (BER)
by considering a simple two-step decoding procedure to detect
the indices of the transmitting LEDs and then decode the signal
domain symbols. Notably, the obtained results demonstrate that
QOSTBC with SM enhances the achievable BER compared to SM
with repetition coding (RC-SM). Finally, we compare STBC-SM
with both multiple active SM (MASM) and RC-SM in terms of the
achievable BER and overall data rate, which further justifies the
usefulness of the proposed scheme.

Index Terms—MIMO, VLC, spatial modulation, repetition
coding, SSK, STBCs.
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I. INTRODUCTION

FUTURE sixth generation (6G) and beyond mobile commu-
nications are envisioned to witness a plethora of novel data-

demanding applications that will be typically characterized by
particularly stringent operational and quality of service require-
ments. This calls for the development of disruptive technologies
that will be capable of catering for all anticipated demanding
requirements, such as substantially higher data rates, ultra-low
end-to-end latency, massive scale connectivity, increased robust-
ness and expanded capacity, all under the umbrella of secure and
energy efficient green communications [1], [2]. A key approach
for meeting these requirements is through the radical shift from
conventional radio frequency (RF) based communications, to
more wideband communications using less occupied or unoc-
cupied bands of the frequency spectrum.

Based on the above, recent advancements in solid state op-
tical technology have facilitated the emergence of visible light
communications (VLC), which is considered a promising break-
through technology candidate for complementing RF wireless
communications. In addition, relatively low deployment cost
and ease of implementation can be realized in VLC systems by
means of exploiting light emitting diodes (LEDs), which are
primarily intended for illumination, in order to perform wireless
transmission through intensity modulation and direct detection
(IM/DD). Yet, despite the superior features of VLC, the perfor-
mance of such systems is constrained by several factors, such as
limited modulation bandwidth and restricted LED peak optical
power, as well as by the imposed positive and real valued nature
of transmitted signals [3]. Motivated by this, extensive research
efforts have been devoted in order to enhance the performance
of VLC systems by means of developing efficient optical-based
modulation, coding, equalization, VLC cooperative communi-
cations, and multiple access (MA) schemes [4]–[6]. Addition-
ally, the use of burst-mode receivers is particularly suitable
for optical multi-access networks, which are based on packet
transmission, as they are capable of enhancing the transmission
data [7]. Finally, due to its high spectrum efficiency, simplified
and efficient implementation, as well as inter-symbol interfer-
ence mitigation capabilities, orthogonal frequency division mul-
tiplexing (OFDM) has been also investigated in the context of
VLC. The work in [8] has considered the performance evaluation
of different types of quadrature-amplitude modulation (QAM)
and phase-shift keying (PSK) modulation with three different
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channel estimation methods in OFDM system aiming to improve
the overall throughput performance.

It is also recalled that multiple-input multiple output (MIMO)
transmission techniques have been comprehensively studied in
RF systems and they have been extensively shown to exhibit
superior performance in terms of system capacity and reliability,
compared to conventional single input single output (SISO) sys-
tems. Likewise, two MIMO strategies have been also proposed in
the literature for VLC systems, namely, space time block codes
(STBCs) and spatial multiplexing (SMP). On the one hand, SMP
schemes are applied in VLC systems in order to accommodate
the stringent demands for high data rate communications, by
utilizing multiple LEDs in order to transmit different signals
simultaneously. However, the simultaneous transmission from
all LEDs results in a high inter-channel interference (ICI) and
increased detection complexity [9]–[11]. On the other hand,
STBCs schemes are privileged as they achieve an improved
reliability, high data rate, ease of implementation, and reduced
decoding complexity features [12], [13]. Existing results in
the literature quantified the performance achieved enhancement
by applying STBC over SISO systems in indoor VLC net-
works [14]–[16]. For instance, the work in [17] has jointly inves-
tigated STBCs with pulse position modulation (PPM). Results
demonstrated the ability of the proposed scheme to achieve data
rates of the order of hundreds of Mb/s in indoor VLC systems,
while maintaining good link reliability. Furthermore, the au-
thors in [18] proposed a quasi-trace-orthogonal-STBC, where
the transmitted codewords follow the quasi-trace orthogonal
property to provide an enhanced spectral efficiency. Correspond-
ing simulations were experimentally tested for a 4× 4 MIMO
L-PPM VLC system. The proposed scheme showed an enhanced
spectral efficiency performance of up to four times that of the
trace-orthogonal STBC when 8-PPM was used.

Meanwhile, index modulation is considered an efficient mod-
ulation scheme for enhancing the spectral and energy effi-
ciency of VLC systems while maintaining a reduced hardware
complexity [19]–[21]. The key difference in index modulation
schemes compared to conventional modulation schemes is that
additional data can be conveyed over the indices of the major
blocks of the communication system through on/off keying
mechanism. These are, for example, the indices of the LEDs,
frequency subcarriers, time slots, or a combination of them.
Based on this, indexing in the spatial domain has been thor-
oughly investigated in the field of VLC networks [19]. Specif-
ically, different forms of spatial index modulation have been
proposed and investigated in the open literature, such as, space
shift keying (SSK), generalized space shift keying (GSSK), and
spatial modulation (SM) [22]. SSK is the simplest form of spatial
domain index modulation where a single LED out ofNt LEDs is
activated and the data is conveyed over the index of the activated
LED. Yet, although SSK has the advantages of providing an
interference free communication and simple receiver design, a
large number of transmit LEDs is required to achieve higher
modulation orders, and hence, high spectral efficiency. So, in
the generalized case, i.e. in GSSK, Na LEDs are activated
simultaneously to boost the spectral efficiency at the expense
of an incurred spatial interference [23]. In this context, various

reported contributions investigated the performance capability
of GSSK in VLC systems. For instance, [24] derived a closed
form expression for the average symbol error rate (ASER) for
direct-code GSSK system and showed that with a low com-
plexity power allocation mechanism, the ASER and spectral
efficiency can be improved significantly. Moreover, the authors
in [25] investigated the physical layer security of a GSSK-VLC
system and proposed an optimal LED pattern selection algorithm
to enhance the achievable secrecy performance. A similar anal-
ysis was carried out in [26], wherein a novel spatial constellation
design technique was proposed based on GSSK.

It is recalled that SM was firstly introduced by Mesleh et
al. in [27], as an efficient scheme to reduce the ICI introduced
by SMP and overcome the spectral efficiency limitations of SSK
and GSSK schemes. To achieve this, the principle of SM is based
on conveying information in both the signal and spatial domains.
A detailed comparison between SMP, repetition coding (RC)
and SM was carried out in [4]. There, it was demonstrated that
SM achieves compromised performance between spectral effi-
ciency, error rate, and complexity. Likewise, the authors in [28]
investigated the secrecy rate performance of SM and proposed
channel adaptive selection and a greedy selection schemes for
choosing the active transmitter in order to enhance the secrecy
rate performance. In addition to this, it is also widely known that
the performance of SM in VLC is highly affected by the incurred
channel correlation. To overcome this issue, the authors in [29]
proposed an alteration of the orientation of the photo-detector
(PD), while an LED grouping based SM method was reported
in [30]. Subsequently, the authors in [31] proposed an adap-
tive SM scheme that balances the trade-off between spectral
efficiency and link robustness. In this scheme, the modulation
size was dynamically changed based on the channel cumulative
distribution function (CDF) of the user. Furthermore, additional
studies on adaptive SM were also considered in [32] and [33].
Likewise, the integration of SM and non-orthogonal multiple
access has been investigated in multi-user MIMO VLC networks
as a means of enhancing the overall spectral efficiency of the
system [34]–[36].

Following the same concept as in SSK, a single LED in SM
is activated. However, the activated LED additionally sends
a positive real-valued symbol, which ultimately results in an
enhanced spectral efficiency compared to SSK modulation. In
this context and in order to provide a more flexible system design,
the authors in [37] proposed the activation of Na LEDs out of
the total Nt, while RC was applied in order to transmit the same
M -ary symbol through the active LEDs. However, this scheme
is still limited in terms of the achievable spectral efficiency
since the same symbol is transmitted from all active LEDs.
Furthermore, the error rate performance of RC-SM is practically
degraded at higher spectral efficiency values since higherM -ary
modulation orders are required in order to maintain a certain high
spectral efficiency under the same system setup.

Multiple active SM (MASM) is a more generalized version
of conventional SM that highly enhances the spectral efficiency
by conveying more information in both spatial and signal do-
mains [5], [38], [39]. It is noted that MASM relies on the
activation of Na LEDs out of Nt, whilst multiple distinct real
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non-negative M -ary symbols are transmitted from each active
LED. It was shown in [40], [41] that MASM achieves high
spectral efficiency compared to other spatial index modulation
schemes. However, its major drawback is the degraded bit error
rate (BER) performance, particularly for a large number of
activated LEDs and high modulation orders. The mentioned
BER performance degradation results in a deterioration in
the VLC system’s throughput. In order to tackle this issue, a
bit-to-symbol mapping based on the corresponding Euclidean
distance (ED) was proposed for MASM in [42], where it was
shown that the proposed MASM with ED-mapping outperforms
conventional mapping for MASM. Additionally, the authors
in [43] utilized multi-color LED (QLEDs) as transmitters in
a MASM system. In their scheme, the optimal QLED pattern
was selected according to the chromaticity property of the
LEDs. However, this scheme exhibits increased complexity,
so signal design schemes with reduced complexity are highly
essential. Moreover, constellation design algorithms for single-
mode and dual-mode joint MASM were proposed in [44] for
the case of highly correlated VLC channels. On the contrary,
an iterative combinatorial symbol design algorithm was pro-
posed in [45]. In this context, the achievable symbol error
rate (SER) performance was enhanced for a random symbol
set by iteratively adding and removing symbols. Finally, the
integration of MASM with orthogonal frequency division mul-
tiplexing scheme was considered in [5] and [46]. Based on
this and according to the above discussion, there is an urgent
need for the design of efficient modulation schemes in order to
ultimately achieve an adequate balance between spectral effi-
ciency enhancement, BER performance, and involved receiver
complexity.

A. Contribution

As already mentioned, several MIMO transmission tech-
niques have been proposed in the open literature to compensate
for the spectral loss introduced by LEDs and the constraints im-
posed by IM/DD. In addition, the MASM concept was recently
proposed and was found capable of increasing the transmission
data rate by means of conveying information in both signal and
spatial domains. However, the main drawback of this scheme is
the degraded error rate performance at higher spectral efficiency
values. Based on this, the present contribution proposes space
time block coded-spatial modulation (STBC-SM) for indoor
VLC systems. It is worth mentioning here that the integration of
STBC with SM is a particularly promising modulation scheme
because it can achieve a significant performance enhancement
over MASM by exploiting the advantages of both SM and
STBC, while maintaining high energy efficiency and reduced
complexity [47], [48]. However, an STBC-SM based scenario
in the context of VLC has not been investigated in the literature
so far. Therefore, the core aim of our work is to propose a
comprehensive framework for the investigation of STBC-SM
and for quantifying the advantages of integrating SM and STBC
scheme in indoor VLC environments. In more details. the main
contributions of this paper are summarized as follows:

� We propose an STBC-SM scheme for indoor VLC sys-
tems, which offers a trade-off between spectral efficiency,
reliability, and receiver complexity.

� We generalize Alamouti STBC-SM to an arbitrary number
of active LEDs. Moreover, we provide a general design for
theM -ary pulse amplitude modulation (PAM) symbols and
their complements.

� We propose the integration of quasi-orthogonal STBCs
(QOSTBCs) with SM to further enhance the system spec-
tral efficiency.

� We purpose a new receiver design based on two-step
maximum likelihood (ML) decoding process to reduce
the complexity associated with the conventional joint ML
receivers.

� To corroborate the performance enhancement achieved by
STBC-SM, we consider the proposed two-step ML detec-
tor to derive the pairwise error probability (PEP) of the
active LEDs indices, which is then utilized to derive a union
bound for the probability of incorrect index detection.

� Capitalizing on the derived union bound, we evaluate
the probability of incorrect detection of the transmitted
symbols, by deriving a tight and tractable bound for the
corresponding BER.

� To compare their spectral efficiency performance, we pro-
vide an analysis for the achievable rate of MASM and
STBC-SM schemes.

� Finally, we present extensive analytic and simulation re-
sults in order to validate the derived BER bound expression
and to corroborate the BER superiority of the proposed
scheme compared to the MASM counterpart as well as the
achieved throughput enhancement at high M -ary PAM.

To the best of the authors’ knowledge, the offered results have
not been previously reported in the open technical literature.
The remainder of this paper is organized as follows: Section II
presents the considered system and channel models, whereas
Section III proposes the generalized STBCs and the QOSTBC
for VLC systems. Section IV presents the proposed ML de-
coding along with the required steps for the derivation of the
BER bound. Capitalizing on this, the corresponding analytic
and simulation results are discussed in Section V. Finally, the
paper is concluded in Section VI with some useful comments
and suggestions.

Notations: Throughout the manuscript, unless mentioned oth-
erwise, boldface uppercase and lowercase represent matrices and
vectors, respectively. Also, (·)T , | · |, and ‖ · ‖ denote the trans-
pose, the absolute value, and the norm operations, respectively
whereas I denotes the identity matrix. The notations

(
N
k

)
and

�x�2p represent respectively the binomial coefficient and the
largest integer less than or equal x, that is integer power of 2.
Finally, N (0, σ2) denotes a real-valued Gaussian distribution
with zero mean value and variance σ2.

II. SYSTEM AND CHANNEL MODELS

We consider an indoor VLC multiple-input single-output
(MISO) downlink system which consists of Nt transmit LEDs,
a single PD user (Nr = 1), and Na active LEDs. Without loss



7303111 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Fig. 1. Generalized STBC-SM transmitter.

of generality, the dimensions of the considered room in the
present scenario are 5× 5× 4 m3. The transmitted bit stream is
divided into two parts; the first part consists of log2(�

(
Nt

Na

)�2p)
bits, where �(Nt

Na

)�2p denotes the number of combinations of Nt

LEDs taken Na at a time, which is less than or equal to
(
Nt

Na

)
and

is power of 2. Those bits are used to select the LEDs’ indices
that will be activated. On the contrary, the other (RNa) log2(M)
bits are modulated using M -ary PAM modulation and are then
encoded using a STBC with coding rate of R. The generalized
STBC-SM transmitter is depicted in Fig. 1. Therefore, the re-
ceived signal can be written as follows

y =
η

Na
X h� + z, (1)

where η is the PD responsivity and X ∈ RT×Na is the trans-
mitted codeword, where T denotes the number of time slots. It
is worth mentioning that the normalization by Na is performed
in order to guarantee fixed illumination in the room. Moreover,
z ∈ RT×1 represents the additive white Gaussian noise (AWGN)
with zero mean and variance σ2 = σ2

shot + σ2
th, where σ2

shot

and σ2
th denote the variances of the shot noise and thermal

noise, respectively. A detailed noise variance calculation was
reported in [49]. Additionally, h� ∈ RNa×1 denotes the channel
gain vector between the Na active LEDs and the PD, in which
only the line of sight (LoS) component is considered. To this
effect, each component of h� can be expressed as [50]

hi =

{
A
d2
i
Ro(ϕi)Ts(φi)g(φi) cos(φi), 0 � φi � φc

0, otherwise
(2)

where A denotes the PD area, di is the distance between the ith
active LED and the PD, ϕi is the angle of transmission from the
ith active LED to the PD, φi is the incident angle with respect
to the receiver, and φc is the field of view (FoV) of the PD.
Moreover, Ts(φi) and g(φi) denote the gains of the optical filter
and concentrator, respectively. The g(φi) term can be expressed
as follows

g(φi) =

{
n2

sin2(φc)
, 0 � φi � φc

0, φi > φc

(3)

where n represents the refractive index, and Ro(ϕi) denotes the
Lambertian radiant intensity. Further details about Ro(ϕi) can
be found in [49].

III. GENERALIZED STBC FOR VLC SYSTEMS

It is recalled that STBCs have attracted considerable attention
because of their demonstrated implementation and decoding
simplicity, which renders them particularly capable of exploiting
the distinct potentials of MIMO systems. In this context, orthog-
onal STBCs (OSTBCs) constitute special cases of STBCs which
allow single-symbol simplified linear decoding. However, it is
noted that OSTBCs in VLC systems can achieve a maximum
coding rate of one. Therefore, high coding rate STBCs are
required in order to provide higher transmission data rates. Thus,
in this section we first generalize Alamouti STBC to an arbitrary
M -ary PAM size. Subsequently, we consider the general case
of an arbitrary number of active LEDs in order to develop the
codeword for any optical OSTBCs. Finally, we propose a rate-2
QOSTBC that will enable an enhancement on the achievable
transmission data rate.

To that end, starting with the well-known Alamouti STBC, the
transmitted codeword from two active LEDs can be expressed
as

X2 =

[
x1 x2

x̄2 x1

]
, (4)

where x1 and x2 are real and positive PAM symbols. Moreover,
x̄i denotes the complement of xi, which for the special case of
on-off keying (OOK) is calculated as x̄i = Ip − xi, where Ip is
the mean optical power. Also, xi and x̄i can be generalized into
any PAM size M , so the intensity levels for the case of M -ary
PAM are defined as follows

xi ∈ 2iIp
M − 1

, i = 0, 1, . . ., (M − 1). (5)

It is noted here that when the LEDs transmit bits correspond-
ing to the first level (i.e.xi = 0), they will be incorrectly decoded
as inactive. Therefore, in order to overcome this issue and allow
the receiver to distinguish the active LEDs, the intensity levels
are modified as follows

xi ∈ 2iIp
M + 1

, i = 1, 2, . . .,M (6)

and the complement of the symbol xi is

x̄i = −xi +
2Ip

M + 1
+

2MIp
M + 1

= −xi + 2Ip, i = 1, 2, . . .,M. (7)

A. Optical Orthogonal STBCs

Alamouti STBC can be generalized to produce an Na ×Na

OSTBC of rate R = 1, which can be expressed as

XNa
=

[ X1
Na
2

X2
Na
2

(X̄2
Na
2

)T (X1
Na
2

)T

]
∈ RNa×Na , (8)

where X1
Na
2

and X2
Na
2

are the (Na/2×Na/2) OSTBC matrices

for the first Na/2 and the last Na/2 symbols, respectively. The
process starts by dividing theNa ×Na matrix into blocks of size
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Na/2×Na/2. Then, each block is also divided into new sub-
blocks until the smallest sub-block, i.e the Alamouti codeword is
reached. In the present analysis, and without loss of generality,
we consider the special case of an 8× 8 OSTBC matrix. To
this end, we fist start by dividing the 8× 8 OSTBC matrix into
blocks of size 4× 4 as follows:

X8 =

[
X1

4 X2
4

(X̄2
4)

T (X1
4)

T

]
, (9)

where X1
4 and X2

4 are 4× 4 codewords for (x1, x2, x3, x4) and
(x5, x6, x7, x8), respectively. Then, each block is divided into a
smaller 2× 2 OSTBC sub-blocks, which yields

X1
4 =

[
X1

2 X2
2

(X̄2
2)

T (X1
2)

T

]
,X2

4 =

[
X3

2 X4
2

(X̄4
2)

T (X3
2)

T

]
, (10)

where X1
2 and X2

2 are Alamouti codewords for (x1, x2) and
(x3, x4), respectively. On the contrary, X3

2 and X4
2 are Alamouti

codewords for (x5, x6) and (x7, x8), respectively. Meanwhile,
OSTBC codes for real symbols of rate R = 1 for Na =3, 5, 6,
and 7 can be obtained by eliminating some of the columns of
the square OSTBC matrices defined earlier for Na = 4 and 8 in
(10) and (9), respectively. For example, a 4× 3 OSTBC can be
generated by eliminating the last column of the 4× 4 OSTBC,
yielding

X3 =

⎡
⎢⎢⎢⎣
x1 x2 x3

x̄2 x1 x̄4

x̄3 x4 x1

x̄4 x̄3 x2

⎤
⎥⎥⎥⎦ . (11)

Importantly, the generated codewords satisfy the orthogonal-
ity condition XT

i Xi = I. Therefore, they can be exploited for
integrating STBC with SM in order to simplify receiver design
and to allow the transmission of higher order modulation, as
presented in detail in the following section.

B. Optical Quasi-Orthogonal STBCs

Despite their simplified ML detection, OSTBCs in VLC can
achieve maximum coding rate of 1. Therefore, in order to provide
higher rates the orthogonality is relaxed in order to transmit
more symbols in each time slot through developing QOSTBCs.
It is worth mentioning that QOSTBCs allow a trade-off between
higher rates and decoding complexity; this is because parallel
ML detectors are needed to jointly decode pairs (or more) of
the transmitted symbols instead of single-symbol decoding as in

OSTBCs. In what follows, we provide an example of a QOSTBC
that achieves a rateR = 2, which is then utilized to be integrated
with SM.

1) Rate-2 QOSTBC: A rate-2 QOSTBC for real symbols and
two transmit LEDs is expressed as

X =

[
ax1 + bx3 ax2 + bx4

cx̄2 + dx̄4 cx1 + dx3

]
. (12)

Of note, equation (12) is simply a linear combination of two
optical Alamouti STBCs. Moreover, the parameters a, b, c, and
d need to be carefully chosen in order to maximize the coding
gain, while they also satisfy a fixed average transmitted optical
power, i.e., a+ b = c+ d = 1. In order to simplify the detection
process, we can choose a = c and b = d. Therefore, the multi-
plication of the effective channel gain matrix and its transpose
can be expressed as in (13), at bottom of the page. It is also worth
noting that the values of the design parameters a, b, c, and d need
to be optimized in order to obtain best detection performance.
Also, it can be noticed from (13) that the joint ML decoding
of the symbols x1 and x3 will be independent of the other two
symbols, x2 and x4.

IV. PROPOSED ML DECODING FOR STBC-SM SCHEME

In this section, we investigate the integration of STBC with
SM in order to enhance the achievable VLC system performance
in terms of reliability, throughput and complexity. To this end and
by assuming that ML detection is utilized at the receiver side, the
detector performs joint detection to deduce the received signals
over the space and signal domains. In particular, the receiver
will jointly detect the LED index and the transmitted symbol
according to the following criterion

[�̂, X̂] = arg min
�̃∈�,X̃∈X

∥∥∥∥y − η

Na
X̃h�̃

∥∥∥∥
2

, (14)

where � denotes the index of the transmitting LEDs and X is
the transmitted codeword. It also recalled here that joint ML
detection requires the search over all M (R×Na) × �(Nt

Na

)�2p
combinations, which results in a significantly increased receiver
complexity. Yet, the orthogonal property of the generated OS-
TBC codewords and being of rate R = 1 allows the symbols
xi’s to be decoded independently. This ultimately reduces the
complexity to M ×Na × �(Nt

Na

)�2p . To this effect and aim-
ing at reducing receiver complexity, we propose a detection
mechanism in which the detection process is broken down into
two main stages. The first stage comprises a conditional ML

HT
effHeff =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(ah1)
2 + (ch2)

2 0 abh2
1 + cdh2

2 0

0 (ch1)
2 + (ah2)

2 0 cdh2
1 + abh2

2

abh2
1 + cdh2

2 0 (bh1)
2 + (dh2)

2 0

0 cdh2
1 + abh2

2 0 (dh1)
2 + (bh2)

2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (13)
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detection, in which conditioned on X, the receiver detects only
the indices of the transmitting LEDs as follows:

�̂ = argmin
�̃∈�

∥∥∥∥min
X∈X

[(
y − η

Na
Xh�̃

) ∣∣X]∥∥∥∥
2

. (15)

In the second stage, the orthogonality of the generated STBC
codewords is utilized to decouple the transmitted symbols.
Based on this and by assuming perfect detection of the LEDs
indices, and therefore perfect estimation of the channel matrix,
the transmitted codeword can be evaluated as follows:

HT
�eff

y = y̌ = ‖h�‖2 η

Na
I x+ z, (16)

where, x is the transmitted symbols vector, x =
[x1, x2, . . .xNa

]T and z ∈ RT×1 is the AWGN vector, in
which each component has a zero mean and a variance of
σ2.‖h�‖2. Also, H�eff ∈ RT×Nov is the effective channel gain
matrix for the OSTBC, where Nov denotes the overall number
of symbols transmitted in T time slots. Finally, in order to
detect the transmitted symbols, a conventional signal domain
ML detector is utilized to decide on each transmitted symbol
separately, namely

x̂i = arg min
x̃i∈χ

∣∣∣∣y̌i − ‖h�‖2 η

Na
x̃i

∣∣∣∣
2

. (17)

It is also emphasized here that the proposed detector reduces
the receiver complexity to M ×Na+ �(Nt

Na

)�2p . Furthermore,
if the QOSTBC defined in (12) is integrated with SM, the
complexity is reduced to 2× (M ×Na) + �(Nt

Na

)�2p .
In what follows, we evaluate the BER performance of the

proposed receiver for STBC-SM-based indoor VLC system.

A. BER Analysis

The probability of incorrect detection of the transmitted sym-
bols can be evaluated as

Pe = PX(X|� �= �̂)P� + PX(X|� = �̂)(1− P�), (18)

where P� is the probability of incorrect index detection and
PX(X|� = �̂) and PX(X|� �= �̂) denote the probability of in-
correct codeword detection conditioned on correct and incorrect
index detection, respectively. Due to mathematical intractability
of (18) and given that PX(X|� �= �̂) is rather large, i.e. close to
unity, the total error probability can be simplified as

Pe � P� + PX(X|� = �̂)(1− P�). (19)

Therefore, obtaining the BER from (19) requires the deriva-
tion of two expressions for P� and PX(X|� = �̂). To this effect
and given that P� is conditioned on X, we resort to the corre-
sponding PEP, which represents an accurate metric to quantify
the BER performance of a wireless system [51]. In fact, the
derivation of the PEP constitutes the fundamental step for the
derivation of a union bound on the BER.

Proposition 1: The following closed-form expression is valid
for the union bound of the BER for P�:

P�=
1

N2N

∑
∀�

∑
� �=�̂

D(�, �̂)Q

(√
η2

4N2
aσ

2

∥∥∥Xh� − X̂minh�̂

∥∥∥2)

(20)
whereD(�, �̂) is the number of different bits between two distinct
symbols.

Proof: With the aid of PEP, the upper bound to the probability
of a union of all events of decoding � as �̂ can be represented as

P� =
1

N2N

∑
∀�

∑
� �=�̂

D(�, �̂)P (� −→ �̂), (21)

where P (� −→ �̂) is the PEP for index detection, which can be
written as

P (� −→ �̂)=P

(∥∥∥∥y− η

Na
X̂minh�̂

∥∥∥∥
2

�
∥∥∥∥y− η

Na
Xminh�

∥∥∥∥
2)

.

(22)
After substituting the received signal y from (15) in (22), the

PEP can be written as

P (� −→ �̂) = P

(∥∥∥∥ η

Na
Xh� + n− η

Na
X̂minh�̂

∥∥∥∥
2

� ‖n‖2
)
.

(23)
Based on this and after some algebraic manipulations, the PEP

can be expressed in closed form in terms of the one dimensional
Gaussian Q−function, namely

P (� −→ �̂) = Q

(√
η2

4N2
aσ

2

∥∥∥Xh� − X̂minh�̂

∥∥∥2). (24)

Finally, the obtained PEP in (24) can be substituted in (21),
which yields the closed form representation in (20), which
completes the proof. �

By leveraging the orthogonality feature of the STBC code-
words defined in III.A, transmitted symbols can be decoded
separately using the ML detector in (17). Therefore, the BER
expression of M-ary PAM can be utilized in evaluating the
probability of incorrectly detecting X, yielding [49]

PX(X|� = �̂) =
2(M − 1)

M log2(M)
Q

(√
η2 ‖hl‖2 I2p

N2
a (M + 1)2σ2

)

(25)

and

Pe�
1

N2N

∑
∀�

∑
� �=�̂

D(�, �̂)Q

(√
η2

4N2
aσ

2

∥∥∥Xh�−X̂minh�̂

∥∥∥2)

+
2(M − 1)

M log2(M)
Q

(√
η2 ‖hl‖2 I2p

N2
a (M + 1)2σ2

)

×
⎡
⎣1− 1

N2N

∑
∀�

∑
� �=�̂

D(�, �̂)
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Q

(√
η2

4N2
aσ

2

∥∥∥Xh� − X̂minh�̂

∥∥∥2)
]
. (26)

Therefore, with the aid of (19), (20) and (25), the overall BER
upper bound is given by the explicit expression in (26).

B. Achievable Rate Analysis for MASM and STBC-SM

Motivated by the advantages of MASM in improving the
system’s spectral efficiency, in this section we derive the rate
expression for MASM and STBC-SM schemes and compare
them in terms of their achievable spectral efficiency. To this end,
it is recalled that the spectral efficiency for MASM depends on
the activation patterns and the modulation size, namely

ηmasm = Nalog2(M) + log2

⌊(
Nt

Na

)⌋
2p
. (27)

Based on this and given that the rate of correctly detected bits
experiences severe degradation for the case of a large number of
active LEDs and modulation size, the achievable rate of MASM
can be evaluated in terms of the error probability as

Rmasm = (1− Pmasm
e )× ηmasm, (28)

where Pmasm
e is the BER for a MASM system, which is ex-

pected to be particularly high for large M values. Following the
same steps, the achievable rate of STBC-SM is given by

Rstbc−sm = (1− Pe)× ηstbc−sm, (29)

where ηstbc−sm is the spectral efficiency of STBC-SM, which
can be expressed as

ηstbc−sm =
R×Na log2(M) + log2(�

(
Nt

Na

)�2p)
T

(30)

Therefore, it is noted that since STBC-SM scheme achieves a
better BER performance for highM values compared to MASM
and RC-SM, STBC-SM outperforms both schemes in terms of
the corresponding BER, and hence the overall achievable rate.
In addition, since the proposed QOSTBC in (12) has a rate of 2,
when integrated with SM it will require lower modulation size
compared to RC-SM to achieve the same spectral efficiency. This
will be reflected on the error rate performance at high spectral
efficiency values, as it is demonstrated in the next section.

It is noted here that evaluating the error rate performance with
respect to the average electrical received signal-to-noise ratio
(SNR) would disregard the individual path loss of the different
setups and activated LEDs pattern. Therefore, in order to guaran-
tee fair comparison, we opt to evaluate the error rate performance
of the proposed scheme with respect to the transmit SNR, which
is defined as the ratio of the average symbol energy against the
noise power spectral density [4], [52]. It is also noted that the
value of the transmit SNR in VLC systems is considerably higher
than the one encountered in typical RF communication systems
as it often exceeds 100 dB [53]. This is attributed to the small
value associated with the noise power spectral density N0 [54].
Specifically, by neglecting the photodetector dark current, N0

is expressed as N0 	 q IB , where q = 1.6e−19 is the charge

Fig. 2. LEDs and user placements in 5× 5× 4 m3 room.

TABLE I
SIMULATION PARAMETERS

of electron and IB is the background noise current that takes
typical values in the order of μA [49], [55].

V. NUMERICAL RESULTS

In this section, we capitalize on the offered results to analyze
the achievable performance of the proposed STBC-SM scheme.
Hence, the validity of the derived analytic expressions in (26),
(28) and (29) is first justified through extensive comparisons
with respective results from computer simulations. To that end
and without loss of generality, we consider an indoor VLC
environment with dimensions of 5× 5× 4 m3, in which the
locations of both the involved LEDs and the user are illustrated
in Fig. 2. In addition, it is assumed that the transmit LEDs radiate
downward from the ceiling to the floor. On the contrary, the
receiver position in the room is considered to be fixed throughout
simulations and is assumed to be located at height of 0.8 m from
the floor. Based on this, the corresponding channel gain can be
also considered fixed. The receiver is also assumed to be oriented
upward to the ceiling. Moreover, the LEDs semi-angle at half
power ϕ1/2 and the FoV of the PD are set to 60o, which is a
typical value for commercially-available high-brightness LEDs.
For convenience, all the parameters involved in our simulations
are summarized in Table I.

Fig. 3 shows the achievable analytic and simulated BER
versus the transmit SNR for different modulation size with
NT = 6, Na = 2 and Nr = 1. It is noticed that the derived
formula in (26) forms an upper bound for the BER, which is tight
at high SNR values for various modulation size. Additionally,
STBC-SM enjoys a good performance in the range of interest
of the transmit SNR for VLC system.
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Fig. 3. Comparison between the derived analytical results and simulations.
NT = 6, Na = 2, and Nr = 1.

Fig. 4. BER performance comparison versus transmit SNR.Nt = 6,Na = 2,
and Nr = 1.

Next, a comparison between MASM and STBC-SM systems
is considered in terms of the BER performance. The results are
demonstrated in Fig. 4, where it is shown that integrating STBC
with SM provides a significant BER improvement for large
modulation size M . On the contrary, the illustrated performance
of the corresponding MASM counterpart exhibits a deteriorated
performance at high M values. For instance, for the case of
M = 2, more than 20 dB is required to achieve a BER of 10−3

using MASM compared to STBC-SM. Additionally, STBC-SM
user exhibits a good BER performance in the typical transmit
SNR range for VLC system, where the received SNR in this case
has an offset of 120 dB, since the channel gain is in the order of
10−6.

For fair comparison, we also consider the BER performance
for both schemes for a fixed spectral efficiency η of 4 bpcu and
5 bpcu, as depicted in Fig. 5. We observe that, STBC-SM pro-
vides a reliability enhancement of the considered VLC systems
compared to MASM, in the typical SNR range. For instance, for

Fig. 5. BER performance comparison between STBC-SM and MASM for
spectral efficiencies of 4 bpcu and 5 bpcu. Red lines for 4 bpcu, blue lines for
5 bpcu.

Fig. 6. The achievable rate performance comparison between STBC-SM and
MASM versus transmit SNR. Nt = 6, Na = 2, and Nr = 1.

η = 4 bpcu at transmit SNR = 160 dB, the BER performance
for STBC-SM and MASM is 10−4 and 10−3, respectively i.e. a
difference of around one order of magnitude. Moreover, a com-
parison in terms of the achievable throughput, as defined in (28)
and (29), for both schemes is illustrated in Fig. 6. It is noted that
in the typical SNR range, the throughput gap between the two
schemes decreases as the modulation size increases, which is due
to the high BER that occurs in the case of MASM. Meanwhile,
using STBC with SM improves the BER performance, which is
reflected on the achievable data rate as seen from (29).

In order to study the effect of various system parameters,
namely Nt, Na, and M , on the overall system performance we
summarize the BER and the throughput performances for both
STBC-SM and MASM schemes in Table II. It can be noticed
that the proposed scheme provides a significant enhancement on
the BER performance compared to MASM for different values
of the involved parameters. For instance, for the the case of
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TABLE II
BER AND THROUGHPUT FOR DIFFERENT CONFIGURATIONS

Nt = 6, Na = 3, and M = 2, the percentage difference in the
BER is almost 99.9999% compared to MASM. Additionally, it
is noted that the BER performance of MASM is degraded as Na

increases which is attributed to the increased spatial interference
between the active LEDs. Moreover, for fixed Na and varying
Nt, the BER performance for MASM drops noticeably because
of the decreased separation and increased correlation between
the LEDs. A similar remark can be also made for the case of
increasing the modulation order M . On the contrary, STBC-SM
is more robust to the change in the involved parameters in
terms of the achievable BER. An interesting remark can be also
concluded from the last two settings, i.e., Nt = 7 and Nt = 8.
Specifically, even though we obtain the same spectral efficiency
from the two configurations for the same values of Na and M ,
it can be noticed that using lower Nt would results in a lower
BER values. This is attributed to the increased separation, and
hence, reduced interference between LEDs. However, in terms
of throughput, it can be seen that MASM outperforms STBC-SM
particularly for low modulation size. For instance, the percent-
age difference between the two schemes for Nt = 6, Na = 4,
and M = 2 is 68.9655%. Therefore, it is concluded that the
BER related benefit of the proposed scheme is much greater
compared to the throughput loss. Also, even though MASM
outperforms STBC-SM in the achieved throughput, it is clear
from the setting Nt = 6, Na = 2, and M = 16 that the gap
difference in the throughput decreases between both schemes
for large modulation orders M . For instance, the percentage
difference in terms of throughput for this case is 3.5088% relative
to the MASM, which is very small compared to the case of
Nt = 6, Na = 2, and M = 4, where the percentage difference
is 45.3125%. Therefore, this renders the proposed scheme more
suitable for setups where the room has limited number of LEDs
and high modulation order M . It is also noted here that using
high-rate QOSTBC can assist towards reducing the throughput
gap if it is integrated with SM.

It is well known that the performance of indoor VLC networks
is very sensitive to the placement of the LEDs in the room.
Hence, Fig. 7 demonstrates the effect of varying the horizontal
and the vertical separations between LEDs 1, 2, 3, and 4. It can
be seen from the figure that there exists an optimum separation
between the LEDs where both schemes achieve the best perfor-
mance. This is explained as follows: the effect of the correlation

Fig. 7. Effect of varying the horizontal and the vertical separation d between
LEDs 1, 2, 3, and 4. Nt = 6, Na = 2, Nr = 1, and M = 2.

is very high when the LEDs are very close to each other, which
increases the error rate in the index detection. On the contrary,
when the LEDs are placed considerably far from each other, the
amount of the received power from each active LED is ultimately
reduced. Therefore, an optimum placement of the LEDs which
guarantees low correlation of the involved wireless channels
and acceptable received amount of power is necessary. It is also
noted that the proposed system is more robust to the LEDs’
placement and achieves a good BER performance for various
separation values. Beside this, we present the effect of varying
the half-power semi-angle (ϕ1/2) of the LEDs on the BER
performance for different values of transmit SNR, while fixing
the other parameters. Fig. 8 shows the simulated and analytical
BER versus the semi-angle for Nt = 6, Na = 2, M = 2, and
SNR values of 130 dB, 135 dB, and 140 dB. As expected, the
MIMO system performance in VLC is highly dependent upon
the value of ϕ1/2 of the LEDs. As depicted in the figure, by
fixing all other system parameters, the performance ultimately
improves as the angle decreases due to the improved channel
gains and the reduced correlation between different channels.

Finally, we study the BER performance of the proposed high-
rate QOSTBC-SM and compare its achievable performance with
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Fig. 8. Effect of varying ϕ1/2 for different transmit SNR. Nt = 6, Na = 2,
Nr = 1, and M = 2.

Fig. 9. BER performance comparison between the proposed QOSTBC-SM,
MASM, and RC-SM. η = 5 bpcu, 6 bpcu, and 7 bpcu.

respect to MASM and RC-SM based schemes for different
spectral efficiency values, i.e., η = 5 bpcu, 6 bpcu, and 7
bpcu. It can be seen from Fig. 9 that integrating QOSTBCs
with SM enhances the system performance in terms of the
achievable BER compared to MASM and RC-SM for fixed
spectral efficiency values. This performance improvement can
be noticed more profoundly at higher spectral efficiency values.
For instance, a η = 7 bpcu spectral efficiency value was realized
through QOSTBC-SM by choosing the system setup as follows:
Nt = 4, Na = 2, and M = 8, whereas the achieved error rate
at SNR = 170 dB is 1.6× 10−3. On the contrary, in order to
achieve the same spectral efficiency using RC-SM, the system
setup was chosen as, Nt = 4, Na = 2, and M = 32. However,
the achieved error rate in this case considering the same SNR
is 1.4× 10−2. The need for higher M -ary modulation values
while fixing other system setup parameters explains the error
rate performance gap between the two schemes at higher η
values. However, at lower spectral efficiency values, i.e., 5

bpcu, RC-SM achieves better performance compared to both
QOSTBC-SM and MASM. Besides this, since the proposed
QOSTBC matrix has a rate of R = 2, it provides a spectral
efficiency enhancement when integrated with SM compared to
OSTBC-SM. Yet, this spectral efficiency enhancement comes at
the expense of a slightly increased receiver complexity, which
as already mentioned it is tolerable.

VI. CONCLUSION

In this paper, we considered the performance of a high-rate
low complexity MIMO transmission STBC-SM scheme for
VLC systems. A general technique has been proposed based on
constructing any STBC-SM scheme for any M -ary PAM size
and any number of transmitting LEDs. It has been shown through
out simulations and derived upper bounds that STBC-SM is a
promising MIMO technique for indoor VLC system as it offers
improved system BER performance, throughput and reduced re-
ceiver complexity compared to MASM and RC-SM. To achieve
that, part of the bit stream was used to activate a group of the
available LEDs, while the other part of the bit stream is conveyed
through space time coded intensity modulation. Furthermore, it
has been shown through extensive simulations that STBC-SM
maintains a rather good performance for various setups, whilst
an improved throughput is achieved compared to MASM as the
modulation size increases.
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