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Abstract—Visible light communication (VLC) is a promising
solution to the current congestion in radio frequency (RF)
spectrum. It achieves that by exploiting the huge unregulated
visible light portion of the electromagnetic spectrum in order
to enable high-speed short range wireless communications, as
well as, providing an sufficient lighting. This new solution is
envisioned to provide a considerably wider bandwidth that
can accommodate ubiquitous broadband connectivity to indoor
users and further offload data traffic from overloaded cellular
networks. However, VLC suffers from several limitations, such
as the limited modulation bandwidth of light-emitting diodes
(LEDs) that degrades the overall system spectral efficiency. In
this respect, several interesting solutions have been proposed
in the recent literature to overcome this limitation, such as
the implementation of efficient optical modulation and multiple-
input-multiple-output (MIMO) schemes. In this paper, we in-
vestigate the performance of multiple active spatial modulation
(MASM) integrated with orthogonal space time block codes
(STBC) for indoor VLC systems. Additionally, in ordered to
reduce the receiver complexity, a simplified version of the joint
maximum likelihood (ML) detector is proposed which has a linear
complexity with respect to the number of transmit LEDs and the
constellation size. Extensive computer simulations demonstrate
that STBC-MASM improves the overall system performance
compared to MASM with a considerably simplified detection.

Index Terms—GSSK, MIMO, MASM, STBC, visible light
communication.

I. INTRODUCTION

V Isible light communication (VLC) has emerged as a
promising alternative to the current congested RF spec-

trum aiming to provide Gbps data rates to mobile users. The
key principle of VLC technology is to utilize the emitted
light from the light emitting diodes (LEDs) in the ceiling to
perform data transmission through intensity modulation and
direct detection (IM/DD), without affecting their main illumi-
nation function. Also, VLC systems exhibit other advantages
including security, high degree of spatial reuse, and immu-
nity to electromagnetic interference (EMI) [1]. Yet, despite
the aforementioned advantages of VLC systems, several key
factors affect negatively the overall system performance. These

are the limited modulation bandwidth and the peak optical
power of LEDs and are considered as the main constraints
towards realizing the full potential of VLC systems [2].
Therefore, several analyses have been carried out attempting
to enhance the spectral efficiency of VLC systems through the
development of different optical-based modulation and coding
schemes, adaptive modulation, equalization, VLC cooperative
communications, multiple access, and multiple-input-multiple-
output (MIMO) schemes.

It is recalled that MIMO transmission techniques have been
comprehensively studied in the context of RF communications
and they have showed an improvement in terms of system
capacity and reliability compared to conventional single-input-
single- output (SISO) systems. In general, two strategies were
developed in the literature namely, space time block codes
(STBC) and spatial multiplexing (SMP). It is recalled that
SMP schemes provide an enhancement on the achievable
data rate by transmitting multiple data streams from multiple
LEDs. However, the incurred inter-channel interference (ICI)
and the involved decoding complexity are the two major
drawbacks that limit its performance [3]–[5]. On the other
hand, orthogonal STBCs offer different features such as,
allowing reliable communication and reduced implementation
and decoding complexity [6]. In the same context, researchers
have recently investigated extensively the newly emerged
index modulation (IM) techniques because of their promising
high spectral efficiency [7], [8]. The fact that IM relies on the
activation of one of the building blocks of the communication
system such as the transmitting LED, frequency, time slot,
or combination of them allows the transmission of more
information. Likewise, space shift keying (SSK), generalized
space shift keying (GSSK), and spatial modulation (SM) are
all forms of IM in which the indices of the LEDs are used to
convey extra information [9]–[11]. Yet, it is noted that they are
all limited in terms the number of required LEDs to achieve
higher spectral efficiency.

Multiple active spatial modulation (MASM) is a generalized
version of SM that highly enhances the spectral efficiency by



Fig. 1. Generalized STBC-MASM transmitter

conveying more information in both spatial and signal domains
[12]–[14]. MASM relies on the activation of Na LEDs out of
Nt simultaneously based on spatial bits. Moreover, a distinct
real non-negative M -ary symbols are transmitted from each
active LED. It was shown in [15] that MASM achieves high
spectral efficiency but, one of its major drawbacks is the
degraded bit error rate (BER) performance particularly when
the number of the activated LEDs increases as well as, when
higher M -ary modulation size is used. Combining STBC with
SM has achieved significant performance improvement over
SM in RF systems by exploiting the advantages of both SM
and STBC without any increment in the transmitted power
[16], [17]. However, in the context of VLC systems, STBC-
SM has not been investigated so far. With this motivation,
the aim of this paper is to study the benefits of combining
orthogonal STBC with MASM in VLC systems. To the best
of the authors knowledge, the offered results are novel and
have not been reported before in the open technical literature.

The remainder of this paper is organized as follows: In
section II, we present the basic system and channel models.
Generalization of Alamouti STBC for VLC systems for any
number of active LEDs, Na, and any M -ary PAM modulation
size is introduced in section III, whereas Section IV introduces
a simplified ML detection. In Section V we present the corre-
sponding simulation results for the STBC-MASM and MASM
techniques. Finally, Section VI summarizes and concludes the
paper.

Notations: In what follows, boldface uppercase and lower-
case represent matrices and vectors, respectively. (·)T denotes
the transpose operation, | · | is the absolute value operation,
I is the identity matrix,

(
N
k

)
is the binomial coefficient, bxc

is the largest integer less than or equal x, bxc2p is the largest
integer less than or equal x, that is integer power of 2, and
N (0, σ2) is a real-value Gaussian distribution with zero mean
and variance σ2.

II. SYSTEM AND CHANNEL MODELS

We consider an indoor downlink VLC multiple-input-single-
output (MISO) system employing IM/DD of the optical carrier
using LEDs. The room size is 5× 5× 4 m3 and is equipped
with Nt transmit LEDs and a single photo detector (PD)
receiver. Fig. 1 illustrates the basic system model of STBC-
MASM. The coming bit stream is divided into two parts:
the first log2(b

(
Nt

Na

)
c2p) are used to select the indices of the

LEDs that will be activated, with Na denoting the number

of active LEDs. Moreover, the other Na log2(M) bits are
initially modulated through M -ary pulse amplitude modulation
(PAM) then, encoded using an orthogonal STBC to generate
a codeword X that is transmitted through the active LEDs.
Based on this, the received signal of the STBC-MASM system
is expressed as

y =
η

Na
X h + n, (1)

where, η is the PD responsivity and X is the transmitted
codeword. Moreover, n is an additive white Gaussian noise
(AWGN) with zero mean and variance σ2 = σ2

shot + σ2
th,

which is the sum of ambient light shot noise and thermal noise,
respectively1. Finally, h is the DC channel gain vector from
the active LEDs to the PD, which is considered only due to
the line of sight (LoS) and each component can be expressed
as follows: [19]

hi =

{ A
d2i
Ro(ϕi)Ts(φi)g(φi) cos(φi), 0 6 φi 6 φc

0, otherwise,
(2)

where A denotes the PD area, di is the distance between the
ith LED and PD, ϕi is the angle of transmission from the
ith 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) is the gain of the optical filter and g(φi) is
the gain of the optical concentrator, expressed as

g(φi) =

{
n2

sin2(φc)
, 0 6 φi 6 φc

0, φi > φc,
(3)

where n is the refractive index, and Ro(ϕi) is the Lambertian
radiant intensity given by the following:

Ro(ϕi) =
m+ 1

2π
(cos(ϕk,i))

m
, (4)

where m denotes the order of the Lambertian emission, which
is expressed as

m =
− ln (2)

ln
(
cos(ϕ1/2)

) , (5)

where ϕ1/2 denotes the LED semi-angle at half power.
In what follows, we provide a general procedure to produce

any real orthogonal STBC with any M -ary PAM constellation
size.

III. GENERALIZED STBC FOR VLC SYSTEMS

In this section, we first consider the generalization of Alam-
outi STBC to any M -ary PAM symbols. Then, we provide a
general procedure to produce real STBC for any number of
active LEDs, Na. To this end, we start with the well-known
Alamouti STBC for two active LEDs, namely

X2 =

[
x1 x2
x̄2 x1

]
(6)

1More details on the calculation of the noise variance are provided in [18].



where, x1 and x2 are real and positive PAM symbols. More-
over, x̄i denotes the complement of xi which is for the case
of on-off keying (OOK) and is calculated as x̄i = A − xi.
Yet, for any M -ary PAM constellation size, the symbols are
defined as follows

xi ∈
2iIp
M + 1

, i = 1, 2, ....,M. (7)

where Ip is the average transmitted optical power. Based on
the above, we defined the complement of the symbol xi as
follows

x̄i = −xi +
2Ip

M + 1
+

2MIp
M + 1

, i = 1, 2, ...,M. (8)

Next, Alamouti STBC can be generalized to produce an Na×
Na STBC of rate 1, which can be utilized to activate Na LEDs,
namely

XNa =

[ X1
Na
2

X2
Na
2

( ¯X2
Na
2

)T X1
Na
2

]
(9)

where X1
Na
2

and X2
Na
2

are the (Na/2×Na/2) STBC matrices for
the first Na/2 and the last Na/2 symbols, respectively. The process
starts by dividing the Na × Na matrix into blocks of size Na/2 ×
Na/2. Then, each block is also divided into new sub-blocks until the
smallest sub-block (i.e Alamouti matrix) is reached. For the sake of
illustration, we will consider the special case of 8× 8 STBC matrix.
First, we start with dividing the 8 × 8 STBC matrix into blocks of
size 4× 4 as follows:

X8 =

[
X1

4 X2
4

(X̄2
4)T X1

4

]
(10)

where X1
4 and X2

4 are 4 × 4 codewords for (x1, x2, x3, x4) and
(x5, x6, x7, x8), respectively. After that, each block is divided into
a smaller 2× 2 STBC sub-blocks as follows

X1
4 =

[
X1

2 X2
2

(X̄2
2)T X1

2

]
,X2

4 =

[
X3

2 X4
2

(X̄4
2)T X3

2

]
(11)

where X1
2 and X2

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

2 and X4
2 are Alamouti

STBC codewords for (x5, x6) and (x7, x8), respectively. Note that the
generated codwords satisfy the orthogonality condition XT

i Xi = I.

IV. PROPOSED SIMPLE ML DECODING

In this section, we propose the design of a simplified version of
the ML detector. Using the received vector y in equation (1), the
joint ML detector would decide on the indices and signal domain
symbols jointly after T time slots based on the minimum distance
between the received vector y and all potential combinations, i.e.

[ˆ̀, X̂] = arg min
˜̀∈`,X̃∈X

∥∥∥∥y − η

Na
X̃h˜̀

∥∥∥∥2 (12)

It is noted here that joint ML detection requires the search over all
MNa ×b

(
Nt
Na

)
c2p combinations, which in turn increases the detector

complexity. The orthogonal property of STBCs allows the symbols
xi’s to be decoded independently. Which reduces the complexity to
M × Na × b

(
Nt
Na

)
c2p . We also propose a detector that reduces the
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Fig. 2. LEDs and user placements in 5× 5× 4 m3 room.

complexity furthermore to M Na + b
(
Nt
Na

)
c2p by breaking-down

the detection process into two stages. The first stage involves the
detection of the indices by considering the conditional ML detection
(blind receiver) and assuming equally probable symbols as follows:

ˆ̀= arg min
˜̀∈`

∥∥∥∥min
X∈X

[(
y − η

Na
Xh˜̀

)∣∣X]∥∥∥∥2 . (13)

To this effect and since the generated STBC are orthogonal, the
received signal can be processed using the effective detected channel
gain matrix (assuming that the indices are decoded correctly) to
decouple the signal domain symbols, yielding

HT
leff

y = y̌ = ‖h`‖2 .
η

Na
I. x + z, (14)

where, x is the vector of the transmitted symbols, and z is an AWGN
vector with each component having a zero mean and a variance
of σ2 ‖h`‖2. Finally, a conventional signal domain ML detector is
utilized to decide on each transmitted symbol separately, namely

x̂i = arg min
x̃i∈χ

∣∣∣∣y̌i − ‖h`‖2 . ηNa x̃i
∣∣∣∣2. (15)

To the best of the authors’ knowledge, the offered results have not
been previously reported in the open technical literature.

V. SIMULATION

This section provides a thorough comparison of the performance
of the STBC-MASM with that of MASM. To this end, we consider an
indoor VLC environment where the room dimension is 5×5×4 m3.
In addition, there are six transmit LEDs which are assumed to radiate
perpendicularly from the ceiling to the floor. On the other hand, the
receiver is located randomly on a desk at 0.8 m height from the floor
and is assumed to be fixed throughout the simulations. The receiver
is also assumed to be perpendicularly oriented from the desk to the
ceiling. The positions of the transmit LEDs and the receiver are well
illustrated in Fig. 2. The half-illuminance semi-angle of the LED is
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.

A comparison between MASM and STBC-MASM systems in
terms of the BER performance is considered in Fig. 3. It is evident
that integrating STBC with MASM improves significantly the BER
even for a single PD receiver and for large constellation size M .
For instance at M = 2, more than 20 dB is required to achieve a
BER of 10−3 using MASM compared to STBC-SM. Additionally,
STBC-MASM 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



TABLE I
SIMULATION PARAMETERS.

Parameter Symbol Value
Room dimensions - 5 × 5 × 4m3

LED beam angle ϕ1/2 60o

PD area A 1 cm2

Refractive index of PD n 1.5
Gain of optical filter Ts(φi) 1
FoV of PD φc 60o

PD responsivity R 1A/W

order of 10−6. Moreover, it can be seen that the derived bound on
the BER for the proposed detector forms an upper bound that is very
tight at high SNR values. For more fair comparison, we consider the
BER performance for both schemes for a fixed spectral efficiency
η of 4 and 5 bpcu, as depicted in Fig. 4. We observe that, STBC-
MASM provides an enhancement on the system reliability compared
to MASM in the typical SNR range for VLC systems. For instance,
for η = 4 at transmit SNR=160 dB, the BER performance for STBC-
MASM and MASM, is 10−4 and 10−3, respectively.

Finally, a comparison in terms of the achievable throughput for
both schemes is illustrated in Fig. 5. We observe that, in the typical
SNR range, the throughput gap between the two schemes decreases
as the constellation size increases, which is due to the high BER
occurs in the case of MASM. Meanwhile, it is shown that using
STBC codes improves the BER performance, which would reflects
on the achievable data rate.
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Fig. 3. BER performance comparison versus Nt = 6, Na = 2, and Nr = 1
for transmit SNR.

VI. CONCLUSION

In this paper, we considered the performance of a high-rate low
complexity MIMO transmission STBC-MASM scheme for VLC sys-
tems. Moreover, a general technique has been presented to construct
any STBC-MASM scheme for any constellation size and any number
of transmitting LEDs. It has been shown through out simulations
that STBC-MASM is a promising MIMO technique for indoor VLC
system that offers improved system BER performance and throughput
compared to MASM. 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. Moreover, it has been shown through simulations that
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Fig. 4. BER performance comparison between STBC-MASM and MASM
for spectral efficiencies of 4 and 5 bpcu. Black lines account for 4 bpcu and
blue lines account for 5 bpcu.

70 80 90 100 110 120 130 140 150

Transmit SNR (dB)

1

2

3

4

5

6

7

8

9

A
c
h
ie

v
a
b
le

 d
a
ta

 r
a
te

 (
b
it
s
/s

e
c
/H

z
)

STBC-MASM, M=2.

STBC-MASM, M=4.

STBC-MASM, M=8.

STBC-MASM, M=16.

MASM, M=2.

MASM, M=4.

MASM, M=8.

MASM, M=16.

Fig. 5. Rate performance comparison between STBC-MASM and MASM
for Nt = 6, Na = 2, and Nr = 1 versus transmit SNR.

STBC-MASM maintains a good performance even in correlated
channels and showed an improved throughput as the constellation
size increases compared to MASM. The offered results are novel
and provided meaningful insights that will be useful in the design
and deployment of VLC systems.
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