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Abstract—We propose an enhanced spatial modulation (SM)-
based scheme for indoor visible light communication systems. This
scheme enhances the achievable throughput of conventional SM
schemes by transmitting higher order complex modulation symbol,
which is decomposed into three different parts. These parts carry
the amplitude, phase, and quadrant components of the complex
symbol, which are then represented by unipolar pulse amplitude
modulation (PAM) symbols. Superposition coding is exploited to
allocate a fraction of the total power to each part before they are all
multiplexed and transmitted simultaneously, exploiting the entire
available bandwidth. At the receiver, a two-step decoding process is
proposed to decode the active light emitting diode index before the
complex symbol is retrieved. It is shown that at higher spectral
efficiency values, the proposed modulation scheme outperforms
conventional SM schemes with PAM symbols in terms of aver-
age symbol error rate (ASER), and hence, enhancing the system
throughput. Furthermore, since the performance of the proposed
modulation scheme is sensitive to the power allocation factors,
we formulated an ASER optimization problem and propose a
sub-optimal solution using successive convex programming (SCP).
Notably, the proposed algorithm converges after only few itera-
tions, whilst the performance with the optimized power allocation
coefficients outperforms both random and fixed power allocation.

Index Terms—Error rate, modulation, optimization, power
allocation, visible light communications.

I. INTRODUCTION

V ISIBLE light communication (VLC) is envisioned to play
a core role in future wireless networks as an efficient
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method to complement overcrowded radio frequency (RF) sys-
tems [1], [2]. Within this context, VLC utilizes the indoor light
emitting diodes (LEDs) for both illumination and wireless data
transmission [3]. It is worth mentioning that the intensity of the
light emitted from the LEDs is modulated in order to transmit the
corresponding information signal [4], [5]. This process is usually
referred to as intensity modulation (IM). On the other hand, a
photo detector (PD) is utilized at the receiver in order to retrieve
the original signal, a process known as direct detection (DD).
However, VLC systems suffer from the limited modulation
bandwidth of LEDs in addition to the constraints imposed by
IM/DD schemes that, unlike RF communications, require the
transmitted signals to be positive and real-valued [6], [7]. Hence,
the implementation of spectrally efficient modulation schemes
that overcome these limitations is of paramount importance for
the design of efficient high data rate VLC systems [5], [7]–[10].

Based on the above, extensive research efforts have been
devoted in order to come up with high spectral efficiency mod-
ulation techniques. To that end, multiple-input multiple-output
(MIMO) index modulation schemes have recently emerged as
an efficient way to enhance the spectral and energy efficiency
of wireless transmission through the activation states of the
building blocks of communication systems [11]. Different in-
vestigations on spatial domain index modulation have been
carried out in the context of VLC, such as space shift key-
ing (SSK), generalized space shift keying (GSSK) and spatial
modulation (SM), wherein, the transmitting LED index is used
to transmit further information [12]–[16]. In addition, multi-
ple active SM (MA-SM) has been proposed as a generalized
version of SM which is capable of enhancing the achievable
spectral efficiency by conveying more information in both spatial
and signal domains [17]. The operation of MA-SM relies on
the activation of Na LEDs out of Nt with multiple distinct
real non-negative M -ary symbols transmitted from each active
LED. Yet, it is noted that despite the undoubted advantages
of these schemes, their performance is highly affected by the
incurred channel similarity associated with the nature of VLC
channels.

Recent research efforts have focused on new techniques aim-
ing to improve the performance of SM-based schemes in VLC
systems. For instance, the authors in [17] and [18] modified
the selection of symbols to be transmitted through the active
LEDs based on collaborative constellation in order to improve
the power efficiency of conventional SM schemes. Furthermore,
the authors in [16] proposed an LED grouping scheme aiming
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to improve the error rate performance of SM schemes. In partic-
ular, they considered that the LEDs are separated into different
groups with the purpose of alleviating the channel correlation
among each group. Within the same context, in [15], the authors
proposed a receiver-oriented SM scheme to efficiently miti-
gate the optical channel correlation across the multiple LEDs.
Additionally, in [19], the authors proposed an augmented SM
scheme that allows each transmitter to have its own identity
that is embedded in the transmitted signal and can only be de-
coded by the indented receiver. On the contrary, non-DC biased
optical orthogonal frequency division multiplexing (OFDM)
was combined with SM in [20]; however, it is rather common
that OFDM suffers from the high peak-to-average power ratio,
which has detrimental effects in OFDM-based VLC systems.
The authors in [21] proposed channel-adapted SM schemes to
find the optimal combinations of active LEDs under controlled
inter-channel interference. Similar investigations on integrating
adaptive modulation schemes with SM appeared also in [10],
[22], [23]. Finally, in order to enhance the error rate performance
of adaptive SM schemes, the authors of [7] proposed a flexible
SM scheme that changes the modulation sizes over the LEDs
and the number of active LEDs.

As already mentioned, the main challenge of using IM/DD
schemes is the restrictions associated with the transmitted sig-
nals. Therefore, in order to transmit complex-valued symbols,
different contributions investigated the design of multiple-LED
complex modulation schemes, including quad-LED and dual-
LED complex modulation. For instance, the authors in [24] pro-
posed a complex modulation scheme called quad-LED complex
modulation (QCM) for MIMO VLC systems. In this scheme, the
spatial domain was utilized to transmit the real and imaginary
parts of the complex-valued symbols. Similarly, [25] discussed
the integration of QCM and SM to further enhance the achievable
transmission rate. Furthermore, the authors in [26] proposed two
complex modulation schemes called quadrature spatial modu-
lation (QSM) and dual mode index modulation (DMIM) with
a dual-LED complex modulator (DCM). Nevertheless, the use
of quad-LED and dual-LED complex modulations results in
spectral efficiency loss when combined with SM since part of
complex signal is carried over the spatial domain. Addition-
ally the associated computational complexity with these two
schemes is rather high.

Based on above, the available contributions on the perfor-
mance enhancement of SM have been based on two main
approaches: i) Employing multiple active LEDs with LED selec-
tion optimization and the use of complicated adaptive schemes
in order to achieve a balance between error rate and spectral ef-
ficiency performance. ii) Using quad-LED and dual-LED. How-
ever, the latter approach yields an increased system complexity
and limits the spectral efficiency when integrated with SM-based
techniques because part of the complex symbol is conveyed
through the spatial domain. Hence, in the current contribution,
we aim to design an efficient higher order SM-based modulation
scheme that can achieve an adequate balance between error
rate performance and spectral efficiency, while maintaining a
relatively reduced involved implementation complexity.

With this motivation, in order to improve the performance
of conventional SM schemes, we propose the transmission of
a superimposed signal of the amplitude, phase, and quadrant
components over the signal domain and provide a formulation
of the associated power allocation optimization. To the best of
our knowledge, such a contribution is novel, and has not been
considered previously in the open literature. More specifically,
in order to transmit a complex-valued symbol, the signal domain
information is decomposed into three different parts that are used
to carry the amplitude, phase, and quadrant components. Then,
each component is represented by a unipolar pulse-amplitude
modulation (PAM) signal. Subsequently, superposition coding
is exploited to allocate each part a certain fraction of the total
power. Then, all parts are multiplexed and transmitted at the
same time, exploiting the entire available bandwidth. To this
effect and given that power allocation is an essential factor
that determines the overall system error performance, we also
formulate an average symbol error rate (ASER) minimization
constrained optimization problem in order to find the optimum
power allocation coefficients for each signal part. Then, the
formulated non-convex optimization problem is effectively and
sub-optimally solved using successive convex programming
(SCP) with trust region algorithm.

In summary, the main contributions of the present work are
listed below:
� We propose a novel SM-based scheme, so called APQ-

SM, that transmits complex-valued APQ symbols from the
active LED.

� We derive closed form expressions for the ASER for both
joint and two-step detection. These expressions have a
relatively simple algebraic representation which renders
them tractable both analytically and numerically.

� Capitalizing on the above, we quantify the achievable
ASER performance of the proposed scheme for both joint
detection and the proposed two-step detection process,
which leads to the development of useful theoretical and
practical insights.

� An efficient power allocation scheme for each part of the
APQ symbol is proposed, where we formulate a con-
strained optimization problem for finding the optimum
power allocation coefficients that minimize the ASER.
Then, we propose an effective sub-optimal solution to the
formulated non-convex optimization problem using SCP
with trust region algorithm.

� Extensive Monte Carlo simulations are carried out in order
to validate the derived analytic expressions and to demon-
strate the ASER performance under different spectral effi-
ciency levels and LEDs separations.

The remainder of the paper is organized as follows: Sec-
tion II describes the channel and system model of the proposed
APQ-SM based VLC downlink network. Section III presents
the proposed decoding process, the derivation of the analytic
expressions for the corresponding ASER, and the formulation of
the optimization problem. Numerical results and useful related
discussions are presented in Section IV, whereas closing remarks
are provided in Section V.
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Fig. 1. APQ-SM transmitter.

Notations: Throughout the paper, and unless otherwise stated,
boldface uppercase and lowercase represent matrices and vec-
tors, respectively, whereas (·)T denotes the transpose operation.
Moreover, || · || denotes the Euclidean norm and | · | represents
the absolute value. Also, tr(A) denotes the trace of a matrix A,
while diag(x) is a diagonal matrix whose entries are the vector
x. Finally, 0 accounts for the all-zeros vector.

II. SYSTEM AND CHANNEL MODELS

We consider an indoor VLC MIMO downlink system which
consists of Nt transmit LEDs, assumed to be power of 2, and
a user with Nr PDs. Also, and without loss of generality, the
dimensions of the room are considered to be 3 m× 3 m× 3 m.
To this effect, the transmitted bit stream is divided into two parts:
i) the first part consists of log2(Nt) bits, which are used to select
the index of the active LED; ii) the second part consists of the
other log2(M) bits, which are modulated using M -ary APQ
modulation. The considered APQ-SM transmitter is illustrated
in detail in Fig. 1.

Based on the above, in order to construct the mth symbol
in M -ary APQ modulation, the log2(M) bits are divided into
three different parts, namely, the amplitude, phase, and quadrant
components. Then, each component is modulated using an Mi-
ary PAM, as follows:

xm
i ∈
{

2

Mi + 1
,

4

Mi + 1
, . . . ,

2 Mi

Mi + 1

}
, i = 1, 2, 3. (1)

It is worth noting that the symbols in (1) are chosen in order
to maintain a fixed average optical power, and hence, fixed
illumination in the room. Subsequently, all components are su-
perimposed in power domain and are transmitted simultaneously
to fit with the constraints imposed by the nature of VLC systems.
Therefore, the mth APQ symbol xm can be represented as [9]

xm = p1x
m
1 + p2x

m
2 + p3x

m
3 , (2)

where p1, p2, and p3 represent the optical power allocation for
each component. It is worth noting that we assumed that

3∑
i=1

pi = Popt, (3)

and pi < pi−1, i = 2, 3, where Popt denotes the mean optical
power of the corresponding LED. Based on this, the average
symbol energy, Es, can be expressed as follows:

Es = γ2P 2
opt Ts, (4)

where γ represents the optical-to-electrical conversion factor,
and Ts denotes the symbol duration.

The concept of the proposed modulation scheme is demon-
strated in more detail in Fig. 1. This represents an APQ-SM
system with an indicative spectral efficiency of η = 6 bpcu,
which is realized by having 4 LEDs at the transmitter side in
order to transmit 2 bits in the spatial domain and 4 bits for the
16-APQ symbol. Then, the 16-APQ symbol is constructed as
follows: the 4 bits are divided into three parts; the first bit is
used to represent one of the two amplitudes (i.e., L1, L2) through
2-PAM modulation, the next two bits represent the four quadrant
through 4-PAM modulation, and the last bit is used to represent
the two phases (i.e., θ1, θ2) through 2-PAM modulation. Then,
each resulted PAM symbol is allocated a fraction of the total
power and finally they are superimposed and transmitted from
the active LED.

Based on the above, the received information signal can be
expressed as follows:

y = γHxm
� + z, (5)

wherexm
� is themth APQ symbol transmitted from the �th LED,

which is represented as

xm
� = [0, . . . , 0, xm, 0, . . . , 0]. (6)
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Moreover, z represents the additive white Gaussian noise
(AWGN) vector, where each component has zero mean and
variance σ2 = N0B, with N0 denoting the noise power spec-
tral density and B the channel bandwidth [27]. Additionally,
HNr×Nt

denotes the channel gain matrix between the LEDs
and the PDs, in which only the line-of-sight (LoS) components
are considered. Based on this, each component of H can be
expressed as [28]

hr� =

{
A
d2
r�
Ro(ϕr�)Ts(φr�)g(φr�) cos(φr�), 0 � φr� � φc,

0, otherwise,
(7)

where A denotes the PD area, dr� is the distance between the �th

LED and the rth PD,ϕr� is the angle of transmission from the �th

LED to the rth PD, φr� is the incident angle with respect to the
receiver, andφc is the field of view (FoV) of the PD. Furthermore,
Ts(φr�) and g(φr�) denote the gains of the optical filter and
concentrator, respectively, whereas g(φr�) can be expressed as
follows:

g(φr�) =

{
n2

sin2(φc)
, 0 � φr� � φc,

0, φr� > φc.
(8)

In the above, n represents the corresponding refractive index,
and Ro(ϕr�) denotes the Lambertian radiant intensity, namely

Ro(ϕr�) =
ν + 1

2π
(cos(ϕr�))

ν , (9)

with ν representing the order of the Lambertian emission, which
is expressed as

ν =
− ln (2)

ln
(
cos(ϕ1/2)

) , (10)

given that ϕ1/2 is the LED semi-angle at half power [29].

III. PROPOSED ML DECODING

Following from the above, this section is devoted in the
quantification of the performance of the proposed system model
by means of analyzing the achievable symbol error rate per-
formance. To this end, assuming maximum likelihood (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 detects jointly the
LED index and the transmitted APQ symbol according to the
following criterion:

xm̂
�̂

= arg min
∀xm̃

�̃
∈χ

∥∥y − γHxm̃
�̃

∥∥2 , (11)

where xm̂
�̂

is the estimated APQ-SM symbol that minimizes the
distance between the received signal and all potential APQ-SM
symbols. It is recalled here that joint ML detection requires
the search over all M ×Nt combinations of the indices and
symbols, which results in an increased receiver complexity.
Therefore, the upper bound on the achievable SER using joint

detection, Pe,joint, is expressed as

Pe,joint �
1

Nt M

∑
∀(m,�)

∑
∀(m̂,�̂)

�=
(m,�)

Q

(√
γ2

4σ2

∥∥∥H(xm
� − xm̂

�̂
)
∥∥∥2
)
,

(12)
where Q(·) denotes the one dimensional Gaussian Q−function
[30]. As already mentioned, it is of paramount importance to
achieve a reduced complexity receiver in the considered VLC
system. To that end, we propose a new detection mechanism
in which the detection process is performed over two stages.
Hence, this yields a reduced complexity in terms of number of
iterations, i.e., the search space is reduced to M + �(Nt

1

)�2p .
The first stage comprises a conditional ML detection, in which,
conditioned on xm

�̃
, the receiver detects only the index of the

transmitting LED, namely

�̂ = argmin
∀�̃

(
min
∀m
∥∥[(y − γHxm

�̃

) ∣∣xm
�̃

]∥∥2). (13)

Then, in the second stage the receiver uses the detected index
in order to detect the transmitted symbols. To this effect and
assuming perfect detection of the �th LED index, the estimated
symbol can be evaluated as follows:

xm̂
� = argmin

∀m̃

∥∥∥∥y − γH xm̃
�

∥∥∥∥
2

. (14)

Capitalizing on the above, the next section is devoted in the
evaluation of the achievable ASER performance of the proposed
receiver.

A. Average SER Analysis

The probability of incorrect detection given that the �th LED
is selected can be determined by

P �
e = Px(x

m
� |� �= �̂).P� + Px(x

m
� |� = �̂).(1− P�), (15)

where P� is probability of incorrect index detection, whereas
Px(x

m
� |� = �̂) and Px(x

m
� |� �= �̂) denote the probability of in-

correct symbol detection conditioned on correct and incorrect
index detection, respectively. Due to mathematical intractabil-
ity of (15) and given that Px(x

m
� |� �= �̂) is rather large, close

to unity, the error probability for the �th combination can be
accurately simplified to the following

P �
e � P� + Px(x

m
� |� = �̂).(1− P�). (16)

Therefore, it is evident that the ASER can be obtained from
(16) subject to analytic derivation of two explicit expressions,
for P� and Px(x

m
� |� = �̂) and subsequent averaging over all

possible LEDs activation. Based on this, the following closed
form expression for the ASER for P� is obtained

P� =
1

M

∑
∀m

Q

(√
γ2

4σ2
D2(xm

� )

)
, (17)

where D(xm
� ) is the minimum distance between the symbol xm

�

transmitted from the �th LED index and all possible symbols
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that can be transmitted from all other LEDs, namely

D(xm
� ) = min

∀�̂,� �=�̂
∀m̂

∥∥∥γH(xm
� − xm̂

�̂
)
∥∥∥ . (18)

Based on this and utilizing the union bound on the SER,
we evaluate the probability of incorrectly detecting the symbol,
Px(x

m
� |� = �̂), as follows:

Px(x
m
� |� = �̂) =

1

M

∑
∀m

∑
∀m̂

m �=m̂

P (xm
� −→ xm̂

� ), (19)

where P (xm
� −→ xm̂

� ) denotes the pairwise error probability
(PEP) of decoding xm

� as xm̂
� , which is represented as

P (xm
� −→ xm̂

� ) = Q

(√
γ2

4σ2

∥∥H(xm
� − xm̂

� )
∥∥2) . (20)

Therefore, by substituting (20) in (19), the ASER for incorrectly
detecting the symbol Px(x

m
� |� = �̂) is given by the following

analytic expression

Px(x
m
� |� = �̂) =

1

M

∑
∀m

∑
∀m̂

m �=m̂

Q

(√
γ2

4σ2

∥∥H(xm
� − xm̂

� )
∥∥2) .

(21)
Finally, using (16), (17) and (21) and averaging over all possible
LEDs activation, the total upper bound on the corresponding
SER can be expressed according to (22), shown at the bottom
of the page.

To the best of the authors’ knowledge, the offered analytic
results have not been previously reported in the open technical
literature. In what follows, these results are employed in the

determination of effective power allocation strategies in the
considered APQ-SM based VLC system.

B. Power Allocation Optimization

It is recalled that the performance of the proposed scheme is
largely dependent upon the factors relating to the corresponding
power allocation strategy. Based on this, in this section we
formulate an optimization problem that aims to minimize the
ASER obtained from the performed joint detection. To that end,
we first expand the norm to represent Pe,joint in (12) in terms
of the pi parameters in (23), shown at the bottom of the page,
which can be further simplified as (24), shown at the bottom of
the page, where

Δr
i (m, �, m̂, �̂) = xm̂

i hr�̂ − xm
i hr�, (25)

with i = 1, 2, 3 and r = 1, . . . , Nr. To this effect and assuming
a predetermined spectral efficiency, we formulate the following
minimization problem:

min
p

1

Nt M

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

Q

⎛
⎝ γ

2σ

√√√√ Nr∑
r=1

∣∣pTΔr(m, �, m̂, �̂)
∣∣2
⎞
⎠

(P1)

s.t. tr(diag(p)) = Popt, (P1.a)

p ≥ 0, (P1.b)

pi � p(i−1), i = 2, 3, (P1.c)

where Δr(m,�,m̂,�̂)=[Δr
1(m,�,m̂,�̂),Δr

2(m,�,m̂,�̂),Δr
3(m,�,m̂,�̂)], whilst

p = [p1, p2, p3]
T denotes the power allocation vector. It is noted

here that the optimization problem in (P1) is non-convex due

Pe �
1

Nt

∑
∀�

⎡
⎢⎣ 1

M

∑
∀m

Q

(√
γ2

4σ2
D2(xm

� )

)
+

1

M

∑
∀m

∑
∀m̂

m �=m̂

Q

(√
γ2

4σ2

∥∥H(xm
� − xm̂

� )
∥∥2)

− 1

M

∑
∀m

Q

(√
γ2

4σ2
D2(xm

� )

)
× 1

M

∑
∀m

∑
∀m̂

m �=m̂

Q

(√
γ2

4σ2

∥∥H(xm
� − xm̂

� )
∥∥2)
⎤
⎥⎦ . (22)

Pe,joint �
1

Nt M

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

Q

⎛
⎜⎝ γ

2σ

√√√√ Nr∑
r=1

∣∣∣∣∣
(
[p1xm̂

1 + p2xm̂
2 + p3xm̂

3 ]hr�̂

)
−
(
[p1xm

1 + p2xm
2 + p3xm

3 ]hr�

)∣∣∣∣∣
2
⎞
⎟⎠ ,

(m, �) �= (m̂, �̂).
(23)

Pe,joint �
1

Nt M

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

Q

⎛
⎝ γ

2σ

√√√√ Nr∑
r=1

∣∣∣∣p1Δr
1(m, �, m̂, �̂)+p2Δr

2(m, �, m̂, �̂) + p3Δr
3(m, �, m̂, �̂)

∣∣∣∣
2
⎞
⎠ , (m, �) �= (m̂, �̂)

(24)
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to the non-convexity of the objective function in p. In what
follows, we propose an effective sub-optimum solution to this
problem with the aid of SCP algorithm, due to its simplicity
and high efficiency [31], [32]. To that end, we re-describe the
algorithm by first noting that SCP solves a non-convex problem
by repeatedly constructing a convex approximation to the prob-
lem around the current iterate p(l). The sub-problem is then
used to generate the new value of p(l+1) that will be used in
the next iteration. Based on this, there are different choices for
the approximation function, namely: first-order Taylor series,
second-order Taylor series with positive semi-definite Hessian,
inner convex approximation, or any other convex function that
locally approximates the non-convex objective function at p(l).
In the present analysis, the objective function is replaced by its
first order Taylor series expansion at each iteration l around the
point p(l). However, the convergence and the accuracy of the
approximation are particularly sensitive to the ||p− p(l)|| term.
Hence, we incorporate the trust region method to control the step
size which is reliable and robust, whilst it also exhibits adequate
convergence properties. Based on this, it follows that (P1) can be
approximated at iteration l by the following linear sub-problem:

min
p

E(l) (P2)

s.t. tr(diag(p)) = Popt, (P2.a)

p ≥ 0, (P2.b)

pi � p(i−1), i = 2, 3, (P2.c)

||p− p(l)|| � δ(l), (P2.d)

where the constraint in (P2.d) is used to define the trust region
and δ(l) is the iteration-based trust region radius [33], [34].
Additionally, E(l) is the first-order Taylor approximation at the
lth iteration, which is expressed as

E(l) = (A(l))T (p− p(l)) +B(l), (28)

where A(l) and B(l) are given by the explicit expressions in
equations (29) and (30), shown at the bottom of the page.

It is recalled here that in trust region method, the new iteration
is generated within a close region around the current point. Then,
the radius of this region is adjusted according to an indicator
function that determines how accurately the approximate model
fits the original problem. Based on this, in order to decide on
the value of δ(l+1), we utilize the merit function for the actual
problem displayed in (31) at the bottom of the page along with
the following merit function for the approximated sub-problem

fp(p) = E(l). (32)

To this effect and in order to decide on the value of δ(l+1), the
following relative performance metric is utilized

r(l) =
fa(p

l)− fa(p
l+1)

fp(pl)− fp(pl+1)
. (33)

Therefore, based on the value of r(l) the radius of the trust
region is either, increased, decreased, or maintained unchanged.
Additionally, the value of r(l) assists in deciding on whether to
accept or reject the estimated point as a reference in the next
iteration. Importantly, a common approach on this is to define
three real numbers, α0 < α1 < α2 ∈ (0, 1), that split the range
of the possible values of r(l) into four segments. Then, the value
of the trust region radius and the reference point for the next
iteration are updated according to the rule in the pseudo-code for
the SCP detailed in Algorithm 1, where the parameters α, β > 0
are user selected values and ε denotes the termination tolerance.

In Algorithm 1, the complexity of the power allocation is
mainly associated with the SCP algorithm which is determined
by the number of iterations that are required for convergence as
well as the complexity for each iteration. Note that the number
of iterations required by SCP is O(

√
N1 log2(1/ε)), where ε is

the accuracy of SCP and N1 is the number of constraints which
is 2K − 1; here K denotes the number of variables in (P2). At
each iteration, (P2) is solved with complexity ofO(N1 K2) [35].
Therefore, the overall complexity associated with the SCP is
O(K1.5 log2(1/ε)), which means that the sub-optimal solution
is computed in a polynomial time [36], [37].

It is noted here that evaluating the SER performance with
respect to the average received electrical signal-to-noise ratio

A(l) =
−γ

σNt M
√
8π

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

e
− 1

2

(
γ2

4σ2

∑Nr
r=1

∣∣(p(l))TΔr(m,�,m̂,�̂)
∣∣2)∑Nr

r=1

(
(p(l))TΔr(m, �, m̂, �̂)

)
Δr(m, �, m̂, �̂)√∑Nr

r=1

∣∣∣∣(p(l))TΔr(m, �, m̂, �̂)

∣∣∣∣
2

(29)

B(l) =
1

Nt M

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

Q

⎛
⎝ γ

2σ

√√√√ Nr∑
r=1

∣∣∣∣(p(l))TΔr(m, �, m̂, �̂)

∣∣∣∣
2
⎞
⎠ (30)

fa(p) =
1

Nt M

∑
∀�

∑
∀m

∑
∀�̂

∑
∀m̂

Q

⎛
⎝ γ

2σ
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∣∣2
⎞
⎠ (31)
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(SNR) would disregard the individual path loss of different
setups and the particular activated LED. Therefore, in order
to provide a more fair comparison, we evaluate the SER per-
formance 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 Es/N0 [38], [39]. It
is also emphasized that the value of Es/N0 in VLC systems is
considerably greater than that of counterpart RF systems [40],
[41]. This difference is attributed to the small value associated
with the noise power spectral densityN0 [42]. More specifically,
by neglecting the photodetector dark current, the N0 term is
expressed as N0 
 q IB , where q = 1.6e−19 is the charge of
electron and IB denotes the involved background noise current
that typically takes values in the order of μA [27], [43] and the
references therein.

IV. NUMERICAL RESULTS AND INSIGHTS

In what follows, we exploit the offered results in the previ-
ous sections to quantify the achievable ASER of the proposed
modulation scheme in the considered VLC setup. The presented
analytic representations are thoroughly corroborated by exten-
sive results from respective Monte Carlo simulations, which
justify the validity of the analytic derivations and the proposed
SCP based suboptimum algorithm for the corresponding power
allocation. The obtained analytic and simulation results are
subsequently compared with respective results corresponding to
the conventional SM with PAM scheme as well as to the MA-SM
scheme. Without loss of generality, these analyses and compar-
isons are carried out for the case of an indoor environment with
dimensions 3 m× 3 m× 3 m, which includes Nt = 4 high
brightness white LEDs attached to the ceiling at a height of2.5 m
and with a dTX separation distance between them. Additionally,
we assume that the receiver has Nr = 4 PDs placed at a height
of 0.75 m. All parameters used in the simulation as well as the

TABLE I
SIMULATION PARAMETERS

TABLE II
LEDS AND PDS LOCATIONS

Fig. 2. Comparison between the two-step and joint detection methods.
Solid lines correspond to η = 6bpcu, whereas dashed lines correspond to
η = 8bpcu.

LEDs and PDs locations are summarized in Tables I and II,
respectively.

Based on the above, we first validate the derived analytic
expressions for the upper bound on the ASER in Section III.
Fig. 2 illustrates the analytical and Monte Carlo results for the
SER with regard to the transmit SNR for two different spectral
efficiency values, namely η = 6bpcu and η = 8bpcu. It is
clearly observed that the proposed upper bounds are particularly
tight from moderate SNR values to the high SNR regime with
respect to the corresponding Monte Carlo simulation. It is also
noticed that since the channel gains are in the order of 10−4, the
received SNR will experience an about 80dB shift with respect
to the transmit SNR, which corresponds to the typical values in
VLC systems. In addition, it can be noticed that the two-step
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Fig. 3. Comparison between APQ-SM and SM-PAM in [38] for spectral
efficiency 6 bpcu.

Fig. 4. Comparison between APQ-SM and SM-PAM in [38] for spectral
efficiency 8 bpcu.

detection process is tighter at the low SNR regime, which is in
fact because the detection is performed in two stages.

Next, we examine the SER performance of the proposed
modulation scheme and compare it with the SM-PAM scheme.
Fig. 3 and Fig. 4 illustrate the achievable SER for indicative spec-
tral efficiencies of η = 6bpcu and η = 8bpcu, respectively. In
addition, the effect of varying the dTX distance between the
transmitters on the x-axis and y-axis is quantified. This reveals
that the proposed APQ-SM modulation scheme appears to be
more robust in terms of the separation between the transmitting
LEDs for both values of spectral efficiency. Furthermore, as
the separation between the LEDs decreases, the achieved SER
for the proposed modulation scheme is improved compared to
the SM with PAM counterpart. Therefore, it is evident that
APQ-SM exhibits an overall enhancement on the achievable
SER performance, particularly for higher spectral efficiency
values. This can be justified by the fact that for a fixed number of
LEDs in the considered room, SM-PAM requires higher order

Fig. 5. Comparison between APQ-SM and MA-SM in [44] for spectral
efficiency 6 bpcu.

Fig. 6. Comparison between APQ-SM and MA-SM in [44] for spectral
efficiency 8 bpcu.

PAM symbols to achieve the same spectral efficiency that is
achieved by the proposed APQ-SM scheme.

In the same context, Fig. 5 and Fig. 6 illustrate the SER com-
parison between the proposed APQ-SM scheme and the MA-SM
counterpart for indicative spectral efficiencies ofη = 6bpcu and
η = 8bpcu, respectively. To that end, it is observed that since
the LEDs combinations are used to transmit more information,
MA-SM exhibits better performance compared to the SM-PAM,
where a single LED is activated. Nevertheless, it is also evident
that the proposed APQ-SM scheme exhibits better performance
for small LEDs separation, for the case of both considered
spectral efficiencies. Therefore, it is overall concluded that the
proposed APQ-SM scheme is more robust to the separation
distance of the LEDs.

In order to demonstrate the effectiveness of the proposed
scheme, we have provided a comparison with the recent work
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Fig. 7. Comparison between the proposed scheme and FGSM in [7] for
spectral efficiency 6 bpcu.

Fig. 8. Comparison between the proposed scheme and FGSM in [7] for
spectral efficiency 8 bpcu.

on flexible generalized SM (FGSM) in [7]. For fairness, we have
considered two fixed spectral efficiency values, i.e., 6 bpcu and
8 bpcu, as depicted in Figs. 7-8, respectively. Furthermore, we
assumed that the two schemes work under the same4× 4MIMO
system configuration. For the FGSM, the spectral efficiency of
6 bpcu is achieved by considering two groups of LEDs, where
the PAM constellation for the groups are chosen as m = [8, 32]
and activating two LEDs to transmit the same PAM symbol. On
the other hand, the spectral efficiency of 8 bpcu is achieved by
choosing the PAM constellation for the groups as m = [64, 64]
and activating two LEDs to transmit the same PAM symbol. It
is evident that APQ-SM exhibits an overall enhancement on the
achievable SER performance, particularly for higher spectral
efficiency values and for correlated MIMO setups. Thus, the
proposed scheme is envisioned to provide an improvement on the
achievable throughput of SM-based schemes in VLC systems.

Next, we quantify the effect of varying the LED semi-angle
on the achievable SER of the considered setup. This variation is
considered for different SNR values, as illustrated in Fig. 9. To
that end, it is observed that the best SER performance is achieved

Fig. 9. Effect of the semi-angle at half power on the performance of APQ-SM.

Fig. 10. Comparison between the performance of the APQ-SM with random,
fixed, and optimized power allocations for η = 6bpcu.

for low ϕ1/2 values. Indeed, a small ϕ1/2 leads to an increased
Lambertian radiant intensity, which in turn improves the quality
of the corresponding communication channel, while reducing
the incurred channel correlation. On the contrary, a high ϕ1/2

value degrades the quality of the wireless channel, which as a
consequence increases the corresponding SER.

Since the power allocation for each part of the APQ symbol
is an essential factor that determines the end to end error rate
performance of the considered VLC system, we consider the
results obtained by solving (P2). Based on this and without loss
of generality, we select the following indicative values for the
parameters in Algorithm 1: α0 = 0.1, α1 = 0.9, α2 = 1, α =
1.5, β = 2, δ(0) = 4, ε = 10−3, and Nmax = 100 [45]. To
this end, we compare the achievable ASER performance un-
der random, fixed and SCP-optimized power allocation factors.
Fig. 10 and Fig. 11 demonstrate the ASER for the indicative case
of η = 6bpcu and η = 8bpcu, respectively. It becomes evident
that random power allocation exhibits the worst achievable
ASER performance. On the contrary, the optimum power al-
location provides the best performance compared to the random
and fixed power allocation approaches. Finally, we investigate
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Fig. 11. Comparison between the performance of the APQ-SM with random,
fixed, and optimized power allocations for η = 8bpcu.

Fig. 12. The convergence behaviour of Algorithm 1.

in Fig. 12 the iteration convergence behavior of Algorithm 1 in
terms of the achieved ASER for different SNR values. It is
noticed that for higher SNR values, the algorithm converges
to the best performance after approximately 5 iterations. This
is because increasing the SNR values limits the optimization
search space, which in turn provides a faster result. In contrast,
the algorithm converges after almost 13 iterations in the case of
lower SNR values.

V. CONCLUSION

This work proposed an effective spatial modulation based
scheme, referred to as APQ-SM, which enhances the perfor-
mance of VLC systems. The proposed scheme transmits in-
formation in both the spatial and signal domains in order to
increase the achievable spectral efficiency compared to related
existing modulation schemes. In addition, the proposed scheme
allows the transmission of higher order complex symbols by
splitting the signal domain information into three different parts
namely, amplitude, phase, and quadrant. Subsequently, each part

was modulated using Mi-ary PAM modulation and then all
parts were multiplexed in power domain and were transmitted
from the active LED utilizing the entire available bandwidth.
In this context, an explicit analytic expression was derived for
the corresponding ASER of the proposed scheme using both
joint and proposed two-step detection methods. It was shown
that the proposed scheme is robust to the separation distance
between the transmitting LEDs, whilst it achieves better ASER
performance at low LEDs separations compared to traditional
SM-PAM and MA-SM. Furthermore, the offered analytic and
respective simulation results revealed that the corresponding
union bound can be considered as a tight upper bound on the
exact ASER, from moderate to high SNR values. Finally, in order
to demonstrate the effect of the power allocation optimization,
we formulated an optimization problem aiming to minimize the
ASER. The corresponding presented results showed that op-
timized power allocation factors yield a significantly improved
ASER performance in comparison with random and fixed power
counterpart allocation schemes.
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