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ABSTRACT In this paper, we propose a receiver orientation model for spatial modulation (SM) in a
visible light communication (VLC) system with line-of-sight (LOS) characteristics. The proposed technique
efficiently mitigates the optical channel correlations across the multiple light-emitting diodes (LEDs), which
are utilized in the SM system transmitter by altering the orientations of a photodiode (PD). Specifically,
we express the LOS channel coefficients in the form of a PD normal vector and solve the optimization prob-
lems to obtain the optimal PD normal vectors. The bit error rate (BER) and channel capacity performances
are also presented to validate the advantages of the proposed methods. The results demonstrate that the
proposed designs offer a relatively low BER and high channel capacity in various LOS locations.

INDEX TERMS Visible light communications (VLC), spatial modulation (SM), maximum likelihood (ML)
detection, convex optimization.

I. INTRODUCTION
Recently, there has been steadily increasing interest in visible
light communication (VLC) as a very promising solution
for indoor high-speed data transmission [1], [2]. Owing to
the integration of communication and lighting features, VLC
has been regarded as a complementary technique for future
wireless networks, especially in indoor environments. For
VLC, the modulated signal must be real-valued and non-
negative, which is different from traditional radio frequency
communication systems. Moreover, intensity modulation and
direct detection techniques have been generally employed at
the transmitter and receiver in the VLC system [3].

In a general indoor environment, multiple light-emitting
diode (LED) sources are popularly utilized to provide for
illumination [3]. Therefore, multiple-input multiple-output
(MIMO) has been a popular technique that has been
employed and investigated in VLC systems. However, due
to the strong correlation property of the indoor MIMO VLC
channel matrix, the shape of the receiver arrays must be
specifically designed or the size of the array has to be several
decimeters in length to achieve a full-rank channel matrix [4].
On the other hand, the multiple-input single-output (MISO)
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technique has also been a suitable option for various indoor
VLC scenarios [5]–[7].

The increase in degrees of freedom provided by the avail-
ability of multiple LEDs as transmitters can be exploited
to offer communication links at remarkable data rates [1].
Recently, various modulation schemes have been considered
for both MIMO and MISO indoor optical wireless com-
munication systems. For example, spatial multiplexing was
a well-known concept that enhances the spectral efficiency
of the system by simultaneously transmitting different data
signals from multiple LEDs [8]. Furthermore, space shift
keying (SSK) has been considered in VLC systems, which
allows only one active LED at one time to limit inter-channel
interference and support a high data rate with low-complexity
detection [9]. Spatial modulation (SM) has been proposed,
which is a combined MIMO and pulse amplitude modula-
tion (PAM) technique that adds the spatial dimension to the
constellation diagram. Specifically, an LED was activated
at one time to transmit a PAM symbol, with a consequent
increase in the overall system spectral efficiency [10], [11].

On the other hand, owing to the highly directional charac-
teristics of light propagation through VLC channels, the com-
munication through VLC channels has mainly relied on the
availability of line-of-sight (LOS) links [3]. The orientation
and mobility of the receiver are the two most important
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factors that affect the quality of the LOS links in VLC [12].
Due to the field of view (FOV) of the photodiode (PD),
the direct influence of the PD orientation on the existence and
the signal quality of LOS links becomes even more signifi-
cant. This is particularly true because the correlation between
the channel coefficients is an important factor that greatly
impacts the performance of VLC systems [13]. Recently,
the effect of the PD orientation and mobility on VLC systems
has been greatly discussed in various studies [12], [14]–[17].
More specifically, the received signal strength is significantly
affected by the angle between the arrival direction of the LOS
signal and the PD normal vector. This incidence angle can be
conveniently modified by directly changing the orientation
of the receiver [12]. As a solution, utilization of the angle
diversity receivers has been proposed in [14] to consider the
employment of multiple PDs with different inclination angles
on small mobile devices. In [14], the receiver employed sev-
eral PDs with different orientation vectors that are arranged in
a well-defined structure. However, the design in [14] required
a specific structure of the receiver and a defined arrangement
of the PDs on the receiver. Consequently, this brought about
some issues when designing the receiver in a MIMO VLC
system and these conditions further reduce the flexibility of
the receiver in practical scenarios. Even though consideration
of a receiver with several PDs oriented in different directions
has already been considered, there is not much research on
PD orientations in the VLC system.

In this paper, we propose a novel solution for improving the
performance of SM VLC systems by altering the orientation
of the PD. It is well-known that the performance of a VLC
system can be evaluated using the bit error rate performance
(BER). On the other hand, the channel capacity is also a
popular measurement for the performance of the VLC chan-
nel. In particular, we address the problem of designing the
normal vector of the PD that solve the minimum Euclidean
distance (ED) and the maximum channel capacity problems.
Specifically, the channel matrix coefficients of a VLC sys-
tem can be expressed as the function of the PD orientation
parameters or normal vectors of the PD. By considering the
effect of PD orientation when constructing the optimization
problems and by solving the convex optimization problems
using different techniques, solutions for improving the SM
VLC system performance can be achieved in the form of PD
normal vectors. Consequently, the normal vectors for the PD
can be obtained and utilized as the additional information
in the setup and design of practical SM VLC systems. The
simulation results show that the proposed algorithms can have
good performance in both the channel capacity and BER over
various receiver locations and are practical solutions to enable
VLC transmission.

The rest of this paper is organized as follows. In Section II,
we describe the system model and the normal vector of the
PD, which is critical for the optimized orientation of the
PD. The improved BER performance by altering the normal
vector of the PD is detailed in Section III. In Section IV,
the algorithm for improving the channel capacity is presented.

FIGURE 1. SM VLC system.

The performances of the two proposed solutions are analyzed
in section V, including the BER performance and the channel
capacity. Finally, we offer our conclusions in Section VI.
Notations: We use bold lower- and upper-case letters for

column vectors and matrices, respectively. For a vector a,
ai denotes its i-th element. For a matrix A, Amn denotes
the (m, n)-th element. The notation ‖·‖ denote the 2-norm.
N (0, σ 2) denotes a Gaussian distribution with a mean 0 and
variance σ 2.

II. SYSTEM MODEL AND THE PD NORMAL VECTOR
A. SYSTEM MODEL
Consider an SM VLC system in Fig. 1 with Nt LEDs and a
PD. In the system, an SM transmitter with a set of M -PAM
symbols are employed, as shown in Fig. 1. The bit sequence
with a length of (R1 + R2) bits is divided into two parts,
containing R1 bits and R2 bits, respectively [18]. The first
part is used to select an active LED to convey modulated
positive intensity information, while the other LEDs are inac-
tive. In particular, the first R1 = log2(Nt ) bits are mapped
to a spatial constellation point drawn from the set with the
cardinality Nt

Sspatial =
{
e1, e2, . . . , ek , . . . , eNt

}
, (1)

where ek is an Nt × 1 vector with all elements zeros except
the k-th element equal, which is equal to one. Then, the last
R2 = log2(M ) bits are mapped to a signal constellation point
drawn from the set with the cardinality M

Sconstellation = {s1, s2, . . . , sm, . . . , sM }, (2)

where sm ∈ R+ is the m-th M -PAM level signal. If the
k-th LED is activated and the m-th constellation point in
M -PAM signal constellation is emitted, the one-dimensional
transmitted SM signal vector xi ∈ S can be expressed as

xi = [0,. . . ,0,skm, 0,. . . ,0]T , (3)

where set S with the cardinality NtM is the combination
between the spatial and constellation symbols and can be
represented as

S =
{
e1s1, e1s2, . . . , e1sM , e2s1, . . . , eNtM

}
. (4)

At the receiver, a PD receives the optical intensity sig-
nals and converts them into electrical signals. Assume per-
fect synchronization between transmitters and receiver [3],
the received signal value at the PD can be written as

y = hxi + w, (5)
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where y represents the received signal, and w is the noise.
Moreover, w can be modeled as independent real-valued
additive white Gaussian noise with zero mean and a variance
of σ 2

n = σ
2
sh+σ

2
th, where σ

2
th is the thermal noise variance [3].

The signal dependent shot noise with main source is the
current of the PD can be mathematically described by a
stationary Poisson random process and can be approximated
by a Gaussian process with a variance of σ 2

sh [19]. h =[
h1 h2 . . . hj . . . hNt

]
is the (1× Nt)-dimensional channel

vector. On the other hand, the channel impulse response in
indoor VLC systems generally consists of a LOS component
and a non-LOS (NLOS) component due to reflections. In this
paper, the LOS link is ensured to be always exist between
any LED and the PD. Moreover, the LOS component is com-
monly assumed to be dominant and the NLOS components is
much weaker that can be neglected [12]. Thus, as an initial
exploration and for simplicity, we only consider LOS links
between the transmitters and the receiver. The channel gain
between the j-th LED and the PD can be modeled as

hj =
(γ + 1)Apg

2πd2j
cosγ φj cos θjΓ

(
θj, θfov

)
, (6)

where φj is the emission angle from the j-th LED to the PD,
θj is the angle of incidence at the PD due to the j-th LED, Ap
is the PD area, and g is the gain of the optical concentrator.
Moreover, θfov is the PD field of view semi-angle, dj is the
distance between the PD and j-th LED, and γ is the order of
the generalized Lambertian radiation. The half-power semi-
angle, 81/2, is related to γ as γ = − ln 2

ln(cos81/2)
. Moreover,

the notation Γ
(
θj, θfov

)
represents a rectangular function,

given as

Γ
(
θj, θfov

)
=

{
1 θj 6 θfov

0 θj > θfov.
(7)

In particular, Γ
(
θj, θfov

)
implies that the channel gain is zero

if θ is larger than θfov equivalently the LED is outside the
PD FOV. At the receiver, the maximum-likelihood detector is
utilized to detect the received signal and can be expressed as

(ē,s̄) = arg min
xi∈S
‖y− hxi‖2. (8)

B. THE NORMAL VECTOR OF THE PD
As illustrated in Fig. 2, φj, θj, and dj denote the irradiance
angle at the j-th LED with respect to the PD, the incident
angle at the PD with respect to the j-th LED, and the distance
between the j-th LED and the PD, respectively. Moreover,
in (6), we can express

cosφj =
−→
T j ·
−→
V j

‖
−→
T j‖‖
−→
V j‖

, (9)

cos θj =
−
−→
V j ·
−→
U

‖
−→
T j‖‖
−→
U ‖

, (10)

where
−→
T j represents the normal vector of the j-th LED with

an irradiance direction,
−→
V j denotes the vector from the j-th

FIGURE 2. The geometry between an LED and a PD.

LED to the PD, and
−→
U is the normal vector of the PD in the

incident direction. Moreover, equations (9) and (10) can be
represented as

cosφj =
tTj vj
‖tj‖‖vj‖

, (11)

cos θj =
−vTj u

‖vj‖‖u‖
, (12)

where tj, vj, and u are the position vectors of
−→
T j,
−→
V j, and

−→
U .

Consequently, the channel coefficient in (6) can be rewritten
as

hj =
(γ + 1)Apg

2πd2j

(
tTj vj
‖tj‖‖vj‖

)γ
−vTj u

‖vj‖‖u‖
Γ
(
θj, θfov

)
. (13)

It can be seen that, theoretically, the vector u will directly
affect the value of the channel coefficient hj. Moreover,
we can see from (6) that to successfully receive the transmit
signal, the channel vector elements have to be highly dis-
tinguishable. The correlation between the wireless channel
links may cause the received signal to be inseparable and
hence should be avoided in a multiple LEDs system [16].
Therefore, in theory, to improve the performance of multi-
ple transmitter elements in a VLC system, we can carefully
alter the orientation of the receiver according to (13). In the
next sections, we will explain novel methods to set the PD
orientations so the orientation parameters can be utilized to
aid the information transmission for a practical VLC system.

It is assumed that the location of LEDs and PD are fixed.
Since the orientations of LEDs are fixed, the orientation of
the PD can be specified by a normal vector with parameter
−→
U (α, β) with 0 6 α 6 π and 0 6 β 6 2π , as illustrated
in Fig. 3, where β and α denote the elevation angle and the
azimuth angle, respectively. In practice, the parameters β and
α can be used to adjust the orientation of the PD to improve
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FIGURE 3. The coordinates of a PD’s normal vector.

the system performance. Consequently, the normal vector can
be expressed in a Cartesian coordinate as

u ≡
−→
U (α, β) ,


x = ‖

−→
U ‖ sinα cosβ

y = ‖
−→
U ‖ sinα sinβ

z = ‖
−→
U ‖ cosα.

(14)

In our paper, we first optimize the normal vectors of the
PD. Then, by transforming the optimized vector back to
spherical coordinates, the resulting can be effectively utilized
to orientate the PD and improve the system performance.

III. PROPOSED PD ORIENTATION FOR BER
IMPROVEMENT
From (13), in the case of 0 6 θj 6 θfov, the channel
coefficient hj can be expressed as a function of the PD normal
vector u as

hj = qj

(
−vTj u

‖vj‖‖u‖

)
, (15)

with the constraint qj =
(γ+1)Apg

2πd2j

(
tTj vj
‖tj‖‖vj‖

)γ
. Moreover,

by defining v̂Tj =
vTj
‖vj‖

and û = u
‖u‖ , (15) can be rewritten

as

hj = qj(−v̂j)T û. (16)

Here, û is the normalized vector, represented by û =[
xPD
‖u‖

yPD
‖u‖

zPD
‖u‖

]T
. Therefore, from (16), with the assumption

that 0 6 θj 6 θfov, we derive that the channel vector can be
represented as

hT = q~ p, (17)

where ~ is element-wise product notation. In (17), q is the
Nt × 1 vector where each element qj expresses the relation
between the PD and the j-th LED, p is the Nt ×1 vector, with
each element is defined by pj = (−v̂j)T û. Therefore, to better
represent the received signal according to the orientation
vector of the PD, we can rewrite the received signal in (5)
as

y = xTi (q~ p)+ w. (18)

Furthermore, from pj = (−v̂j)T û, we have p = V̂û, with

V̂ =

 −v̂
T
1
...

−v̂TNt

 is an Nt × 3 matrix. After inserting p

into (18), we can derive

y = xTi (q~ p)+ w

= xTi
[
q~

(
V̂û
)]
+ w

= biû+ w, (19)

where the constraint vector bi = xTi


q1
(
−v̂T1

)
...

qNt

(
−v̂TNt

)
.

Generally, the average bit error probability can be approx-
imated by considering the nearest neighbor approximation of
the pairwise error probability [4]

P (h) 6
1

2R
(
2R − 1

) ∑
xi

∑
xi′ 6=xi

Dxixi′Q

√dxixi′ (h)
4N0

 (20)

with Dxixi′ is the Hamming distance between two bit assign-
ments of symbol xi and xi′ , N0 is the noise power. Q (x) =(

1
√
2π

) ∫
∞

x e
−y2
2 dy denotes the Gaussian tail probability. It is

evident that the minimum ED between any two transmitted
symbols xi 6= xi′ ∈ S, dxixi′ (h) = [h (xi − xi′)]2 should be
maximized to minimize the error rate. Therefore, to adjust the
normal vectors of the PD for a BER performance improve-
ment, the following ED-based decision metric is maximized
in order to minimize the approximated error probability

ũ = argmax
û

[
min

xi 6=xi′∈S
(hxi − hxi′)2

]
. (21)

Based on the criterion of (21), the PD orientation vector
optimization problem can be formulated as

(P1): max
û,θj

min
xi 6=xi′∈S

[h (xi − xi′)]2 (22a)

s.t. 0 6 θj 6 θfov, (22b)

where the condition (22b) is used to ensure that the incident
angle between the PD and any LED is smaller than the FOV
of the PD and a LOS link exists between the PD and any
LED. Moreover, from (19) and (21), the objective value can
be represented as

dxixi′ (u) = [h (xi − xi′)]2

=
[
(bi − bi′) û

]2
= ûT1ii′ û, (23)

where 1ii′ = (bi − bi′)T (bi − bi′) for any two xi 6= xi′ ∈ S.
Moreover, we can simplify the optimization problem by

relaxing the condition that û = u
‖u‖ and set ‖u‖ = 1 to make

û = u. This will lead to the constraint ‖u‖2 = 1. Moreover,
the condition (22b), with the help of (11) and ‖u‖ = 1, can be
expressed as cos θfov 6 v̂Tj u 6 1. By applying these results
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to the optimization problem (P1) and introducing an auxiliary
variable ρ, we have the equivalent epigraph form [20] of (P2)
as

(P2): max ρ
u

(24a)

s.t. uT1ii′u > ρ (24b)

cos θfov 6 V̂u 6 1 (24c)

‖u‖2 = 1. (24d)

Furthermore, the optimization problem (P2) is still
non-convex due to the constraint (24b), (24d), and the
problem (P2) is an NP-complete problem. On the other
hand, the problem (P2) is a large-scale non-convex quadrat-
ically constrained quadratic program (QCQP) problem
with the number of the quadratic constraints in (P2) is
2R−1

(
2R − 1

)
+ 1, and becomes very large for very large

number of R. In small scale QCQP problems, semidefinite
relaxation (SDR) [21] has been well known. SDR approxi-
mates this QCQP problem as a convex semidefinite program-
ming problem via relaxation. In particularly, by settingW =
uuT and relaxing the problem through dropping the rank-one
constraint of the matrixW, a globally optimal solution can be
obtained. However, with the increasing number of quadratic
constraints, achieving rank-one or low rank solutions of W
is very unlikely and making the SDR method ineffective.
In the other hand, the constraint (24d) can be split into two
constraints

‖u‖2 6 1, (25a)

‖u‖2 > 1. (25b)

To deal with the nonconvex constraints (24b) and (25b),
by denoting u(k) as the value of u at the k-th iteration and
employing the linearization around u(k), the left-hand side of
the inequality in (24a) and (25b) can be approximated by

uT1ii′u ≈ uT1ii′
(
u(k)

)
+

(
u(k)

)T
1ii′u−

(
u(k)

)T
1ii′u(k), (26)

‖u‖2 ≈ uT
(
u(k)

)
+

(
u(k)

)T
u−

(
u(k)

)T
u(k). (27)

Finally, the optimization problem (P2) can be reformed as

(P3): max ρ
u

(28a)

s.t. uT1ii′
(
u(k)

)
+

(
u(k)

)T
1ii′u−

(
u(k)

)T
1ii′u(k) > ρ

(28b)

cos θfov 6 V̂u 6 1 (28c)

uTu 6 1 (28d)

uT
(
u(k)

)
+

(
u(k)

)T
u−

(
u(k)

)T
u(k) > 1.

(28e)

It is observed that (P3) is a convex optimization problem
that can be conveniently solved by the CVX optimization

package [22] with the primal-dual interior point method.
In particular, by initializing a point u(0) and iteratively solving
(P3) until convergence, we can obtain a sequence of solutions
u(k) and the last one can be used as an approximated solution
to (P1). This method is able to achieve a favorable error
performance in the simulations with a wise choice of the
initial solution. To obtain different initial solutions for the
optimization solver, a method is required to generate a num-
ber of initial normal vectors. Since with the PD, the set of all
normal vectors form a sphere with the center at the location of
the PD and a radius equal to one. More specifically, we divide
the unit sphere to 2N points with N equaling the number of
initial points required for the solver. For 1 6 l 6 N , the initial
normal vector ul can be calculated from (14) with αl and βl
defined as in [14], [23]

αl = arccos (tl) , (29)

and with

βl =

βl−1 + 3.6
√
2N

1√
1− t2l

 mod (2π ), 2 6 l 6 N ,

(30)

where β1 = 0 and tl = 1 − 2(l−1)
2N−1 . The mod (2π ) factor

in (30) ensures that the angle is inside the range of [0,2π ].
Then, we take a number of initial solutions

−→
Ul (α, β) that

satisfy the FOV condition, and the solver will iteratively run
and find the optimal normal vector for the problem (P3)
that derives the largest value of ρl . In our simulation, it is
shown that an acceptable number of initial points can provide
an optimal solution and this method offers a significantly
improved BER performance. Moreover, the detail steps to
find the PD normal vector are given in Algorithm 1 where N ,
2, ξconvergence, and u† are the number of initial realization of
u, the set of initial realization of u, the convergence threshold,
and the solution of solving (P3) respectively.

IV. PD ORIENTATION FOR CHANNEL CAPACITY
IMPROVEMENT
In this section, by altering the PD orientation, we seek to
improve the achievable performance of the SM VLC scheme
in terms of the instantaneous channel capacity, in a man-
ner similar to the approaches used in previous studies [24].
In the literature, near-capacity performance can be attained
in practice scenarios with the aid of powerful channel-coding
schemes, such as turbo and low-density parity-check codes
[19]. Specifically, the instantaneous unconstrained channel
capacity of the SM VLC system can be bounded below by

CSM >
1
Nt

Nt∑
j=1

log
(
1+

P
σ 2
nBW

h2j

)

=
1
Nt

Nt∑
j=1

log
(
1+ ηh2j

)
, (31)
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Algorithm 1 Iterative Algorithm for Solving (P3)
Input: initial vectors u1, . . . ,uNite .
Output: normal vector umax
1: innitialization 2← ∅, ρmax = 0
2: for l = 1 . . .Nite do
3: generate

−→
Ul (αl, βl) from (29), (30)

4: obtain ul equivalent to
−→
Ul (αl, βl)

5: if fov 6 V̂ul 6 1 then
6: set 2← 2+ {ul}
7: end if
8: end for
9: for ul ∈ 2 do
10: set k = 1
11: set ρ(0) = 0, u(0) = ul
12: while ρ(k) − ρ(k−1) > ξconvergence do
13: normalize u(k−1)

14: solve (P3) with the input as u(k−1) to get the solution
u†

15: update u(k) = u†

16: set k = k + 1
17: end while
18: if ρ(k−1) > ρmax then
19: set ρmax = ρ

(k−1)

20: set umax = u(k−1)

21: end if
22: end for
23: return the normal vector umax

where η = P
σ 2n BW

is the average signal-to-noise ratio (SNR)
at the receive PD. P is the transmit power of each LED and
BW is the bandwidth. Moreover, for the j-th LED, the channel
coefficient hj that represents the column channel correspond-
ing to the j-th column of the channel vector h can be expressed
as

hj = pjqj. (32)

We mentioned again that for the j-th LED, we have pj =
−v̂Tj û and qj =

(γ+1)Ap
2πd2j

cosγ αj for the PD. Therefore, for

the j-th LED, the corresponding channel coefficient is

hj = qj(−v̂j)T û = tTj û, (33)

where tTj = −qjv̂
T
j for j-th LED. Consequently, by utilizing

the result in (33), the channel capacity can be lower bounded
by

CSM >
1
Nt

Nt∑
j=1

log
(
1+ ηûT tjtTj û

)

=
1
Nt

Nt∑
j=1

log
[
1+ tr

(
GjŴ

)]
, (34)

where Gj = ηtjtTj = η
(
qj
)2 v̂jv̂Tj and Ŵ = ûûT .

Similar to the optimization problem (P3), we maximize the
lower bound of the channel capacity by forming the following

optimization problem

(P4): max
Ŵ,θj

1
Nt

Nt∑
j=1

log
[
1+ tr

(
GjŴ

)]
(35a)

s.t. 0 6 θj 6 θfov (35b)

Ŵ < 0 (35c)

rank
(
Ŵ
)
= 1. (35d)

Again, we aim to relax the optimization problem (P4) by
setting ‖u‖ = 1 to make û = u and consequently, Ŵ =

ûûT = uuT = W. This will lead to the additional constraint
tr (W) = 1. On the other hand, from constraint (35b), we then
have

cos θfov 6 −v̂Tj u 6 1. (36)

If we assume that 0 6 θfov 6 π , the constraints in (34) can
be equivalently represented as

cos2 θfov 6 uT v̂jv̂Tj u 6 1, (37)

or

cos2 θfov 6 tr
(
V̂jW

)
6 1, (38)

where V̂j = v̂jv̂Tj .
Finally, the optimization problem (P4) can be reformed as

(P5): max
W,θj

1
Nt

Nt∑
j=1

log
[
1+ tr

(
GjW

)]
(39a)

s.t. cos2 θfov 6 tr
(
V̂jW

)
6 1 (39b)

tr (W) = 1 (39c)

W < 0 (39d)

rank (W) = 1. (39e)

The last obstacle in solving (P5) is to deal with the non-
convex rank-one constraint rank (W) = 1. By relaxing the
rank constraint of W, the problem (P5) can be approximated
by the following SDR problem

(P6): max
W,θj

1
Nt

Nt∑
j=1

log
[
1+ tr

(
GjW

)]
(40a)

s.t. tr
(
V̂jW

)
> cos2 θfov (40b)

tr
(
V̂jW

)
6 1 (40c)

tr (W) = 1 (40d)

W < 0. (40e)

Problem (P6) is a convex optimization problem, which
can be solved optimally and efficiently by using available
software packages, such as CVX [22]. However, due to the
relaxation, the SDR solution to problem (P6) may have rank
greater than one. For that case, various kinds of approxima-
tion such as randomization are required to find the subop-
timal normal vectors [21]. Even though the relaxation was
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FIGURE 4. The simulation scenarios for 4-LED cases.

included, the optimal solution of (P6) obtained by using
the SDR technique is found to be rank-one. This means that
the optimal solution is exactly the same as that of (P5). The
detailed proof is given in the Appendix. Moreover, through
many simulation scenarios, the results always yield a rank
one solution and therefore, we can obtain a global solution
of the PD normal vector. On the other hand, assume that
u∗ is the vector that satisfies u∗ (u∗)T = W. In the last
step, to obtain a valid normal vector of the PD, due to the
transformation from (36) to (37), only one of two conditions,
cos θfov 6 −v̂Tj u

∗ 6 1 or cos θfov 6 −v̂Tj (−u
∗) 6 1,

is always satisfies and u∗ or −u∗ is selected as the optimal
normal vector for the PD if the corresponding condition is
satisfied.

V. NUMERICAL RESULTS
In this section, we show BER performance and the chan-
nel capacity of the proposed PD orientation schemes com-
pared with the conventional cases. For the simulation, a VLC
system with multiple LEDs and a PD is considered in a
4 × 4 × 2.5m room, as illustrated in Fig. 4. We give
the performance results with two scenarios. In the first
case, a VLC system with four LEDs are fixed in a square
shape with the location of LEDs at (1,1,2.5)m, (1,−1,2.5)m,
(−1,1,2.5)m, and (−1,−1,2.5)m. The receiver is equipped
with a PD and can be placed at three different locations in the
room, and the coordinates of the receivers are (0.1,0.2,0.5)m,
(0.9,1,0.5)m, and (1.4,1.5,0.5)m. Similarly, eight LEDs are
used in the second SM VLC case. The LEDs are fixed
at (1,1,2.5)m, (1,−1,2.5)m, (−1,1,2.5)m, (−1,−1,2.5)m,
(1,0,2.5)m, (0,1,2.5)m, (−1,0,2.5)m, and (0,−1,2.5)m. The
receiver equipped with one PD is also placed in three dif-
ferent locations, as in the previous scenario. The average
transmission of electrical power between the LEDs is iden-
tical to the 4-LED case. Likewise, the average transmission
of electrical power between the 8-LED cases are the same.
In our simulation, the bit rate is set to R = 4 bps/Hz and
R = 6 bps/Hz, respectively. Conventionally, following the
assumption in various studies, the no orientation case is the

TABLE 1. Simulation parameters.

FIGURE 5. Minimum ED comparison in the 4-LED scenario with
R = 4 bps/Hz.

case in which the normal vector of the PD is set to be the
vector [0 0 1]T . More detailed simulation parameters are
provided in Table 1.

A. BER PERFORMANCE
To demonstrate the overall performance improvement of the
proposed scheme in comparison with the conventional one,
in Fig. 5, the minimum EDs of both schemes are shown
for the case of 4-LED and R = 4 bps/Hz. The minimum
ED values are shown for 100 locations uniformly distributed
around the room with the same system parameter as defined
in Table 1. Since the Algorithm 1 can only find the local solu-
tion corresponding to each initial point, the resultedminimum
ED values appear to be largely vary. Moreover, since in the
positions near center of the room, the PD is able to receive
stronger signal from LEDs. This lead to larger minimum ED
value and hence better BER performance in comparison with
positions far from the center. It worth mentioning that in
the corner locations, where without the orientation of PD,
some LEDs are outside of the PD’s FOV. This lead to the
zero values of the minimum EDs and it is impossible for
the receiver to properly function. In the other hand, with the
aid of efficiently orientate the PD, the proposed scheme can
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FIGURE 6. Performance comparison in the 4-LED scenario with
R = 4 bps/Hz.

remarkably increase the minimum ED at various locations
around the room.

To analyze the performance gain in specific SNR level,
in Fig. 6 the BER performance comparison for the 4 bps/Hz
4 × 1 system with various locations of the PD is presented.
With the proposed PD orientation, the nearer the location
of the PD to the center of the room, the lower the BER
performance of the SMVLC system. Moreover, the proposed
method that changes the PD orientation can increase the SNR
by as much as 15 dB in comparison with the no orientation
case. In the locations of Location 1 and Location 2, due to
the correlation between the channel coefficients caused by
equivalent distances between the PD and some of the LEDs,
the performance is greatly degraded. Therefore, by success-
fully decorrelating the channel coefficients by changing the
normal vector of the PD, the proposed method can signifi-
cantly improve the BER.

Similarly, in Fig. 7, the performance is analyzed for the
case of R = 6 bps/Hz. The SNR gaps still maintain at least
a 13 dB to 20 dB difference between the proposed method
and the original ones. It is worth mentioning that in some
special locations such as the center of the room, where the
two distances between the PD and the two LEDs are relatively
similar, without PD orientation, the receiver cannot distin-
guish between the two LEDs. Therefore, this issue causes
the error floor phenomenon in the BER performance of the
system. By changing the PD orientation, the magnitudes
of the links between the PD and the LEDs are sufficiently
different, which helps to alleviate the error floor problem and
consequently improve the BER performance.

To demonstrate the effectiveness of the proposed method
in the scenarios for larger number of LEDs, we show the
BER performance of an 8 × 1 SM VLC system, with the
data rate of R = 4 bps/Hz and R = 6 bps/Hz in Fig. 8 and
Fig. 9, respectively. It can be noticed that with similar values
of R, the system with more LEDs can exploit the availability

FIGURE 7. Performance comparison of the 4-LED scenario with
R = 6 bps/Hz.

FIGURE 8. Performance comparison in the 8-LED scenario with
R = 4 bps/Hz.

of a higher spatial resource to transmit a larger number of
bits. Therefore, with the same bit rate, the 8 × 1 system can
achieve a lower BER in comparison with the 4 × 1 system.
On the other hand, as in 4 × 1 case, the proposed method
still maintains good performance improvement. Since the
proposed method is only able to find the local solution of
the optimization problem (P1), the optimality of the result of
the PD normal vector is relatively acceptable in the sense of
performance gain. The higher the number of initial solutions
and iterations, the higher the chance of finding the global
solution of the problem.

1) EXTENSION TO THE CONSIDERATION OF SIGNAL
DEPENDENT NOISE
Moreover, in the practical VLC systems, due to the random
nature of photon emission in the LED and the significant
background light noise, shot noise can be depend on the
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FIGURE 9. Performance comparison in in the 8-LED scenario with
R = 6 bps/Hz.

transmitted signal [10]. In the followings, we show the anal-
ysis and performance of proposed scheme when the signal
dependent noise is taken into account. As mentioned pre-
viously, the total noise can be expressed as w = wth +

wsh, where the thermal noise is wth = N
(
0, σ 2

th

)
. More

specifically, the shot noise variance that contributes to the
signal dependent noise part when xi is transmitted is σ 2

sh =

hxiς2σ 2
th, where ς

2 is the scaling factor of shot noise vari-
ance. This component causes the noise that depends on the
intensity of the transmitted signal and can be modeled as
wsh = N

(
0, hxiς2σ 2

th

)
. Consequently, the pairwise error

probability with the contribution of signal dependent noise
[25], [26] can be expressed as

P (xi→ xi′)

= P


1

2πσth
√

hxi′ς2+1
exp

{
−(y−hxi′)

2

2σ 2th(hxi′ς
2+1)

}
1

2πσth
√

hxiς2+1
exp

{
−(y−hxi)2

2σ 2th(hxiς
2+1)

} > 1

. (41)

Clearly, the upper bound of the average error probability [4]
is no longer dominant by the general minimum ED in (23).
To alleviate the abnormal destructive impact of the signal
dependent noise on the received signal, a new modified ED
metric [25], [26], namely rotated-ED between any two sig-
nals, can be expressed as

d shxixi′ = (hxi − hxi′)T G
−

1
2

i G
−

1
2

i′ (hxi − hxi′), (42)

whereGi = hxiς2 + 1 = biûς2 + 1 andGi′ = hxi′ς2 + 1 =
bi′ ûς2 + 1. Therefore, with ‖u‖ = 1, the objective function
instead of (23) becomes

d shxixi′ (u) =
uT1ii′u√(

biuς2 + 1
) (
bi′uς2 + 1

) . (43)

Consequently, through similar transformations as with (P3),
the optimization problem with the new objective function can

FIGURE 10. Performance comparison of the 4-LED scenario in Location 1
and Location 3 with R = 4 bps/Hz and ς2 = 10, 20.

be reformed as

(P7): max ρ
u

(44a)

s.t. d shxixi′
(
u(k)

)
+∇d shxixi′

(
u(k)

) (
u− u(k)

)
> ρ

(44b)

cos θfov 6 V̂u 6 1 (44c)

uTu 6 1 (44d)

uT
(
u(k)

)
+

(
u(k)

)T
u−

(
u(k)

)T
u(k) > 1.

(44e)

The constraint (44b) is the approximation of the non-convex
distance constraint (43) using the first order Taylor series at
u(k), where ∇d shxixi′

(
u(k)

)
denotes the gradient for d shxixi′ (u),

which can be referred to [26] (eq. (22))

∇d shxixi′
(
u(k)

)
= 2

(
u(k)

)T
1ii′G

−
1
2

i G
−

1
2

i′

−
ς2

2

(
u(k)

)T
1ii′u(k)

[
G
−

1
2

i G
−

3
2

i′ bi′ + G
−

3
2

i G
−

1
2

i′ bi

]
.

(45)

The optimization (P7) can be conveniently solved by the
iterative Algorithm 1 by the CVX optimization package [22].

Intuitively, under the impact of the signal dependent
noise, performance of the ML detector that only optimally
work under the signal independent noise assumption is
indisputably degraded, for both proposed and conventional
schemes. This is clearly illustrated in Fig. 10, where the per-
formance comparison between proposed PD orientation and
conventional one for a 4-LED scenario is shown in Location 1
and Location 3, with the transmission rate of R = 4 bps/Hz.
For the shot noise component, we set ς2 = 10, 20. It is worth
mentioning that in the previous case that does not consider
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FIGURE 11. The capacity comparison in the 4-LED scenario.

FIGURE 12. The capacity comparison in the 8-LED scenario.

the signal dependent noise, ς2 = 0. As in Fig. 10, BER per-
formances of both schemes similarly degrade under the signal
dependent noise impact. However, as expected, the proposed
PD orientation still maintains significant SNR gaps in com-
parison with the conventional ones. Moreover, the higher the
value of ς2, the more severe impact of the signal dependent
noise on both proposed and conventional schemes. Therefore,
it can be concluded, the proposed scheme still provide greater
BER improvement in comparison with the no orientation
case, though performance degradation is expected.

B. CHANNEL CAPACITY PERFORMANCE
In Fig. 11 and Fig. 12, the unbounded channel capacity of
the system for both the 4 and 8 LED scenarios are shown in
term of bps/Hz. It is observed that with the case of location 1,
since the LOS paths from the PD to all LEDs are relatively
strong without altering the PD normal vector, the capacity

FIGURE 13. The capacity comparison for the 8-LED scenario with various
PD locations in the room.

gain in this case is relatively small. However, as the PD
becomes located further from the center, the proposedmethod
shows a better capacity enhancement. As seen in Fig. 11, with
the positioning of Location 3, at the level of transmit power
of 60 dBm, the gain is around 8 bps/Hz. The capacity gap in
for the 8-LED case increases to 15 bps/Hz and continues to
increase commensurately with the transmit power.

To show the impact of the PD location on the channel
capacity of the SM VLC system, in Fig. 13, the performance
of the proposed method is compared with the conventional
one. The channel capacity results are shown for various loca-
tions of the receiver inside the room. Overall, the capacity of
the proposed method shows better results, especially at the
corner and off-center locations of the room.

1) EXTENSION TO THE CONSIDERATION OF SIGNAL
DEPENDENT NOISE
In this part, we again investigate the channel capacity
improvement of proposed scheme under the influence of
signal dependent noise. We define the channel capacity of
spatial modulation system with the noise variance σ 2

n =

σ 2
th

(
1+ hxiς2

)
by

CSM >
1
2R

2R∑
i=1

log

(
1+ η

(hei)2(
hxiς2 + 1

)), (46)

where ei is the vector obtained by replacing the only non-zero
element of xi by 1. Moreover, from (19) we have

(hei)2

hxiς2 + 1
=

ûTΛiû
ς2biû+ 1

, (47)

where Λi = b̂Ti b̂i and b̂i = eTi


q1
(
−v̂T1

)
...

qNt

(
−v̂TNt

)
. Con-

sequently, with the auxiliary variable βi and constraint
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FIGURE 14. The capacity comparison for the 4-LED scenario with various
PD locations in the room with ς2 = 20.

‖u‖2 = 1, we have the following channel capacity maximiza-
tion optimization problem as

(P8): max
u,βi

1
2R

2R∑
i=1

log (1+ ηβi) (48a)

s.t.
uTΛiu
ς2biu+ 1

> βi (48b)

cos θfov 6 V̂u 6 1 (48c)

‖u‖2 = 1. (48d)

Again, the optimization problem (P8) is non-convex due to
the constrain (48b). However, the left side of (48b), f (u) =
uTΛiu
ς2biu+1

is the general quadratic-over-linear function [20].
By employing the first order Taylor expansion and with simi-
lar steps as in (P3), the problem (P8) can be approximated as

(P9): max
u,βi

1
2R

2R∑
i=1

log (1+ ηβi) (49a)

s.t. f
(
u(k)

)
+∇f

(
u(k)

) (
u− u(k)

)
> βi

(49b)
cos θfov 6 V̂u 6 1 (49c)
uTu 6 1 (49d)

uT
(
u(k)

)
+

(
u(k)

)T
u−

(
u(k)

)T
u(k) > 1,

(49e)

where ∇f
(
u(k)

)
is the gradient of f (u) at u(k), which can be

referred to [27] (page 237) as

∇f
(
u(k)

)
=

2Λi
(
u(k)

)T
biuς2 + 1

−

(
u(k)

)T
Λiu(k)(

biuς2 + 1
)2 bi

= 2ΛiG
−1
i

(
u(k)

)T
−

(
u(k)

)T
Λiu(k)G−2i bi.

(50)

The optimization problem (P9) can be solved in a similar
manner as in Algorithm 1 by the CVX optimization pack-
age [22]. However, due to the consideration of the signal
dependent noise in conjunction with the approximation pro-
cedures, only a local solution can be found for (P9), instead
of global solution in (P6). This is clearly shown in Fig. 14,
where the channel capacity of both schemes are presented
for a 4-LED scenario in various locations with ς2 = 20. In
comparison with the case of ς2 = 0 in Fig. 11, the perfor-
mance of both conventional scheme and proposed PD orien-
tation significantly degrade. However, in various locations,
the proposed scheme still maintains some capacity gaps over
the conventional scheme.

VI. CONCLUSION
In this paper, we propose the optimized orientation of the PD
in an SM VLC system to improve the BER performance and
the unbounded channel capacity. By expressing the channel
coefficient as the function of the normal vector of the PD
and solving the two optimization problems, the optimal ori-
entation of the PD can be realized. The simulation results
indicate that our proposed methods obtain better error per-
formance and a higher channel capacity in comparison with
conventional SM VLC systems. For future research, we will
focus on extending the result to a VLC system with multiple
PDs where the condition of the channel matrix is considered
and can be improved by changing the normal vectors of the
PDs. Moreover, in various practical VLC systems, sometime
a significant amount of received power through reflection of
light can not be ignored and should be considered in the opti-
mization problems. The PD orientationwith the consideration
of NLOS links evokes the issue of complexity and mobility
of the receiver that will be future research.

APPENDIX
A. PROOF OF RANK ONE SOLUTION OF (P6)

Proof: The Lagrangian for problem (P6) is

L =
1
Nt

Nt∑
j=1

log
[
1+ tr

(
GjW

)]
+

Nt∑
j=1

λj

[
tr
(
V̂jW

)
− 1

]

+

Nt∑
j=1

µj

[
cos2 θfov − tr

(
V̂jW

)]
+ε [tr (W)− 1]

− tr (3W), (51)

where λj > 0,µj > 0,ε > 0,3 < 0 are Lagrange multipliers
for constraints (40b), (40c), (40d), and (40e) respectively.
In here,3 is a 3×3 matrix. Taking the derivative with respect
to W we have

∂L
∂W
=

1
Nt

Nt∑
j=1

[(
1+ tr

(
GjW

))−1Gj

]

+

Nt∑
j=1

λjV̂j −

Nt∑
j=1

µjV̂j + ε −3. (52)
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With an optimal solution W∗ then we have

∂L
∂W∗

= 0, (53)

and

3W∗ = 0. (54)

From (53) and (54) we have

3=
1
Nt

Nt∑
j=1

[(
1+ tr

(
GjW∗

))−1Gj

]
+

Nt∑
j=1

(
λj−µj

)
V̂j+ε.

(55)

Since rank
(
V̂j

)
= 1, the two last terms in (55) con-

struct a full rank matrix. Moreover, recalling that hj =
tTj û > 0, therefore

(
1+ tr

(
GjW∗

))−1
> 0. Combining with

rank
(
Gj
)
= 1, from (55), we can conclude that

rank (3) = 3− 1 = 2. (56)

Further, combing (54) and (56), we can obtain
rank (W∗) = 1. This completes the proof.
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