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Abstract

In indoor visible light communications (VLC) systems, line of sight (LoS) blockage severely

impairs the received power of users. To address this issue, in this paper, a paradigm of indoor

space shift keying (SSK) VLC system aided by mirror array is investigated. Firstly, the mirror

array reflects the light signal received from LEDs to the user’s photo-detector (PD) by the virtue of

mirror reflection characteristics. And then, a method of power focusing is presented by adjusting

the angle of the mirror according to the locations of LEDs and PDs. Additionally, the synchronous

issue is analyzed theoretically to address the multipath effects. Furthermore, an orthogonal matching

pursuit (OMP) detection algorithm aided by singular value decomposition (SVD) is proposed for

the considered system. Finally, simulations are presented to verify the effectiveness of the proposed

mirror array aided indoor SSK-VLC system.

Index Terms

Visible light communication (VLC), space shift keying (SSK), mirror array, orthogonal matching

pursuit (OMP), maximum likelihood (ML)

I. INTRODUCTION

With the popularity of powerful and continuously connected mobile devices, a large number

of devices need to process and connect the information in the Internet of Things (IoT)
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era. Therefore, the ensuing problem is that the spectrum resources of traditional wireless

communication are increasingly congested, leading to the existing spectrum resources in the

environment with abundant demands has been gradually failed to meet the needs of people.

In order to fundamentally solve the contradiction between super-large capacity demand and

spectrum crisis, indoor VLC, as a promising wireless transmission technology, has attracted

wide attention. By using visible spectrum without authorization, VLC can alleviate spectrum

congestion in the radio frequency bands [1]–[3].

In indoor scenarios, since light cannot penetrate walls and other objects, the problems

that often occur in indoor VLC systems are reflection and blocking of light propagation.

Among them, diffuse reflection is more prominent because of the uncertain radiation mode

of reflected light direction [4]. In previous VLC system studies, the communication network

is more considered in line of sight (LoS) case, where the signals are sent directly from

transmitter to receiver, which is usually used for point-to-point communication [5]. In order

to alleviate this situation, non-LoS (NLoS) links are universally applied. However, in the

diffuse reflection system of NLoS transmission, the optical path loss is more difficult to predict

because it depends on multiple factors. Under normal circumstances, even the strongest NLoS

component is still at least 7 dB lower than the LoS component after the light is diffusely

reflected [6]. With the acceleration of transportation development, the subway, high-speed

railway, and airplanes have become increasingly common modes of transport. In these three

scenarios, there are usually equipped with many LEDs lighting devices, therefore, VLC

can be easily adopted for convenience and security. However, due to the complexity of

the usage environment, LoS blockage usually occurs. In addition, for unmanned equipment

communicated by VLC, LoS link blocking is also common when they work in underground

mines scenarios.

As energy and cost-efficient emerging technology, reconfigurable intelligent surfaces (RISs)

[7] can be deployed on existing indoor infrastructure building walls to improve communi-

cation quality by configuring its elements to reflect any incident light from the LEDs to the

receiver’s PDs. At the same time, by taking advantage of the characteristics of RIS, the LoS

communication requirements of indoor VLC systems can be relaxed. Then, various topics

have been investigated to explore the performance of RISs aided optical communications.

In a little more detail, based on an iterative time-efficient model, the performance of NLoS

channel assisted by the first-order reflection of a fixed mirror was proposed in [8]. By utilizing

RISs, a controllable multi-branch wireless communication based on optical RISs is proposed
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for free-space optical communication [9]. By introducing a discrete matrix, the allocation

of RISs is simplified into a binary programming problem, and a low-complexity algorithm

that maximizes the sum rate in the case of multiple users is proposed [10]. Then, for RISs

aided VLC system, [11] proposed a non-convex optimization problem for optimizing the

configuration of RIS elements. Furthermore, aided by RISs, the security of VLC and VLC-

RF systems are investigated in [12], [13].

Practically, due to the limited luminous flux of individual LEDs, multiple LEDs are usually

deployed to obtain adequate illumination in a typical application space. The space shift keying

(SSK) modulation technique is naturally befitted in indoor VLC systems by utilizing multiple

LEDs. Thus SSK aided VLC systems have been extensively studied [14], [15]. In SSK-VLC

systems, according to the input information bits, during one specific symbol duration, one

LED is activated to transmit a specific information symbol, while the rest LEDs are only

used for illumination. Naturally, these spatially distributed LEDs can be viewed as spatial

constellation points, which can be utilized for conveying information. Therefore, the SSK

modulation is absolutely suitable for VLC systems, and in this circumstance, the LEDs are

used not only for data transmission but also for basic adequate lighting. However, to the best

of our knowledge, there are no results in the literature for RIS aided SSK-VLC systems.

At the time of writing, the detection algorithms in the aforementioned indoor SSK-VLC

system are mainly based on the ML method [16]. Although it is optimal in a sense, with

the number of LEDs increasing at the transmitter, the computational complexity brought by

ergodic searching will increase dramatically. Therefore, it is plausible to find an efficient

detector with low computational complexity and ideal performance at the receiver. Inspired

by the idea in [17], in this paper, an OMP detection algorithm based on compressive sensing

(CS) and singular value decomposition (SVD) is utilized to realize the signal detection more

efficiently.

Hence, a mirror array assisted indoor SSK-VLC downlink model is proposed in this paper.

The proposed scheme is inspired by the fact that a mirror array with smooth surfaces can

reflect light almost without loss. Furthermore, motivated by the sparsity nature of SSK

signals, a corresponding low complexity detector is also presented. The proposed approach

can overcome the problems of blocked light in the LoS link and the low-power characteristics

of PDs in the NLoS link. The contributions of this paper can be summarized as follows:

• For the first time, the mirror array aided indoor SSK-VLC downlink model is proposed,

which is realized by reflecting the light signal received from LEDs to the user’s PDs by
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the virtue of mirror reflection characteristic.

• A power focusing method is investigated by adjusting the angle of the mirror individually

according to the locations of LEDs and PDs. It can be achieved by a central mechanical

controller of the mirror reflector.

• The multipath fading and inter-symbol interference (ISI) issues are analyzed theoretically

to address the multipath effects caused by different mirrors.

• Enabled by SVD, an OMP detection algorithm is proposed for the considered system,

which has much lower computational complexity than ML.

The remainder of this paper is organized as follows: the system model is described in

Section II. The multipath fading and ISI are discussed in detail in Section III. Section IV

presents the OMP detector based on channel matrix preprocessing. Specific simulation results

are given in section V. Finally, the conclusion is summarized in section VI.

II. THE SYSTEM MODEL

A. Indoor VLC channel model assisted by mirror array

Due to the fact that the reflection on the surface of an object is determined by the

composition of material and geometry, a smooth surface can act as a mirror. According

to Snell theorem [18], when the smooth mirror reflects light, it follows that the angle of

incidence is equal to the angle of reflection.

Assuming that LEDs are placed on the top of the service area, and the reflection of light

by the mirror array fixed on the wall is specular reflection. The mirror array contains M ×N

mirrors with the same size, every size of the mirror is w× h cm2. For the considered mirror

array, a three-dimensional (3D) Cartesian coordinate system is built with the origin Op,q as the

center of the p-th row and q-th column mirror of the array. It is assumed that the orientation

of each mirror can be adjusted by independent rotation of two degrees of freedom. In order to

avoid the light occlusion phenomenon occurring in mirror rotation, it is assumed that there is

a certain transverse spacing ∆w cm and longitudinal spacing ∆h cm among adjacent mirrors.

In addition, to realize the power focusing in the considered system with mirror array, it is

also assumed that the final mirror direction can be realized by rotating the specific mirror

clockwise twice [19].

The coordinate system considered in this paper is depicted in Fig. 1, assuming that the

original coordinate system is OX − OY − OZ , by rotating around the axis Z with angle

αp,q, the coordinate system OX′ − OY ′ − OZ′ is attained and then the second rotation is
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based on the coordinate system OX′ − OY ′ − OZ′ by rotating βp,q around the axis X ′ to

obtain OX′′ −OY ′′ −OZ′′ . It is further assuming that the initial state of each mirror is set to

αp,q = 0, βp,q = 0, ∀p, q, and the rotational degree of the reflection mirror αp,q and βp,q lie

in [−π/2, π/2]. In our considered system, we assume that only one reflection by the mirror

array is required to achieve our objectives. Under this circumstance, the mirror direction

after each rotation can be determined by finding the normal vector np,q perpendicular to the

reflection mirror. Noted that the normal vector np,q of the mirror coincides with the rotated

coordinate axis Y′′.
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Fig. 1. The considered coordinate system of a mirror.
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Fig. 2. Specular reflection mirror array model.

Firstly, the light reflected by the mirror located in the p-th row and the q-th column in the
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mirror array is analyzed, as shown in Fig. 2, where S and D represent the LED and PD,

respectively. A cartesian coordinate system is established with the center of the mirror as the

origin, where Eq. (1) and Eq. (2) represent the positions of LED and PD, respectively.

s =


−
(
xs + w

2
+ (q − 1) (w + ∆w)

)
ys

−
(
zs + h

2
+ (p− 1) (h+∆h)

)
 , (1)

d =


xd − (w

2
+ (q − 1)(w + ∆w))

yd

hd − (h
2

+ (p− 1)(h+ ∆h))

 , (2)

where xs, ys, zs are the coordinate distances between the mirror in the first row and the first

column of the mirror array and the position of LED respectively; xd, yd, hd are the coordinate

distances between the mirror in the first row and column of the mirror array and the position

of PD respectively. When the mirror realizes power focusing, the direction of normal vector

np,q is given as follows [20]

np,q =
e−−−→
Op,qS

+e−−−−→
Op,qD√

2 + 2e−−−→
Op,qST

e−−−−→
Op,qD

, (3)

where
−−−→
Op,qS represents the corresponding ray incident direction, e−−−→

Op,qS
is the unit vector in

the direction of vector
−−−→
Op,qS, and the unit vector e−−−−→

Op,qD
represents the direction of the ray’s

departure. Indeed, the normal vector np,q of the mirror in Fig. 2 coincides with the rotated

coordinate axis Y′′ in Fig. 1. Thus, rotating angles αp,q and βp,q in Fig. 1 correspond to

the rotation angles with respect to the mirror normal vector np,q concerning the coordinate

system OX−OY −OZ in Fig. 2. Then, the deflection angle with respect to the normal vector

np,q of the mirror in Fig. 2 can be expressed as

βp,q = sin−1(nTp,qe3), (4)

αp,q = sin−1

(
1

cos βp,q
nTp,qe1

)
, (5)

where e1 and e3 represent the unit vector of X axis and Z axis respectively.

Since the mirror array surface preserves an oriented and concentrated specular reflection

property, the reflection points of the mirror do not conform to the lambert model. Hence,

it is difficult to consider the multipath impulse response of mirror reflection using iterative

calculation methods, however, we can model the specular reflection path as LoS blocked
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by the ideal mirror [8]. Assume that S ′ is the mirror point of LED with respect to mirror

symmetry, and the original reflection path is blocked by the mirror. At this point, the ray

path can be regarded as LoS from mirror point S ′ to point D, as shown in Fig. 2.

To facilitate the calculation of LED image S ′, another cartesian coordinate system is

defined, which still takes the center Op,q of the p-th row and the q-th column in the mirror

array as the origin of coordinate. The new coordinate system is OX′′ − OY ′′ − OZ′′ , which

represents the rotated coordinate axes of the original OX−OY −OZ as shown in Fig. 2. The

transformation between the two cartesian coordinate systems is proposed as follows [21]

[AX′′ , AY ′′ , AZ′′ ]
T =

(
RX′

p,qR
Z
p,q

)T
[AX , AY , AZ ]T , (6)

where AX′′ , AY ′′ and AZ′′ are the coordinates of randomly selected point A relative to

cartesian coordinate system OX′′ −OY ′′ −OZ′′ , respectively, and their coordinates relative to

cartesian coordinate system OX−OY −OZ are AX , AY and AZ . RZ
p,q represents the rotation

matrix of αp,q rotated clockwise around the axis Z, which can be expressed as

RZ
p,q =


cos(αp,q) sin(αp,q) 0

− sin(αp,q) cos(αp,q) 0

0 0 1

 . (7)

Similarly, RX′
p,q represents the rotation matrix of βp,q rotated clockwise around the axis of

X ′, which can be expressed as RX′
p,q = [r1, r2, r3], where

r1 =


cos2(αp,q)(1− cos(βp,q)) + cos(βp,q)

− cos(αp,q) sin(αp,q)(1− cos(βp,q))

sin(αp,q) sin(βp,q)

 , (8)

r2 =


− cos(αp,q) sin(αp,q)(1− cos(βp,q))

sin2(αp,q)(1− cos(βp,q)) + cos(βp,q)

− cos(αp,q) sin(βp,q)

 , (9)

r3 =


sin(αp,q) sin(βp,q)

cos(αp,q) sin(βp,q)

cos(βp,q)

 . (10)

As aforementioned analysis, during the process of indoor mirror array aided SSK-VLC,

the rotation of individual mirrors can be realized through electro-mechanical controller [19],
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which controls the rotation angle provided by Eq. (6) and is installed on each mirror. For

the nanoscale of visible light, it can provide high spatial resolution to accurately control the

reflection direction. Additionally, we assume that the mirror array will not work when the

LoS link is not blocked. Otherwise, when the LoS link is blocked, the controller controls the

mirror array to enable communication.

B. Indoor SSK-VLC system model

The indoor VLC communication system considered in this paper adopts the typical MIMO-

VLC system model. SSK, as a special MIMO technology without extra power consumption,

only needs to activate one transmitting LED during each information transmission. When

the number of transmitter LEDs is Nt, the SSK system can transmit high-speed data up to

blog2Ntc bps/Hz, where b·c indicates the floor operation. Given that there are Nt LEDs at

the top of the service area, assuming that the user is on a horizontal plane and has Nr PDs,

the signals transmitted by the LEDs reach the PDs after power focusing through the mirror

array, then the MIMO channel matrix is referred to as H, and the entries of H is denoted

as hij , which is the channel gain between the j-th LED transmitting signal and the i-th PD

after the power focusing of the mirror array. Then the signal received by the receiving end

is

y = Hx + n, (11)

where x = [x1, x2, ..., xNt ]
T is the transmitted signal vector of dimension Nt × 1, n is the

Gaussian white noise vector with dimensional Nr × 1.

III. THE MULTIPATH FADING AND INTER-SYMBOL INTERFERENCE (ISI) ISSUES

The communication links of individual mirrors in the mirror array are modeled as linear

attenuation and delay based on the short-distance LoS and reflection characteristics of the

mirrors [22], and then the optical links are considered as Dirac-like pulse. Consequently, for

the considered indoor VLC downlink assisted by mirror array, the impulse response of the

mirror reflection link at the p-th row and q-th column mirror and the total channel impulse

response can respectively be expressed as

h(MI)
p,q (t) =

A (k + 1)

2π

ρMI

(dp,q)2
cosk (ϕ) cos (θ) rect

(
θ

FOV

)
δ

(
t− dp,q

c

)
. (12)
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h(MI) (t) =
M∑
p=1

N∑
q=1

hp,q (t) , (13)

where A is the effective area of PD that receives light source, k is the modulus of the radiation

lobe, which is measured by k = − ln 2
ln(cos Φ1/2)

with half irradiance at semi-angle Φ1/2, rect(·)

function indicates that PD cannot receive optical signal when the incident angle of PD is

greater than FOV, and then the channel gain h(MI)
p,q (t) between LED and PD is 0 in this case.

ρMI is the specular reflection coefficient, and

dp,q = dSOp,q + dOp,qD, (14)

where dSOp,q is the distance between the light source LED and the p-th row and q-th column

reflecting mirror, dOp,qD is the distance between receiving end PD and the p-th row and q-th

column reflecting mirror. θ and ϕ are the receiving angle of receiver PD and the incidence

angle of the imaginary lighting source S ′, respectively, and then we have

cos (θ) = eT3 e−−−→Op,qD, (15)

cos (ϕ) = eT3 e−−−−→
S′p,qD

. (16)

And finally, c is the speed of light.

Then, the channel gain of VLC system assisted by mirror array can be expressed as

H(MI) (f) =

∫ ∞
−∞

h(MI) (t) dt =
M∑
p=1

N∑
q=1

ηMIe
j2πftp,q , (17)

where

ηMI =
A (k + 1)

2π

ρMI

(dp,q)2
cosk (ϕ) cos (θ) rect

(
θ

FOV

)
, (18)

and tp,q = dp,q
c

denotes the transmission time taken by the signal from LED to the receiving

end PD through the mirror in the p-th row and q-th column in the mirror array. In VLC,

the carrier information signal has a frequency of about 1014 Hz, and the area of receiver

PD is about millions of square wavelengths, therefore, the considered indoor VLC system is

effectively not subject to multipath fading [23]. However, multipath propagation of emitted

signals in the considered mirror array aided indoor VLC system may lead to inter-symbol

interference (ISI), which will limit the transmission rate [24], [25]. Below, we will analyze

this problem in depth and show that the possible ISI incurred by mirror array to the system

can also be ignored.
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The signal intensity received on the PD surface includes contributions from mirrors, as

well as the NLoS components from reflections of walls or objects within the room when the

LoS is blocked. It should be noted that the total received optical power of the LoS link at the

receiver exceeds 95%, and even the strongest NLoS component is still at least 7 dB lower

than that of the LoS component [23]. Consequently, we can neglect the NLoS components,

but consider only the reflected components of the mirror array for carrying out tractable

analysis.

Here, we first discuss the possible multipath effects incurred by the mirror array. When

the positions of LEDs and PDs are fixed in the room, the optical signal is reflected in the

receiving end PD by M×N mirrors, resulting in multiple optical paths. Then, the maximum

delay spread ∆t can be expressed as

∆t = max {tp,q} −min {tp,q} , (19)

where tp,q denotes the signal transmission time from the activated LED to the receiver PD

by the mirror reflection link at the p-th row and q-th column of the mirror array, and p ∈

{1, 2, · · · ,M}, q ∈ {1, 2, · · · , N}.

As a typical example, considering a service room of dimension (5 × 5 × 3) m with the

activated LED is located at (2.5, 2.5, 3.0) m. Fig. 3 depicts the maximum delay spread ∆t of

signal paths reflected by different mirrors during a transmission, where the channel impulse

response of the indoor VLC system depends on the location of the receiver and varies by

moving it on the floor in the considered room. As demonstrated in Fig. 3, the maximum

delay spread ∆t for the system under consideration varies from 0.2 ns to 2 ns.

In general, the limitation of ISI is determined by the transmission scenario and the room

properties in our considered system and can be quantified by evaluating the channel cut-off

frequency [26]. Consider an LED modulation bandwidth of 40 MHz, so the Nyquist symbol

period is limited to 12.5 ns, and ISI will occur if transmitted data symbols experience delays

larger than 6.25 ns. Simulation results provided in Fig. 3 showed that the maximum delay

spread is less than 2 ns, which is significantly below the 6.25 ns. As a result, in the process

of system information transmission, the influence of multipath fading and ISI can be almost

ignored.

Consequently, for the sake of simplicity, we will neglect all the diffuse propagation NLoS

components, this is, consider only the specular reflection path of the mirror array when LoS

is blocked. Then, the received signal intensity will depend on the emitter radiation pattern,
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characteristics of the receiver, active area of PD, and the reflection coefficient of the mirror.

Denoting that the emitted optical intensity is PT , and the received optical power P (MI) and

the channel DC gain H(MI) (0) can be respectively expressed as

P (MI) = H(MI) (0)PT , (20)

H(MI) (0) =

∫ ∞
−∞

h(MI) (t) dt. (21)

IV. DETECTION ALGORITHMS OF MIRROR ARRAY AIDED INDOOR SSK-VLC SYSTEM

A. ML detection algorithm

At present, most signal detection algorithms of indoor VLC system are based on ML, which

has the best performance [27]. In SSK-VLC system, ML means that all LED combination

sequences are traversed, and the optimal activated one LED is selected from Nt LEDs to

convey information signal. This procedure can be achieved as follows

Î = arg min
I∈{1,2,··· ,Nt}

‖y − hIs‖2, (22)

where Î represents the estimated value of activated LED index, and hI represents the I-th

column channel submatrix of channel matrix H, and s is a constant factor used for satisfying

the power constraint.
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B. OMP detection algorithm based on sparsity

Although the ML detector is optimal, the computational complexity of the exhaustive

search increases sharply with the increasing number of transmitting LEDs [28]. In a typical

indoor MIMO SSK-VLC system, considering the sparse characteristics of SSK transmitting

signals, the sparse signal reconstruction method in CS theory can provide an ideal balance

between computational complexity and system performance. This subsection aims to achieve

a sparsity aided OMP signal detection algorithm with low complexity and good performance

at the receiving end.

In order to uniquely map sparse signals to the output signal space, it is necessary to design

an ideal measurement matrix. That is, to recover original signals efficiently, the prerequisite is

that the measurement matrix H must meet RIP properties [29]. However, in our considered

indoor MIMO SSK-VLC system, the channel matrix elements are fixed, which leads to

disobeying the RIP property of the measurement matrix. Hence, in order to utilize a sparsity

aided OMP detection algorithm, an SVD approach is adopted to preprocess the measurement

matrix H [17]. For measurement matrix H, the SVD is given as

H = UΣVT, (23)

where U and V are unitary matrices, and U ∈ RNr×Nr , V ∈ RNt×Nt , Σ = [∆,O],

∆ = diag [γ1, γ2, · · · , γNr ], where O ∈ RNr×(Nt−Nr) is zero matrix. After preprocessing

the measurement matrix H, the received signal can be formulated as

ySVD = ∆−1UTy = Zx = HSVDΦx = HSVDxSVD, (24)

where Z = ∆−1UTH =
[
INr×Nr ,O

]
VT is defined as a partial orthogonal matrix, HSVD

is defined by Z, and the column vectors of Z are z1, z2, · · · , zNt . Finally, the preprocessed

measurement matrix can be expressed as

HSVD = ZΓ = ZΦ−1, (25)

where Γ = diag
[∥∥∥ 1

z1

∥∥∥,∥∥∥ 1
z2

∥∥∥ , · · · ,∥∥∥ 1
zNt

∥∥∥],‖·‖ is the Euclidean norm of a vector and xSVD =

Φx. Following this, the estimation of the original signal can be attained by correctly recon-

structing xSVD using OMP sparse reconstruction algorithm as

x̂ = ΓxSVD. (26)

After this preprocessing on the measurement matrix, the classical OMP algorithm can be

applied directly as proposed in Table I [17]. In a little more detail, the inner product of
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TABLE I

THE OMP DETECTOR PROCEDURE OF INDOOR MIRROR ARRAY AIDED SSK-VLC SYSTEM

Input: HSVD,ySVD

Output: x̂, Λ

1. r0 ← ySVD, t← 0,Λ0 ← ∅,A0 ← ∅

2. while t ≤ na do

3. p← HT
SVDr

(t−1), St ← arg max(p)

4. Λt = St ∪ Λt−1, At = HSVD,Λt ∪At−1

5. x̂t = arg min ‖ySVD−Atx‖22 = (AT
t At)

−1AT
t ySVD

6. rt = ySVD −Atx̂t

7. end while

measurement matrix HSVD and residual r, denoted as p, is calculated in each iteration. Then

the index of the maximum absolute value of p is selected and put into the set St, and then

the index set Λt and atomic support set matrix At are updated. Additionally, HSVD,Λt denotes

a submatrix of HSVD with columns indices selected from the set Λt, and (·)T denotes the

transpose of a matrix or vector. Then, the least squares method is utilized to estimate the

signal x̂t, and the residual is finally updated. The above process is repeated until the end of

the iteration of the OMP algorithm.

C. Complexity analysis

Since both the signal and the channel matrix in the considered indoor SSK-VLC system

are positive real numbers, we analyzed the complexity of the ML and CS assisted sparse

signal reconstruction algorithms from the perspective of floating point operations (flops). The

specific complexity calculation is shown in Table II.

TABLE II

COMPUTATION COMPLEXITY ANALYSIS OF ML AND OMP DETECTORS

Detectors Real-valued flops

ML (2NrNt + 2Nr − 1)2κ

OMP (Nt (2Nr − 1) + 7Nr − 1)

It should be noted that parameter κ in the ML detection algorithm represents the spectrum

efficiency in the ML detector of the considered system. Because the complexity of SVD

computation is 4N2
t Nr + 22N3

r , which belongs to the same computational level of matrix
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inversion, and SVD preprocessing requires only one operation. In our simulations, the number

of symbols is set greater than 105, and the number of flops of ML is greater than 105 ×

(2NrNt + 2Nr − 1)2κ, hence the complexity of SVD is negligible.

V. SIMULATIONS AND NUMERICAL RESULTS

In this section, to demonstrate the performance of the proposed mirror array aided indoor

SSK-VLC system, we provide numerical results for an indoor VLC environment having the

dimensions of [5× 5× 3] m3, represented by a three-dimensional (3D) Cartesian coordinate

system [OX , OY , OZ ], and the configuration scheme is considered: Nt = 9, Nr = 4. Assuming

that the transmit LEDs are perpendicular to the ceiling and down-facing to the floor. Similarly,

the PDs of receivers are located on the floor, which is assumed to be perpendicular to the floor

and facing the ceiling. Unless otherwise stated, we assume that all simulations are performed

in an LoS-blocking environment and include only mirror array-assisted VLC components.

Moverover, in most practical cases, the effect of the diffuse component is masked by the

mirror-assisted VLC link, as shown in Fig. 5, we also assume that simulation parameters are

provided in Table III. Finally, all simulation parameters are converted into a coordinate system

with the origin being in one corner of the room. For the first scheme, the LED’s position is

given in Table IV, and two scenarios of receiver power are considered: the received power

of mirror array aided link with that of the LoS link and diffuse reflection link, respectively.

The impact of different detector locations in the service space on the received power is

investigated.

Fig. 4 demonstrates the PD’s received power ratio of the mirror array aided link and that

of the LoS link, where the location of the activated LED is (2.5, 2.5, 3.0) m. Furthermore,

the position of the mirror array can be determined according to the coordinates of the first

mirror in Table III. Observe that the received power ratio is increased in the service area

near the wall equipped with a mirror array. We can also observe that the received power gain

has a significant improvement when users are near the location of the mirror array, which

approaches its maximum about of 5 times the LoS transmission. We can also infer from the

results of Fig. 4 that the received power gain of the SSK-VLC system has a relatively high

correlation with the user’s location. When the user’s location is far away from the mirror

array, the improvement of receiving power gain is not obvious due to the influence of path

fading. However, this can be alleviated by arranging two or more mirror arrays at different

walls in the service space. Consequently, the mirror array aided VLC link has a comparable
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TABLE III

SIMULATION PARAMETERS

Simulation setup parameters Values

The area of the mirror, ∆A 25 cm2

The area of the PD, A 1 cm2

FOV of PD 80◦

Width of mirror, w 5 cm

Length of mirror, h 5 cm

Transverse spacing of mirror ∆w 5 cm

Longitudinal spacing of mirror ∆h 5 cm

Number of mirrors, M ×N 6× 8

Transmitting power, PT 20 W

Semi-angle at half power, Φ1/2 75◦

Reflection coefficient of the mirror, ρMI 0.95

Reflection coefficient of diffuse reflection, ρ 0.4

The coordinates of the first mirror (0.0, 2.0, 1.5) m

TABLE IV

THE DISTRIBUTIONS OF THE LEDS’ AND PDS’ LOCATIONS

Configuration PD2 (2.00, 2.51, 0.80) m

9 LEDs (AX , AY , AZ) PD3 (2.01, 2.50, 0.80) m

LED1 (1.00, 1.00, 3.00) m PD4 (2.01, 2.51, 0.80) m

LED2 (1.00, 2.00, 3.00) m Scenario 2

LED3 (1.00, 3.00, 3.00) m PD1 (2.50, 2.50, 0.80) m

LED4 (2.00, 1.00, 3.00) m PD2 (2.50, 2.51, 0.80) m

LED5 (2.00, 2.00, 3.00) m PD3 (2.51, 2.50, 0.80) m

LED6 (2.00, 3.00, 3.00) m PD4 (2.51, 2.51, 0.80) m

LED7 (3.00, 1.00, 3.00) m Scenario 3

LED8 (3.00, 2.00, 3.00) m PD1 (3.00, 3.00, 0.80) m

LED9 (3.00, 3.00, 3.00) m PD2 (3.00, 3.01, 0.80) m

4 PDs (AX , AY , AZ) PD3 (3.01, 3.00, 0.80) m

Scenario 1 PD4 (3.01, 3.01, 0.80) m

PD1 (2.00, 2.50, 0.80) m

performance to the LoS link.

Fig. 5 depicts the received power ratio of the mirror array aided link and that of the NLoS

link. Observe from Fig. 5 that the received power ratio of the mirror array assisted link and

diffuse reflection link is significant. This owns to the principle of Snell, that is, specular

reflection can almost reflect light without loss. However, the diffuse reflection link has a
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Fig. 4. Received power ratio of the mirror array aided link and that of the LoS link.

large power loss. Moreover, we can also observe from the results of Fig. 5 that the received

power gain of the SSK-VLC system has a strong correlation with the mirror array’s location.

Specifically, when a user is located near the wall equipped with a mirror array, the received

power ratio is relatively large compared to other positions in the service space. Because

the locations can receive diffuse reflection power from three walls, while the corners and

edges can only receive diffuse reflection power from one or two walls, there exists the abrupt

change in power ratio of NLoS link at corners, i.e. positions (0,0), (0,5), (5,0) and (5,5), as

well as the edges.
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Fig. 5. Received power ratio of the mirror array aided link and that of the NLoS link.

In order to further evaluate the considered scheme, different room shapes and sizes are

considered, as well as different locations of the receiver. Since rooms are usually regular
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Fig. 6. Rectangle room with size (4× 5× 3) m.

rectangles or squares in our life, we mainly consider rectangular and square room shapes.

Hence we will explore three rooms with different shapes and sizes, which are (4× 5× 3) m,

(5× 5× 5) m, and (7× 7× 3) m, respectively. The distribution of 9 LEDs in this simulation

is shown in Table IV. The coordinate of the first mirror in the mirror array with respect to

the considered coordinate system is (0.0, 2.0, 1.5) m. Other main simulation parameters for

the considered SSK VLC system are shown in Table III. Fig. 6, Fig. 7 and Fig. 8 provide the

user’s received power ratio of the mirror array assisted link and that of the LoS link in all

these three scenarios. Furthermore, the received power ratio of the mirror array assisted link

and that of the diffuse reflection link is provided in Fig. 6, Fig. 7 and Fig. 8 as well. As can

be seen from Fig. 6, Fig. 7 and Fig. 8, not only the received power ratio of the mirror array

assisted link and the LoS link is affected by the room size, but also the received power ratio

of the mirror array assisted link and the diffuse reflection link is affected by the room size. In

a little more detail, in all three scenarios, the received power ratio of the mirror array assisted

link and diffuse reflection link is very large. While, when the LoS link is not blocked, the

received power ratio of the mirror array assisted link and diffuse reflection link is greatly

affected by the distance between the receiver and the mirror array. Specifically, the received

power ratio of the mirror array assisted link and that of the LoS link is relatively large when

the receiver is near the wall where the mirror array is arranged, while the received power

ratio is not significant when the receiver is far away from the wall where the mirror array is

arranged.

It is seen that in all cases, the received power can be improved by the proposed mirror
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Fig. 7. Square room with size (5× 5× 5) m.
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Fig. 8. Square room with size (7× 7× 3)m.

array assisted SSK-VLC system, which is the explicit benefit of the mirror array.

To make the proposed system more convincing, in Fig. 9 we compare the received power

with the different number of mirrors in the mirror array by considering the configuration

scheme in Table IV. As shown in Fig. 9, upon increasing N , the received power of the

detector increases, this attributes to the power focusing characteristic of our proposed mirror

array aided SSK-VLC system. As expected, when the number of mirrors increases, more

power can be collected. In physical situations, the number N of mirrors can be determined

by the requirements of applications.

The BER performance comparisons of the mirror array assisted link and the LoS link are
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evaluated in Fig. 10 for two half-power angles of LEDs: Φ1/2 = 50◦ and 75◦. At the same

time, three different PDs distributions are considered as well, the detailed parameters are

shown in Table IV. Other main simulation parameters of the considered SSK VLC system

are shown in Table III and Table IV. Observe from the results shown in Fig. 10 that the BER

performance of sparsity aided OMP detector is significantly improved compared to the ML

detector. This is because the performance of the ML detector is more likely affected by the

correlation between channels. However, for sparsity assisted OMP detector, the performance

is mainly affected by the sparsity structure of the channel matrix. For the considered indoor

SSK-VLC system, the sparsity structure is apparently determined by activating a single LED

to convey information. Moreover, it can also be seen from the results in Fig. 10 that the BER

performance of the ML detector and the OMP detector can hardly detect the signal when

Φ1/2 = 50◦. This is because for this limited semi-angle at half power of LED Φ1/2, most of

the light emitted by the LED may not be able to illuminate the corresponding mirror array

directly. As a result, the BER performance will be improved by increasing Φ1/2. Actually, in

practice, in order to guarantee adequate illumination, there are many LEDs equipped on the

ceiling of the service environment, furthermore, a relative larger half-power angle of LED

Φ1/2 is set. Therefore, we can conclude that the sparsity assisted OMP detector is much more

suitable for the considered indoor mirror array aided SSK-VLC system.

Next, to make fair comparisons, the BER performance of ML and OMP are evaluated

both with the proposed SVD preprocessing. The main system simulation parameters for the
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Fig. 10. The BER performance of ML detector and OMP detector with different half-power angles of LEDs: Φ1/2 = 50◦

and 75◦.
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considered SSK-VLC system are shown in Table III and Table IV. For mirror array assisted

link and LoS link, Fig. 11 depicts the BER performance of the ML detector with and without

measurement matrix preprocessing under three scenarios as presented in Table IV, and the

BER performance of the proposed OMP detector is presented as well. As can be seen in

Fig. 11 that when the ML detection algorithm is also preprocessed by the proposed SVD

preprocessing, the BER performance is improved and the SVD aided ML detector has the

best BER performance.

Finally, as a function of Nt, Fig. 12 demonstrates the flops ratio of ML detector and OMP

detector of the considered SSK-VLC system. As can be seen from Fig. 12, the ML detector

has higher complexity compared with SVD assisted OMP detection algorithm under the same

parameters setting. Fig. 12 also indicates that the sparsity aided signal detection algorithm is

more suitable for large-scale MIMO scenarios with a large number of transmitting LEDs.

VI. CONCLUSIONS

In order to alleviate the light blocking problem of LoS downlink in an indoor SSK-VLC

system, a mirror array aided scheme is proposed in this paper. In our considered system, the

information conveyed by light emitted from the LEDs can be reflected and concentrated to the

user’s PDs by the mirror array with very few energy losses. Additionally, the multipath fading

and ISI issues are analyzed theoretically to address the multipath effects caused by different

mirrors. Furthermore, ML and OMP detectors are proposed to achieve signal demodulation

and detection, and by the BER performance and computational complexity analysis, the

sparsity aided OMP detector has a better performance. Some design parameters are considered

in our simulations, such as the half-power angles of LEDs and the number of mirrors. Finally,

from the simulation results, it can be seen that the proposed mirror array aided indoor SSK-

VLC system can realize downlink even in the LoS link blocking scenarios. We further infer

that the sparsity assisted OMP detector is much more suitable for the considered indoor

mirror array aided SSK-VLC system.
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