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Abstract—Multiple-input multiple-output (MIMO) is a promising technology to efficiently improve the achievable rate of white
light-emitting diodes (LEDs) enabled visible light communication
(VLC) systems. Nevertheless, for conventional MIMO techniques
such as spatial diversity (SD) and spatial multiplexing (SMP),
the working mode of each LED transmitter is independent of
users’ spatial positions. In this article, we propose and investigate
three user-centric MIMO techniques, including SD/SMP switching, adaptive SMP (aSMP), and SD-aided aSMP (SD-aSMP), for
achievable rate improvement of indoor MIMO-VLC systems, by
exploiting users’ spatial positions as a new degree of diversity. The
analytical and simulation results show that the achievable rate of a
4 × 4 MIMO-VLC system in a typical indoor environment can be
significantly improved by applying the user-centric MIMO techniques compared with the conventional ones. More specifically,
SD/SMP switching can enjoy both high diversity gain of SD and
high multiplexing gain of SMP at different signal-to-noise ratio
(SNR) regions, while aSMP mitigates the adverse effect of noise
amplification in conventional SMP and SD-aSMP can benefit from
additional diversity gain. Furthermore, we also show that the
proposed user-centric MIMO techniques outperform conventional
MIMO techniques under the condition of only slightly increased
computational complexity with limited feedback information.
Index Terms—Multiple-input multiple-output (MIMO),
spatial diversity (SD), spatial multiplexing (SMP), visible light
communication (VLC), user-centric design.

I. INTRODUCTION
HITE light-emitting diodes (LEDs) are anticipated to replace conventional incandescent and fluorescent lamps
for indoor illumination in the near future, due to their inherent
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advantages such as high radiative efficiency, long lifetime, high
tolerance against humidity, limited heat generation, low cost,
and small size [1]. In recent years, white LEDs-enabled visible
light communication (VLC) has been considered as a promising
complementary technology to traditional radio-frequency (RF)
technologies in indoor environments [2]. In typical indoor VLC
systems, the LEDs serve a dual-function of both illumination
and wireless communication [3]. Compared with traditional RF
technologies such as Wi-Fi, VLC (also known as Li-Fi [4])
enjoys many exiting advantages such as huge and unregulated
spectrum, potentially high data rate, low-cost front-ends, and no
electromagnetic interference [5]. Although white LEDs-based
VLC reveals great potential for future green and high-speed
indoor wireless communications, there are still many critical
issues that need to be addressed. In particular, since the white
LEDs are mainly designed for the purpose of efficient lighting,
the switching speed (i.e., the modulation bandwidth) of commercial off-the-shelf (COTS) white LEDs1 is relatively slow [6]. It
was reported in [7] that the 3-dB modulation bandwidth of a
typical COTS white LED is usually only about several MHz. As
a result, the practically achievable rate of an indoor VLC system
using COTS white LEDs is very limited.
So far, many techniques have been proposed for achievable
rate improvement of VLC systems. In [8] and [9], micro LEDs
have been utilized to increase the available 3-dB modulation
bandwidth to 100 MHz and more. In [7], [10], and [11], various
frequency domain equalization techniques have been applied
to extend the modulation bandwidth of COTS white LEDs.
In [12] and [13], advanced modulation schemes such as orthogonal frequency division multiplexing (OFDM) and carrierless
amplitude and phase modulation using high-order quadrature
amplitude modulation constellations have been employed to
improve the spectral efficiency. In [14]–[16], spectral-efficient
multiple access schemes such as nonorthogonal multiple access
have been adopted to boost the overall system capacity. In [17]
and [18], multiple-input multiple-output (MIMO) concepts have
been introduced to achieve substantial diversity or multiplexing
gain. Moreover, the combination of several different techniques
have also been considered in VLC systems [19], [20].
Among them, MIMO is a very efficient and natural way
to improve the achievable rate of VLC systems using COTS
white LEDs, which exploits the existing LED fixtures in the
1 COTS white LEDs are widely adopted for general indoor lighting due to
their advantages of high energy efficiency, long lifetime, and low cost.
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ceiling of a typical indoor environment [21]. To date, many
transmission schemes have been considered in indoor MIMOVLC systems, such as spatial diversity (SD), spatial multiplexing (SMP), and spatial modulation (SM) [21]–[23]. In typical
indoor environments, the path difference between the multiple
transmitter–receiver links is very small and, hence, the temporal
delay between the multiple links is negligible [21]. As a result,
SD is a simple and effective way to achieve diversity gain in
indoor VLC systems. SMP is another widely applied MIMO
technique, which can provide certain multiplexing gain and,
hence, improve the system capacity [22]. Nevertheless, due to
line-of-sight (LOS) transmission and small detector spacing,
SMP-VLC systems suffer from high channel correlation, which
limits the achievable multiplexing gain. Many schemes have
been reported in literature to improve the performance of SMPVLC systems, such as angle diversity receivers and imaging
receivers [24]–[26], transmitter power imbalance and link blockage [21], and non-Hermitian symmetry OFDM modulation [27],
[28]. Moreover, transmitter-side precoding has also been applied
in SMP-VLC systems in order to obtain parallel channels [29],
[30]. However, practical implementation of precoding in VLC
systems might be challenging due to the limited dynamic range
and the severe nonlinearity of COTS white LEDs [31]. SM technique is a combination of MIMO and digital modulation, where
only one LED is activated to transmit signal at any time and
additional bits can be transmitted by selecting the index of the
activated LED [32]. However, to achieve high rate, the number of
transmitters (i.e., LEDs) has to be exponentially increased [33],
which might be impractical in indoor environments. For all the
above-mentioned MIMO techniques, the working mode of each
LED transmitter is independent of users’ spatial positions in the
MIMO-VLC system.
It has been shown in [34] and [35] that conventional SD
achieves high rate only in the small signal-to-noise ratio (SNR)
region while conventional SMP outperforms SD only in the
large SNR region, and, hence, there are no MIMO techniques
that can achieve high rate in both small and large SNR regions.
Inspired by the user-centric quality-of-experience optimization
and scheduling of multicolor LEDs in VLC systems [36], in
this article, we introduce the concept of user-centric MIMO
from a user-centric perspective to improve the achievable rate
of MIMO-VLC systems over a wide SNR region. Compared
with conventional MIMO techniques, the proposed user-centric
MIMO concept is developed by fully exploiting users’ spatial
positions as a new degree of diversity. Three user-centric MIMO
techniques are proposed, including SD/SMP switching, adaptive SMP (aSMP), and SD-aided aSMP (SD-aSMP). Actually,
SD/SMP switching is not a completely new technique, which has
been previously studied to improve the link reliability against
shadowing [34] and to adapt to channel correlations [35]. Usercentric aSMP is inspired by the concept of distributed MIMO,
which has been applied in VLC systems in [37]. Nevertheless,
SD/SMP switching can be viewed a simple and straightforward
user-centric MIMO technique, while aSMP is designed in a
user-centric manner with a low-complexity heuristic LED subset selection algorithm. Particularly, an SD-aSMP technique is
proposed for the first time, which is shown to outperform both
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SD/SMP switching and aSMP over a wide range of SNRs. In
brief, the main contributions of this article are summarized as
follows.
1) The concept of user-centric MIMO is for the first time
proposed for MIMO-VLC systems, which can be realized
by treating users’ spatial positions as an additional degree
of diversity.
2) Three user-centric MIMO techniques, including SD/SMP
switching, aSMP, and SD-aSMP, are applied in indoor
VLC systems and their achievable rates are analytically
derived.
3) Two algorithms are designed for LED subset selection in
aSMP and SD-aSMP.
4) Analytical and simulation results are presented to verify
the superiority of user-centric MIMO over conventional
MIMO techniques in terms of achievable rate.
The rest of this article is organized as follows. In Section II,
we describe the mathematical model of a general MIMO-VLC
system using intensity modulation/direct detection (IM/DD)
with direct current (DC)-biased optical OFDM modulation. The
conventional and user-centric MIMO techniques are introduced
in Sections III and IV, respectively, where the achievable rates of
different MIMO techniques with regard to the transmit SNR are
derived. In Section V, we evaluate and compare the achievable
rates of both conventional and user-centric MIMO techniques
in a typical indoor VLC system through numerical simulations.
The receiver-side computational complexity, the uplink feedback requirement, and the feasibility issues to apply user-centric
MIMO techniques in practical VLC systems are also analyzed
and discussed. Finally, Section VI concludes the article.
Notation: (·)T , (·)∗ , and (·)† represent the transpose, conjugated transpose, and pseudo inverse of a vector or matrix,
respectively. (·)−1 denotes the inverse of a matrix. Nonboldface
italic letters, lowercase boldface letters, and capital boldface
letters represent scalars, vectors, and matrices, respectively.
II. SYSTEM MODEL
In this section, we first describe the mathematical model of a
general indoor MIMO-VLC system using IM/DD. The system
is assumed to be equipped with Nt LEDs in the ceiling and Nr
photodetectors (PDs) at the receiver of an indoor user. Due to
the dual-function of LEDs for simultaneous illumination and
communication, a dc bias is usually added in addition to the ac
signal for each LED so as to achieve data communication without
affecting the primary illumination function of LEDs. Hence, the
input of each LED is the combination of a dc bias and the ac
signal. Let x = [x1 , x2 , . . . , xNt ]T be the transmitted electrical
ac OFDM signal vector. After free space propagation and dc
removal, the received signal vector y = [y1 , y2 , . . . , yNr ]T can
be expressed by
y = Hx + n

(1)

where H denotes the Nr × Nt MIMO channel matrix and
n = [n1 , n2 , . . . , nNr ]T is the additive noise vector. In an
indoor Nr × Nt MIMO-VLC system, the channel matrix is
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represented by

⎡

HNr ×Nt

⎢
=⎢
⎣

h11
..
.
hN r 1

···
..
.

be defined as follows:

⎤

h1Nt
.. ⎥
⎥
. ⎦
· · · hN r N t

(2)

where hrt (r = 1, 2, . . . , Nr ; t = 1, 2, . . . , Nt ) denotes the
channel gain between the rth PD and the tth LED. Assuming
each LED follows a Lambertian radiation pattern and only the
LOS component is considered, the LOS channel gain hrt can be
calculated by
hrt =

(m + 1)ρA m
cos (ϕrt )Ts (θrt )g(θrt )cos(θrt )
2πd2rt

(3)

where m = −ln2/ln(cos(Ψ)) is the Lambertian emission order
and Ψ is the semiangle at half power of LED; ρ and A are
the responsivity and the active area of PD, respectively; drt is
the distance between the rth PD and the tth LED; ϕrt is the
emission angle; θrt is the incident angle; and Ts (θrt ) and g(θrt )
are the gains of optical filter and lens, respectively. The gain of
n2
the optical lens is given by g(θrt ) = sinRI
2 , where nRI and Φ are
Φ
the refractive index and the half-angle field-of-view (FOV) of
the lens, respectively [38].
It can be observed from (1) that the output signal from each
PD is a linear combination of the input signal xt and the additive
noise nr . To successfully recover the input signals, MIMO
demultiplexing at the receiver side is adopted here, since it
can be easily implemented in practical VLC systems without
the need of adjusting input electrical powers of LEDs. Several
MIMO demultiplexing algorithms have been proposed, such as
zero-forcing (ZF), minimum mean-square error, and vertical
Bell labs layered space-time [22]. Due to its simplicity and
low computational complexity, ZF has been widely applied in
MIMO-VLC systems [17], [28]. Therefore, we adopt ZF-based
MIMO demultiplexing in the following analysis. Based on the
obtained channel matrix H of the Nr × Nt MIMO-VLC system,
the transmitted OFDM signal vector x can be estimated by
multiplying the pseudo inverse of H, i.e., H† , with the received
signal vector y
x̂ = H† y = x + H† n

(4)

where assuming H is full-column-rank (Nr ≥ Nt ), H† can be
calculated by
H† = (H∗ H)−1 H∗ .

Eh =

(5)

The additive noise in a typical indoor VLC system consists
of both the shot and thermal noises [3]. The additive noise
nr is generally modeled as a real-valued zero-mean additive
white Gaussian noise with power Pn = N0 B, where N0 is the
noise power spectral density (PSD) and B is the modulation
bandwidth.
In indoor VLC systems, the primary function of white LEDs
is illumination while communication is only the secondary
function. The illumination performance at a specific position
of an indoor environment is usually described by the horizontal
illuminance. According to [39], the horizontal illuminance can

Nt

I0 cosm (ϕrt )cos(θrt )

(6)

d2rt

t=1

where I0 is the maximum luminous intensity of each LED.
In this article, we analyze and compare the achievable rates of
different MIMO techniques in an indoor VLC system. In order
to ensure a fair comparison of different MIMO techniques in a
typical indoor environment with various geometric setups, we
investigate the achievable rates of different MIMO techniques
with regard to the SNR at the transmitter side, i.e., transmit
SNR [21]. Assuming that the electrical power of the OFDM
signals modulated to the activated LEDs is Ps , the transmit SNR
can be defined as γtx = PPns .
III. CONVENTIONAL MIMO TECHNIQUES
Two conventional MIMO techniques including SD and SMP
are introduced for indoor VLC systems in this section. We first
derive the analytical SNRs of SD and SMP, and then obtain their
achievable rates with regard to the transmit SNR.
A. Spatial Diversity
As the simplest one in all conventional MIMO techniques,
SD is an effective way to achieve transmitter diversity in VLC
systems. In SD, all the LEDs transmit the same data stream, i.e.,
x1 = x2 = · · · = xNt = xSD , and, hence, MIMO demultiplexing is not required in an SD-VLC system [21]. According to
(1), the output signal from the rth PD in the Nr × Nt SD-VLC
system can be represented by
yr,SD =

Nt


hrt xSD + nr

(7)

t=1

where hrt is the channel gain between the rth PD and the tth
LED, and nr is the additive noise of the rth PD. Based on (7), the
SNR of the output signal of the rth PD in the Nr × Nt SD-VLC
system is calculated by
γr,SD =

Nt
t=1

hrt

Pn

2

Ps

=

Nt


2

hrt

γtx .

(8)

t=1

Because the output signals of all the PDs contain the same
OFDM signal, diversity combining can be used to obtain a final
output. Here, maximum-ratio combining (MRC) is adopted due
to its superior SNR performance [21]. Using MRC, the output
signal from the rth PD is multiplied by a weight αr = γr,SD and
subsequently the final output signal is obtained by combining all
the weighted signals together
ySD =

Nr


αr yr,SD

r=1

=

Nr

r=1

αr

Nt

t=1

hrt xSD

+

Nr


(αr nr ) .

r=1
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Based on (9), the SNR of the combined signal is given by
Nr
r=1

γSD =

Nt
t=1

αr
Nr
r=1

2

hrt

Ps

αr2 Pn

.

(10)

Substitute αr = γr,SD into (10) and, thus, we can obtain [40]
γSD =

Nr


γr,SD =

r=1

Nr
Nt


r=1

2

hrt

γtx .

(11)

t=1

In this article, we adopt OFDM modulation in the Nr × Nt
MIMO-VLC system, where dc biases are added and Hermitian
symmetry constraint is imposed so as to obtain real-valued
non-negative LED-compatible OFDM signals [28]. Following
(11), the achievable rate, i.e., spectral efficiency (bit/s/Hz), of
the Nr × Nt SD-VLC system can be obtained by
1
log (1 + γSD )
2 2
⎛
Nr
Nt


1
= log2 ⎝1 +
hrt
2
r=1 t=1

RSD =

⎞

2

γtx ⎠

(12)

where the scaling factor 12 is due to the Hermitian symmetry
constraint in OFDM modulation.
B. Spatial Multiplexing
SMP is another widely used MIMO technique in indoor VLC
systems. When applying SMP, different LEDs simultaneously
transmit independent data streams and MIMO demultiplexing
is usually required at the receiver side [22].
According to (4) and (5), the estimate of the tth data stream
xt,SMP in the Nr × Nt SMP-VLC system is given by
x̂t,SMP = xt,SMP +

Nr



htr nr

(13)

r=1

where 
htr is the element in the tth row and the rth column of
H† . Based on (13), the SNR of x̂t,SMP is calculated by
Ps
=
Nr  2
r=1 htr Pn

γt,SMP =

γtx

Nr  2
r=1 htr

.

(14)

The overall achievable rate of the Nr × Nt SMP-VLC system
can be obtained by the sum of the achievable rates of all the
independent data streams
RSMP =

Nt

1
t=1

=

1
2

2

Nt

t=1

log2 (1 + γt,SMP )
log2

1+

γtx
Nr  2
r=1 htr
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channel conditions of a user.2 However, by considering different
channel conditions of a user at different spatial positions, the
transmission mode of a MIMO system can be designed in a
user-centric manner, which can be viewed as a new degree
of diversity to improve the achievable rate of conventional
MIMO-VLC systems. In this section, we propose and investigate
three user-centric MIMO techniques for indoor VLC systems,
including SD/SMP switching, aSMP, and SD-aSMP. The SNRs
of these three user-centric MIMO techniques are analyzed and
their achievable rates with regard to the transmit SNR are further
derived.
A. SD/SMP Switching
The first proposed user-centric MIMO technique is SD/SMP
switching, in which the MIMO mode is dynamically switched
between SD and SMP. When the MIMO-VLC system is in the
SD mode, all the LEDs are utilized to transmit the same data
stream, as discussed in Section III-A. When the MIMO-VLC
system is in the SMP mode, different LEDs are used to transmit
different data streams, as introduced in Section III-B.
In SD/SMP switching, the two modes (i.e., SD and SMP)
are dynamically switched to achieve a higher rate. As a result,
following (12) and (15), the achievable rate of an Nr × Nt
MIMO-VLC system applying SD/SMP switching is given by

RSD , if RSD ≥ RSMP
RSD/SMP =
(16)
RSMP , if RSD < RSMP .
B. Adaptive Spatial Multiplexing
In conventional SMP, all the LEDs are activated to transmit
signals, regardless the users’ spatial positions. By exploiting the
users’ spatial positions as a new degree of diversity, we propose a
user-centric aSMP technique for indoor VLC systems to improve
the achievable rate. In aSMP, only a subset of the LEDs are
activated to transmit independent data streams, while the others
are only used for illumination.
To perform aSMP, we rewrite the channel matrix H given in
(2) as
HNr ×Nt = [h1 , h2 , . . . , hNt ]

(17)

where the vector element ht = [h1t , h2t , . . . , hNr t ]T of the
channel matrix H is corresponding to the tth LED. Assuming totally k (1 ≤ k ≤ Nt ) LEDs are activated for signal
transmission, the dimension of the channel matrix is, then,
changed to Nr × k and the resultant channel matrix L can be
represented by
⎤
l11 · · · l1 k
⎢ .
.. ⎥
..
⎥
= [l1 , l2 , . . . , lk ] = ⎢
.
. ⎦.
⎣ ..
lN r 1 · · · l N r k
⎡

.

(15)

LNr ×k

(18)

IV. USER-CENTRIC MIMO TECHNIQUES
In conventional MIMO techniques such as SD and SMP, the
transmission mode is always fixed, which is independent of the

2 Although CSI is generally utilized for MIMO demultiplexing, it has not yet
been adopted to dynamically change the MIMO transmission mode.
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Algorithm 1: LED Subset Selection in aSMP.
1: Initialize K = {1, 2, . . . , Nt }, Hc = {h1 , h2 , . . . , hNt }
2: Calculate the mean vector  = {1 , 2 , . . . , Nt } of
Hc , where t denotes the mean of ht
(t = 1, 2, . . . , Nt )
3: Sort  in the descending order and obtain the
corresponding index vector q = {q1 , q2 , . . . , qNt }
4: for k = Nt to 2 do
5:
if k = Nt then
6:
Update Lc = Hc , Qk = K
7:
Obtain L according to Lc
8:
Calculate RaSMP,k using (19)
9:
else
10:
Update Lc = Lc − {hqk }, Qk = Qk − {qk }
11:
Obtain L according to Lc
12:
Calculate RaSMP,k using (19)
13:
end if
14: end for
15: Obtain the index kopt that maximizes RaSMP,k
16: Output the optimal LED subset Qkopt

Following (15), the overall achievable rate of the VLC system
using aSMP with k activated LEDs is obtained by
k

RaSMP,k =

1
log2
2 t=1

1+

γtx
Nr 2
r=1 ltr

(19)

where 
ltr is the element in the tth row and the rth column of L† ,
i.e., the pseudo inverse of L.
The key idea of performing aSMP is to select a subset of all the
Nt LEDs for signal transmission that maximizes the achievable
rate of the VLC system. The detailed procedures of LED subset
selection in aSMP are given in Algorithm 1. In the initialization
stage, the index vector of all the LEDs in the VLC system is
defined by K = {1, 2, . . . , Nt } and the channel matrix H is
rewritten as a combination of its vector elements, i.e., Hc =
{h1 , h2 , . . . , hNt }. The mean vector  = {1 , 2 , . . . , Nt } of
Hc is first calculated, where t (t = 1, 2, . . . , Nt ) denotes the
mean of ht . Subsequently,  is sorted in the descending order
and the corresponding index vector q = {q1 , q2 , . . . , qNt } is
obtained. The iteration starts from k = Nt , where all the LEDs
are selected and the corresponding achievable rate RaSMP,k
is calculated by using (19). After that, the LED, which is the
farthest from the user, is removed from the LED subset Qk , in
order to reduce channel correlation as well as noise amplification. The channel matrix is updated and the achievable rate is,
then, calculated using the updated channel matrix accordingly.
Following this manner, the LEDs in the subset Qk are removed
one by one until there is only one LED left. Consequently, the
maximal achievable rate RaSMP,max of the aSMP-based VLC
system can be found and its corresponding index kopt can be
used to identify the optimal LED subset Qkopt .

C. Spatial Diversity-Aided Adaptive Spatial Multiplexing
In aSMP, the number of the activated LEDs for signal transmission might be smaller than the number of all the LEDs,
indicating that some of the LEDs are only driven by the dc bias
for illumination.3 From the perspective of resource utilization,
it can be seen as a waste of resource since these LEDs are
already there but not used for the purpose of communication.
To fully utilize all the resources, the third user-centric MIMO
technique is proposed, which is named SD-aSMP. In user-centric
SD-aSMP, all the LEDs are activated to transmit signals and
some of the them are used to transmit the same data stream. As
a result, SD-aSMP can be considered as a modified version of
aSMP, where the deactivated LEDs in aSMP are reactivated to
transmit the same data stream as a specific activated LED, so as
to achieve additional diversity gain. Here, we assume that the
deactivated LEDs are used to transmit the same data stream as the
activated LED, which is the farthest from the user. In this manner,
the received power of the signal transmitted by the farthest LED
can be efficiently increased due to the additional diversity gain,
and, hence, the adverse effect of noise amplification can be
further reduced in comparison to aSMP.
We assume that a subset of k LEDs are employed to transmit
different data streams and the zth (1 ≤ z ≤ k) LED in the
subset is the farthest one from the user. Therefore, the corresponding channel matrix of these k LEDs in the subset can
be expressed by WNr ×k = [w1 , . . . , wz , . . . , wk ]. In addition,
the remaining Nt − k LEDs are utilized to transmit the same
data stream as the zth LED and the channel matrix with respect
to these Nt − k LEDs can be represented by VNr ×(Nt −k) =
[v1 , v2 , . . . , vNt −k ]. Hence, the resultant channel matrix of
SD-aSMP is given by
⎤
⎡
⎥
⎢
N
t −k

⎥
⎢
⎥
w
,
.
.
.
,
w
+
v
,
.
.
.
,
w
FNr ×k = ⎢
z
i
k⎥ .
⎢ 1
⎦
⎣
i=1




(20)

the z-th column

Using ZF-based MIMO demultiplexing, the pseudo inverse
F† of F can be obtained as per (5). Therefore, based on (19), the
overall achievable rate of the VLC system adopting SD-aSMP
with k independent data streams is obtained by
k

RSD-aSMP,k =

1
log2
2 t=1

1+

γtx
Nr 2
r=1 ftr

(21)

where ftr is the element in the tth row and the rth column
of F† , i.e., the pseudo inverse of F. Algorithm 2 shows the
detailed procedures of LED subset selection for transmitting
different data streams in user-centric SD-aSMP, in which Wc =
{w1 , w2 , . . . , wk } and Vc = {v1 , v2 , . . . , vNt −k }. Consequently, the optimal LED subset Qkopt can be found for the
VLC system using SD-aSMP to achieve the maximal rate
RSD-aSMP,max .
3 A proper dc bias is generally required by each LED transmitter so as to
maintain stable illumination.
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Algorithm 2: LED Subset Selection in SD-aSMP.
1: Initialize K = {1, 2, . . . , Nt }, Hc = {h1 , h2 , . . . , hNt }
2: Calculate the mean vector  = {1 , 2 , . . . , Nt } of
Hc , where t denotes the mean of ht
(t = 1, 2, . . . , Nt )
3: Sort  in the descending order and obtain the
corresponding index vector q = {q1 , q2 , . . . , qNt }
4: for k = Nt to 2 do
5:
if k = Nt then
6:
Update Wc = Hc , Vc = ∅, Qk = K
7:
Update Fc using (20)
8:
Obtain F according to Fc
9:
Calculate RSD-aSMP,k using (21)
10:
else
11:
Update Wc = Wc − {hqk }, Vc = Vc + {hqk },
Qk = Qk − {qk }
12:
Update Fc using (20)
13:
Obtain F according to Fc
14:
Calculate RSD-aSMP,k using (21)
15:
end if
16: end for
17: Obtain the index kopt that maximizes RSD-aSMP,k
18: Output the optimal LED subset Qkopt

V. PERFORMANCE EVALUATION AND COMPARISON
In this section, we evaluate and compare the performance
of conventional and user-centric MIMO techniques in a typical
indoor VLC system through numerical simulations.

Fig. 1.

(a) Geometric setup and (b) top view of the 4 × 4 MIMO-VLC system.

A. Simulation Setup
In our simulations, we use MATLAB as the simulator and
consider a 4 × 4 MIMO-VLC system in an indoor environment
with a dimension of 5 m × 5 m × 3 m. The geometric setup of the
4 × 4 MIMO-VLC system is shown in Fig. 1(a), where X (m),
Y (m), and Z (m) indicate the three axes of the 3-D coordinate
system with unit meter, respectively. Four LEDs are mounted in
the ceiling and the user equipped with a 2 × 2 PD array is located
within the receiving plane, which is 0.85 m above the floor. The
LEDs are oriented downwards to point straight to the receiving
plane and the PDs are vertically oriented toward the ceiling.
As can be seen from Fig. 1(b), both the LEDs and the PDs are
placed in a square grid. The center of the LED array is (2.5, 2.5,
and 3 m), i.e., the center of the ceiling, and the spacing between
adjacent two LEDs is denoted by dLED . The center of the PD
array is determined by the position of the user and the spacing
between adjacent two PDs is given by dPD . The key simulation
parameters are listed in Table I. The semiangle at half power
and the maximum luminous intensity of each LED are 70◦ and
3000 cd, respectively. The gain of the optical filter is 0.9. The
refractive index and the half-angle FOV of the optical lens are 1.5
and 70◦ , respectively. Each PD has a responsivity of 0.53 A/W
and an active area of 1 cm2 . The modulation bandwidth is set
to 20 MHz and the noise PSD is 10−22 A2 /Hz. For OFDM
modulation, the size of inverse fast Fourier transform (IFFT)

TABLE I
SIMULATION PARAMETERS

and fast Fourier transform (FFT) is 128 and the number of data
subcarrier is 63. The constellation of binary phase shift keying
(BPSK) is adopted for SNR estimation via the received error
vector magnitude value.
B. Achievable Rate
We first investigate the achievable rates of conventional and
user-centric MIMO techniques in the indoor 4 × 4 MIMO-VLC
system. Fig. 2 shows the achievable rate versus the transmit SNR
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Fig. 2. Achievable rate versus transmit SNR for aSMP and SD-aSMP with
different number (k) of independent data streams at the center of the room for
dLED = 3 m and dPD = 20 cm. Markers show the simulation results and lines
give the corresponding analytical results.

for aSMP and SD-aSMP with totally k independent data streams
at the center of the receiving plane for LED spacing dLED = 3 m
and PD spacing dPD = 20 cm. In Fig. 2, the simulation results
and the analytical results are given by the markers and the lines,
respectively. As can be seen, the simulation results agree well
with the analytical predictions.
Applying (2) to this geometric scenario yields the following
4 × 4 channel matrix:
⎡
⎤
1.992 1.760 1.567 1.760
⎢ 1.760 1.567 1.760 1.992 ⎥
⎢
⎥
(22)
H4×4 ≈ 10−6 ⎢
⎥.
⎣ 1.567 1.760 1.992 1.760 ⎦
1.760 1.992 1.760 1.567
It can be seen from (22) that the channel coefficients are on
the order of 10−6 , which is corresponding to an electrical path
loss of about 120 dB at the receiver side. Therefore, in order to
evaluate the achievable rates of different MIMO techniques over
a wide range of SNRs, the transmit SNR in the evaluation is set
in the range between 120 to 200 dB.
When aSMP is employed in the indoor 4 × 4 MIMO-VLC
system, as shown by the dashed lines in Fig. 2, the achievable
rates of aSMP are quite different when k takes different values.
For aSMP with k = 1, only one LED is activated to transmit
signal while the other three LEDs are simply used for indoor
illumination. As we can see, the achievable rate has nearly a
linear relationship with the transmit SNR in the unit of dB. For
example, the achievable rate is 10.2 bit/s/Hz when the transmit
SNR is 170 dB, which is increased to 11.8 bit/s/Hz when the
transmit SNR is 180 dB. However, for aSMP with k = 2, 3 and
4, more than one LED is activated to transmit independent data
streams and MIMO demultiplexing is usually required, which
leads to noise amplification and the reduction of achievable rate.
It can be observed that the achievable rate increases slowly with

Fig. 3. Achievable rate comparison of SD, SMP, SD/SMP switching
(SD/SMP), aSMP and SD-aSMP at the center of the room with dLED = 3 m
and dPD = 20 cm. Markers show the simulation results and lines give the
corresponding analytical results.

the transmit SNR when the transmit SNR is relatively small,
showing that the achievable rate is mainly dominated by the
adverse effect of noise amplification in the small SNR region.
In contrast, when the transmit SNR becomes relatively large,
the achievable rate is almost linearly increased with the transmit
SNR, suggesting that the achievable rate is mainly dominated
by the multiplexing gain in the large SNR region. Furthermore,
it can be seen that SD-aSMP achieves higher rate than aSMP for
k = 1, 2 and 3, as depicted by the solid lines in Fig. 2. When
k = 1, SD-aSMP becomes the conventional SD since all the
LEDs are used to transmit the same data stream, which outperforms aSMP due to high diversity gain. In addition, when k =
4, both aSMP and SD-aSMP become the conventional SMP.
It is important for us to observe from Fig. 2 that the k value to
achieve the maximum rate is different for different transmit SNR
conditions. For example, the maximum rate of aSMP is achieved
for k = 1 when the transmit SNR is in the range between 120
to 146.8 dB. However, when the transmit SNR is larger than
146.8 dB, the k value to achieve the maximum rate of aSMP
becomes 3. Similarly, the k value to achieve the maximum rate of
SD-aSMP is 1 in the small SNR region and the k value becomes
3 in the large SNR region. The only difference is that the SNR
boundary is increased from 146.8 to 149.5 dB. In summary, the
achievable rates of both aSMP and SD-aSMP can be maximized
by choosing proper k values.
Fig. 3 compares the achievable rate of conventional and usercentric MIMO techniques at the center of the receiving plane
with dLED = 3 m and dPD = 20 cm. It can also be clearly observed
that the obtained simulation results closely match the analytical
predictions. As we can see, SMP performs the worst in the small
SNR region, which is due to the substantial noise amplification
in MIMO demultiplexing. Moreover, SD performs the best in
the small SNR region owing to its high diversity gain. With
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the increase of the transmit SNR, the achievable rate of SMP
increases rapidly due to its high multiplexing gain. The same
rate of about 12.6 bit/s/Hz can be achieved by both SD and SMP
at a transmit SNR of 173.1 dB, and SMP outperforms SD when
the transmit SNR is larger than 173.1 dB.
By adopting user-centric SD/SMP switching, as shown in
Fig. 3, the MIMO-VLC system enjoys high diversity gain in
the small SNR region and high multiplexing gain in the large
SNR region. When applying user-centric aSMP, only an optimal
subset of LEDs are selected to transmit independent data streams
and, hence, the adverse effect of noise amplification can be mitigated, which leads to a substantial rate improvement compared
with SMP. Nevertheless, aSMP performs worse than SD in the
small SNR region.4 In contrast, user-centric SD-aSMP achieves
the best performance among all conventional and user-centric
MIMO techniques over both small and large SNR regions. As
we can see, SD-aSMP achieves the same rate as SD and SD/SMP
switching in the small SNR region, but outperforms aSMP. More
specifically, as can be found in the inset of Fig. 3, the achievable
rates of SD-aSMP are 2 and 1.2 bit/s/Hz higher than that of
aSMP when the transmit SNRs are 147 and 151 dB, respectively.
The achievable rate improvement of SD-aSMP in comparison
to aSMP is due to the additional diversity gain.
In Figs. 2 and 3, we investigate and compare the achievable rates of conventional and user-centric MIMO techniques
at the center of the room. In order to present the overall
performance of different MIMO techniques around the entire
receiving plane, we further evaluate the achievable rate distributions over the receiving plane in the indoor 4 × 4 MIMOVLC system, where the transmit SNR is 180 dB, the LED
spacing is 3 m and the PD spacing is 20 cm. Fig. 4(a) and
(b) show the achievable rate distributions using conventional
SD and SMP, respectively. As we can see, the achievable rate
using SD is in the range between 13.6 and 14 bit/s/Hz, while
it is between 10.3 and 25.1 bit/s/Hz when using SMP. As a
result, the achievable rate distribution of SD is quite flat over
the receiving plane, while the maximum rate of SMP is achieved
when the user is located at the center and the rate reduces rapidly
when the user moves toward the corners. Fig. 4(c) depicts the
achievable rate distribution using user-centric SD/SMP switching, where the MIMO-VLC system is in the SMP mode when
the user is located near the center of the room and it switches
to the SD mode when the user is near the four corners. In
contrast, by applying user-centric aSMP, the achievable rate
can be significantly improved across the whole room, as shown
in Fig. 5(a), which is contributed by exploiting users’ spatial
positions as a new degree of diversity. Moreover, it can be
observed from Fig. 5(b) that the overall achievable rate can be
further improved by applying SD-aSMP. Since illumination is
the primary function of the LEDs in the indoor MIMO-VLC
system, we also evaluate the illumination performance of the
system. Fig. 6 illustrates the horizontal illuminance across the
receiving plane, where the achievable illuminance is in the
range between 680 to 880 lx within the room, which can meet
4 This performance gap in the small SNR region is mainly due to the existence
of deactivated LED(s) in aSMP.
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Fig. 4. Achievable rate distribution: (a) SD, (b) SMP, and (c) SD/SMP switching with γtx = 180 dB, dLED = 3 m, and dPD = 20 cm.

the illumination requirements suggested by the European lighting standard [41].
In the above evaluations, we only consider the indoor 4 × 4
MIMO-VLC system with a specific geometric setup and a fixed
transmit SNR. In the following, we analyze the achievable rate
performance of the system applying the proposed user-centric
MIMO techniques under various transmit SNR conditions and
geometric setups. Fig. 7 shows the cumulative distribution
function (CDF) plots of the achievable rates using user-centric
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Fig. 7. CDF plot of achievable rate for three user-centric MIMO techniques
with dLED = 3 m, dPD = 20 cm, and different γtx values. SD/SMP: SD/SMP
switching; aSMP: adaptive SMP; SD-aSMP: SD-aided adaptive SMP.

Fig. 5. Achievable rate distribution: (a) aSMP and (b) SD-aSMP with
γtx = 180 dB, dLED = 3 m, and dPD = 20 cm.

Fig. 8. CDF plot of achievable rate for three user-centric MIMO techniques
with γtx = 180 dB, dPD = 20 cm and different dLED values. SD/SMP: SD/SMP
switching; aSMP: adaptive SMP; SD-aSMP: SD-aided adaptive SMP.

Fig. 6.

Illumination distribution over the receiving plane.

SD/SMP switching, aSMP, and SD-aSMP for the LED spacing of 3 m and the PD spacing of 20 cm with two different
transmit SNR conditions. It is clear that the achievable rate can
be substantially improved when the transmit SNR is increased
from 170 to 180 dB, for all the three user-centric MIMO techniques. Taking SD/SMP switching, for example, the minimum

achievable rate across the whole room is increased from 17.2
to 25.1 bit/s/Hz, indicating an achievable rate improvement of
7.9 bit/s/Hz in corresponding to a 10-dB transmit SNR increase.
In Fig. 8, we fix the transmit SNR to 180 dB, set the PD
spacing to 20 cm, and vary the LED spacing between 2 and
3 m. As we can see that the minimum achievable rates across
the whole room for all the three user-centric MIMO techniques
are reduced when the LED spacing is increased from 2 to 3 m,
showing that the performance of the 4 × 4 MIMO-VLC system
is largely dependent on the layout of the LED array in the ceiling.
Moreover, Fig. 9 compares the achievable rates with different PD
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TABLE II
FEEDBACK REQUIREMENT

D. Feedback Requirement

Fig. 9. CDF plot of achievable rate for three user-centric MIMO techniques
with γtx = 180 dB, dLED = 3 m, and different dPD values. SD/SMP: SD/SMP
switching; aSMP: adaptive SMP; SD-aSMP: SD-aided adaptive SMP.

spacing with the transmit SNR of 180 dB and the LED spacing of
3 m. It can be observed that the minimum achievable rates across
the whole room for all the three user-centric MIMO techniques
are greatly improved when the PD spacing is increased from
10 to 20 cm, which is mainly due to the substantial channel
correlation reduction with the increased PD spacing in the 4 × 4
MIMO-VLC system.

C. Computational Complexity
Based on the above evaluations, we can see that user-centric
aSMP and SD-aSMP greatly outperform conventional SD and
SMP, as well as SD/SMP switching. In this section, we analyze
the computational complexity of the aSMP and SD-aSMP receivers. Since IM/DD is generally used in typical MIMO-VLC
systems, the elements of the MIMO channel matrix are all
real values. Here, we only consider the multiplication and the
addition of real numbers as operations.
In this article, ZF-based MIMO demultiplexing is adopted
due to its simplicity and low complexity. ZF criterion generally
requires two matrix multiplications and one matrix inversion.
For Nr × Nt SMP, the matrix multiplication requires Nt2 Nr real
operations and the matrix inversion needs 4Nt3 real operations.
Therefore, the ZF-based SMP requires a total of 4Nt3 + 2Nt2 Nr
real operations. For Nr × Nt aSMP or SD-aSMP, according to Algorithms 1 and 2, the total number of real operat
3
2
tions is the same, which is obtained by N
k=1 4 k + 2 k Nr .
Nt
3
2
3
2
Since k=1 4 k + 2 k Nr < Nt (4Nt + 2Nt Nr ), the computational complexity of aSMP or SD-aSMP is on the same order
as conventional SMP when Nt is not very large. Therefore, the
proposed user-centric MIMO techniques can be successfully implemented in practical VLC systems with only slightly increased
computational complexity.

In order to successfully implement the proposed user-centric
MIMO techniques, a certain amount of feedback information
via the uplink transmission is required to adaptively control
the ceiling LEDs. The uplink channel can be either a Wi-Fi
channel or an infrared channel [6]. Table II lists the number of
required feedback bits of three user-centric MIMO techniques.
For SD/SMP switching, all the LEDs are working in the same
mode, which is either SD or SMP. Hence, only 1 bit feedback
information is required for adaptive mode switching [42]. For
aSMP, each LED will have two working modes. In the first
mode, the LED is driven by both the dc bias and the ac signal
for simultaneous lighting and communication. In the second
mode, the LED is driven by the dc bias for illumination only. To
individually control the working mode of each LED in an indoor
Nr × Nt MIMO-VLC system, a total number of Nt feedback
bits is required. However, for SD-aSMP, two parts of feedback
information are required. The first part is to individually control
the working mode of each LED, which requires Nt feedback
bits. The second part is to indicate the index of a specific LED
in the LED subset used to transmit independent data streams,
which is the farthest from the user, since the rest of LEDs,
which are not in the subset, transmit the same data stream as
this specific LED. In order to do so, a number of log2 Nt
feedback bits is required, where · is the ceiling operator, which
outputs an integer larger or equal to its input value. Hence, a
total of Nt + log2 Nt feedback bits are required for SD-aSMP.
It can be concluded from Table II that the required feedback
information for implementing the proposed user-centric MIMO
techniques is quite limited.
E. Feasibility Discussions
The substantial achievable rate improvement of user-centric
MIMO techniques over conventional ones is achieved by fully
exploiting users’ spatial positions as a new degree of diversity,
which requires adaptive control of the inputs of different LED
transmitters according to the spatial position of the user. Due
to user mobility in practical indoor environments, users’ spatial
positions might be changing with time. In consequence, it is
necessary to discuss the feasibility of applying user-centric
MIMO techniques in practical VLC systems with mobile users.
To achieve dynamic MIMO mode selection as in SD/SMP
switching and dynamic LED subset selection as in aSMP or
SD-aSMP, the channel state information (CSI) of a MIMO-VLC
system should be first obtained. For efficient CSI estimation, a
time-multiplexed training approach can be employed in MIMOVLC systems [43]. It should be noted that user-centric MIMO
techniques require the same signal overhead for CSI estimation
as the conventional ones.
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It has been shown by [44] that typical VLC systems within
a dynamic indoor environment can achieve robust performance
and offer excellent mobility even for high user density. Based on
these practical measurements, it is believed that VLC systems
applying user-centric MIMO techniques can also achieve stable
performance. Moreover, indoor users are normally located at
some fixed positions or moving with a relatively slow speed,
suggesting a relative low speed of channel change. As a result,
the frequency of updating feedback information is not high and
the uplink delay should have negligible impact on the performance of user-centric MIMO enhanced VLC systems, and hence
the proposed user-centric MIMO techniques can be applied to
VLC systems with mobile users. To support multiple users,
orthogonal frequency division multiple access can be adopted
where each user will be allocated with a group of subcarriers, i.e.,
a sub-band from the overall bandwidth, and user-centric MIMO
techniques can be applied within the allocated sub-band of each
user without interuser-intereference due to the orthogonality of
different sub-bands.
VI. CONCLUSION
In this article, we have proposed and investigated three usercentric MIMO techniques for achievable rate improvement of
indoor VLC systems, including SD/SMP switching, aSMP, and
SD-aSMP. Compared to conventional MIMO techniques such
as SD and SMP, the proposed user-centric MIMO techniques
treat the users spatial positions as a new degree of diversity and
fully exploit the achievable rate by selecting an optimal working mode for each LED in the MIMO-VLC system. For both
aSMP and SD-aSMP, two algorithms for optimal LED subset
selection have been developed. We have derived the achievable
rates of both conventional and user-centric MIMO techniques
with regard to the transmit SNR. It is shown by the detailed
simulation results that, in an indoor 4 × 4 MIMO-VLC system,
the achievable rate can be significantly improved by applying
the proposed user-centric MIMO techniques compared to the
conventional ones. Moreover, the impact of various transmit
SNR conditions and geometric setups on the achievable rate of
user-centric MIMO-based VLC systems has also been evaluated.
Besides, based on our analysis of the computational complexity,
it is verified that user-centric MIMO outperforms conventional
MIMO under the condition of slightly increased computational
complexity with limited feedback information. In summary, this
article presents a comprehensive investigation on our proposed
user-centric MIMO techniques and the obtained results demonstrate their feasibility and advantages in practical MIMO-VLC
systems. In our future work, the bit error rate performance of
user-centric MIMO-VLC systems in experiments will be further
investigated.
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