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ABSTRACT To support multiple users in an indoor multiple-input multiple-output visible light com-

munication (MIMO-VLC) system adopting spatial multiplexing, orthogonal frequency division multiple
access (OFDMA) is usually adopted, where the overall modulation bandwidth is shared by all the users.
In this paper, by fully exploiting the spatial distributions of light-emitting diode (LED) transmitters
in the ceiling and end users around the receiving plane, we propose a space division multiple access
(SDMA) technique for indoor spatial multiplexing-based MIMO-VLC systems. When applying SDMA,
users within the MIMO-VLC system are divided into different user groups (UGs) based on their spatial
locations with respect to different LED transmitters. Specifically, each UG can use the overall modulation
bandwidth of the system. For efficient implementation of SDMA, two distributed user grouping (DUG)
approaches are proposed, including basic DUG and transmit diversity-enhanced DUG (TD-DUG), and a
two-step resource allocation algorithm is further designed. The achievable rates of the MIMO-VLC system
employing SDMA with both basic DUG and TD-DUG are derived accordingly. To verify the superiority
of SDMA over conventional OFDMA, detailed analytical and simulation results are presented. Moreover,
a proof-of-concept experiment is conducted to demonstrate the advantage of SDMA in a practical spatial
multiplexing-based MIMO-VLC system.
INDEX TERMS Distributed user grouping (DUG), multiple-input multiple-output (MIMO), space division

multiple access (SDMA), visible light communication (VLC).

I. INTRODUCTION

I

T IS predicted that light-emitting diodes (LEDs) will gradually replace conventional incandescent and fluorescent
lamps for indoor lighting and become the dominator of the
global illumination market in the near future. The wide application of white LEDs for indoor illumination is due to their
many inherent advantages such as high energy efficiency,
long lifetime, enhanced tolerance against humidity, limited
heat generation, low cost and small size [1]. Besides illumination, white LEDs can also be switched on and off at a

relatively high speed such that human eyes cannot perceive
the changes in light intensity, but a perceptive photodetector can detect and interpret the light intensity variations.
Consequently, visible light communication (VLC), which
explores LEDs to transmit data and meanwhile maintains
their primary function of illumination, has been proposed
and extensively investigated in recent years [2]–[4]. VLC has
been envisioned as a promising complementary technology
to traditional radio-frequency (RF) technologies. By exploiting high-speed, bidirectional and networked VLC systems,
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light-fidelity (LiFi) can be deployed in typical indoor environments [5]. Compared with traditional RF technologies
such as wireless-fidelity (WiFi), VLC/LiFi enjoys many
exiting advantages such as huge and unregulated spectrum,
potentially high data rate, low-cost front-ends and no electromagnetic interference (EMI) [6]. Leveraging the dual-use
of LEDs for simultaneous indoor illumination and wireless communication, many other emerging applications of
VLC has been reported, such as positioning and localization,
sensing, object ranging and detecting, and so on [7]–[9].
Although white LEDs have abundant unregulated spectrum ranging from about 380 to 780 nm, the practically
available 3-dB modulation bandwidth of commercial off-theshelf (COTS) white LEDs is usually very small, especially
for the phosphor-coated white LEDs which is only about
several MHz [10]. As a result, it is quite challenging to
achieve high-speed and large-capacity VLC systems by
utilizing low-cost COTS white LEDs. To overcome the
bandwidth limitation, many capacity-enhancing techniques
have been proposed for VLC systems using COTS white
LEDs so far, including frequency domain equalization (FDE)
schemes for substantial extension of LED modulation bandwidth [11]–[13], spectral-efficient modulation formats such
as orthogonal frequency division multiplexing (OFDM) using
high-order quadrature amplitude modulation (QAM) constellations [14], [15], and multiple-input multiple-output
(MIMO) transmission [16], [17]. In particular, MIMO is
a very natural and efficient way to improve the achievable
capacity of an indoor VLC system, since multiple LEDs are
commonly mounted in the ceiling of a typical indoor environment so as to obtain sufficient and uniform illumination [18].
Conventional MIMO transmission techniques mainly include
repetition coding, spatial multiplexing and spatial modulation [19]. Among them, spatial multiplexing is one of
the most widely adopted MIMO transmission techniques
in bandlimited MIMO-VLC systems due to its high spectral efficiency [16], [20]. Moreover, MIMO-VLC systems
can be generally divided into two categories based on the
type of the adopted optical lens: one is non-imaging MIMO
which might suffer from high inter-channel interference
(ICI) [16], [17], and the other is imaging MIMO which
utilizes specially designed imaging receivers to eliminate
ICI [21]–[23]. Although imaging MIMO can achieve negligible ICI, its performance largely depends on the specific lens
design of the imaging receiver, which inevitably increases
the complexity and cost of MIMO-VLC systems [24]. In
the following, MIMO is specifically referred to non-imaging
MIMO applying spatial multiplexing.
In a practical indoor MIMO-VLC system, there might be
more than one user within the system coverage and hence an
efficient multiple access scheme should be adopted to support multiple users simultaneously. To date, several schemes
have been reported in literature. In [25], [26], precoding techniques have been applied in multiuser MIMO-VLC systems,
which can help to remove multi-user interference (MUI)
and hence separate the received signals for different users.
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Nevertheless, since COTS white LEDs usually have a very
limited dynamic range and suffer from severe LED nonlinearity, the practical implementation of precoding might be
quite challenging [27]. As a multiple access scheme generated from OFDM, orthogonal frequency division multiple
access (OFDMA) has already been applied in multiuser VLC
systems [28], [29], where the overall modulation bandwidth
of the system is divided and shared by all the users. However,
the available bandwidth of each individual user becomes relatively small due to spectrum partitioning, which inevitably
leads to reduced achievable rate, especially when the VLC
system is expected to support a large number of users.
Lately, the space division multiple access (SDMA) technique has been proposed for multiuser VLC systems.
In [30], SDMA based on optical beamforming was
proposed, which has high implementation complexity due
to the use of a LED light, a spatial light modulator
(SLM) and a LED/SLM controller. In [31], SDMA was
achieved by substituting the conventional single-element
LED transmitter with a well-designed angle diversity
transmitter, which has a relatively complicated structure
consisting of multiple directional narrow-beam LED elements. In [32], an adaptive Walsh-Hadamard transform
spreading-assisted SDMA-OFDM scheme was proposed
to enhance multi-user downlink capability in multiuser
MIMO-VLC systems, where SDMA was achieved by using
an imaging receiver. In brief, the state-of-the-art SDMA
techniques proposed for multiuser VLC or MIMO-VLC
systems are mainly based on the use of specially designed
transceiver structures, which inevitably increase complexity
and cost.
In this paper, we propose a SDMA technique for
multiuser MIMO-VLC systems, without using specially
designed transceiver structures. The preliminary results were
presented in the IEEE Global Communications Conference
(GLOBECOM), 2019 [33]. The proposed SDMA aims to
improve the available bandwidth of each user and hence
enhance the achievable rate of the MIMO-VLC system,
while keeping the implementation complexity as low as possible. The main contributions of this work are summarized
as follows:
• A novel SDMA technique is proposed to simultaneously
support multiple users in an indoor single-cell multiuser
MIMO-VLC system, where users within the system can
be efficiently divided into different user groups (UGs),
according to the distinctive spatial positions of the ceiling LEDs and the relative positions of users with respect
to different LEDs. Consequently, each UG can utilize
the overall modulation bandwidth of the system.
• Two distributed user grouping (DUG) approaches are
proposed for efficient user grouping in SDMA-enabled
MIMO-VLC systems, which can be easily implemented by evaluating the signal-to-noise ratio (SNR)
performance of the users within the system.
• A two-step resource allocation algorithm is designed
for MIMO-VLC systems employing SDMA with DUG,
VOLUME 1, 2020

FIGURE 1. Schematic diagram of a single-cell K -user N × N MIMO-VLC system using (a) conventional OFDMA and (b) SDMA with distributed user grouping. Only the k -th user
is shown for illustration.

which involves both inter-UG space allocation and
intra-UG subcarrier allocation.
• Based on the obtained detailed analytical, simulation and experimental results, we successfully verify
the superiority of SDMA over conventional OFDMA
in terms of the achievable sum rate of MIMO-VLC
systems.
The rest of this paper is organized as follows. Sections II
and III describe the model of an indoor multiuser MIMOVLC system using conventional OFDMA and the proposed
SDMA, respectively. Analytical and simulation results are
presented in Section IV and experimental results are provided
in Section V. Finally, Section VI concludes the paper.
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. MIMO-VLC USING CONVENTIONAL OFDMA

In this section, we first describe the mathematical model
of an indoor multiuser MIMO-VLC system using conventional OFDMA. It is assumed that there are totally N LEDs
mounted in the ceiling and K users randomly located over
the receiving plane, where each user is assumed to be
equipped with N photodiodes (PDs) which are vertically
oriented towards the ceiling. For simplicity and without
loss of generality, the system is assumed to have a flat
frequency response with an overall modulation bandwidth
VOLUME 1, 2020

of B. Moreover, DC-biased optical OFDM (DCO-OFDM)
modulation is adopted in the MIMO-VLC system [34]. Then,
we further analytically derive the achievable rate of each
user and the achievable sum rate of all the K users in the
MIMO-VLC system using conventional OFDMA.
A. PRINCIPLE OF CONVENTIONAL OFDMA

Fig. 1(a) depicts the schematic diagram of an indoor singlecell K-user N × N MIMO-VLC system using conventional
OFDMA, where only the k-th (k = 1, 2, . . . , K) user is
shown for illustration. By applying conventional OFDMA,
the overall modulation bandwidth of the system is divided
into K subbands and each user is allocated with one subband
for signal transmission. The corresponding resource allocation scheme for conventional OFDMA is shown in Fig. 2(a).
In this work, we assume that each user is allocated with an
equal number of data subcarriers, i.e., bandwidth, and also
an equal transmit electrical power. Therefore, the allocated
bandwidth for the k-th user is obtained by Bk = KB .
As can be seen from Fig. 1(a), the input data of the k-th
user are first split into N streams and each data stream is fed
into an OFDMA encoder where DCO-OFDM modulation is
performed. Subsequently, the outputs of N OFDMA encoders
are used to drive N LEDs for simultaneous illumination and
wireless communication. Letting x = [x1 , x2 , . . . , xN ]T be
the transmitted electrical OFDM signal vector with a power
of Ps , after free-space propagation, the received OFDM signal vector at the k-th user, i.e., yk = [yk,1 , yk,2 , . . . , yk,N ]T ,
can be expressed by
yk = Hk x + nk ,

(1)
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Moreover, the additive noise consists of both thermal and
shot noises which can be generally modeled as a realvalued zero-mean additive white Gaussian noise (AWGN)
with power Pn = N0 Bm , where N0 is the power spectral density (PSD) of the additive noise and Bm is the modulation
bandwidth [19].
To successfully decode the intended signal for the k-th
user, MIMO de-multiplexing is first performed at the receiver
side by using the estimated channel matrix. Due to its simplicity and low computational complexity, zero forcing (ZF)
with basic channel inversion is adopted to perform MIMO
de-multiplexing in the following analysis [36]. Hence, the
transmitted OFDM signal vector for the k-th user can be
estimated by multiplying the pseudo inverse (PI) of Hk
with yk :

FIGURE 2. Illustration of resource allocation in a single-cell K -user N × N MIMO-VLC
system using (a) conventional OFDMA and (b) SDMA with distributed user grouping.

where Hk is the N × N MIMO channel matrix for the k-th
user and nk = [nk,1 , nk,2 , . . . , nk,N ]T is the corresponding
additive noise vector. The pre-estimated channel matrix Hk
can be expressed by
⎤
⎡
hk,11 · · · hk,1N
⎢
.. ⎥,
..
Hk = ⎣ ...
(2)
.
. ⎦
hk,N1

···

hk,NN

where the element hk,ji is the channel gain between the i-th
(i = 1, 2, . . . , N) LED and the j-th (j = 1, 2, . . . , N) PD
of the k-th user. As reported in [35], a time-multiplexed
training approach can be adopted for efficient estimation of
the channel matrix Hk in the MIMO-VLC system.
Assuming each LED follows a Lambertian radiation
pattern and only considering the line-of-sight (LOS) components [16], the LOS channel gain is calculated by
hk,ji =


(m + 1)ρA m 
cos ϕk,ji Gf Gl cos θk,ji ,
2
2π dk,ji

(3)

where m is the order of Lambertian emission which is defined
by m = −ln2/ln(cos()) with  being the semi-angle at
half power of each LED transmitter; ρ and A are the responsivity and the active area of the PD, respectively; dk,ji is the
distance between the j-th PD of the k-th user and the i-th
LED; ϕk,ji and θk,ji are the corresponding emission angle
and incident angle, respectively; Gf and Gl are the gains
of the optical filter and the optical lens, respectively. The
2
gain of the optical lens is given by Gl = n2 , where n
sin 
and  are the refractive index and the half-angle field-ofview (FOV) of the optical lens, respectively [2]. Note that
the LOS channel gain becomes zero if the incident light is
outside the FOV of the receiver.
946

x̂k = Hk yk = x + Hk nk ,

(4)

where the PI of Hk , i.e., Hk , is given by

−1
Hk = H∗k Hk H∗k .

(5)

In (5), H∗k is the conjugated transpose of Hk and (·)−1
denotes the inverse of a matrix.
According to (4) and (5), the estimate of the i-th data
stream corresponding to the i-th LED for the k-th user is
obtained by
N

x̂k,i = xi +

hk,ij nk,j ,

(6)

j=1

where hk,ij is the element in the i-th row and the j-th column
of Hk . Subsequently, OFDMA decoding is performed and
the output data of the k-th user can be obtained by combining
all the recovered N data streams together.
B. ACHIEVABLE RATE

Based on (6), the SNR of x̂k,i can be calculated by
γk,i =

Ps
N
2
j=1 hk,ij Pn

=

γtx
,
N
2
j=1 hk,ij

(7)

where γtx = PPns denotes the transmit SNR. In typical MIMOVLC systems, the received SNRs of different channels might
be different due to different transmission paths. Hence, it is
difficult to use received SNR as the metric to evaluate the
performance of MIMO-VLC systems. Instead, transmitter
SNR is the same for all the channels and hence allows a
fair performance comparison as discussed in [19]. Therefore,
transmit SNR is adopted in the following analysis.
Due to the average and peak power constraints and the
non-negativity of the modulated optical signal, the classic
Shannon equation is not applicable for achievable rate calculation in typical VLC systems and the exact capacity
calculation of the VLC channel still remains a challenging open question. Nevertheless, several upper and lower
bounds have been derived in literature. Here, we adopt the
lower bound derived in [37] as an approximation of the
VOLUME 1, 2020

capacity of the VLC channel. Therefore, following [37], the
achievable rate of the i-th data stream of the k-th user can
be approximated by

e
1
(8)
Rk,i = Bk log2 1 +
γk,i ,
2
2π
where Bk = KB . Hence, the achievable rate of the k-th user
in the K-user N × N MIMO-VLC system using conventional
OFDMA is given by the summation of the achievable rates
of all the N data streams:
N
N

e
B
γk,i .
(9)
Rk,i =
log2 1 +
Rk =
2K
2π
i=1

i=1

Consequently, the achievable sum rate of all the K users in
the N × N MIMO-VLC system using conventional OFDMA
is obtained by
K

R=

Rk
k=1

B
=
2K

K



N

log2 1 +
k=1 i=1

eγtx
2π

N
2
j=1 hk,ij


.

(10)

III. MIMO-VLC USING SDMA

It can be observed from Fig. 2(a) that the overall modulation
bandwidth of the K-user N×N MIMO-VLC system is shared
by all the K users. As a result, the available bandwidth of
each user is relatively small, which limits both the achievable
rate of each user and the sum rate of all users, especially
when there are a relatively large number of users within
the system coverage. To increase the available bandwidth of
each user and hence improve the achievable rate/sum rate,
we propose a novel multiple access technique, i.e., SDMA,
for practical indoor single-cell MIMO-VLC systems. In the
following, the principle of SDMA and the corresponding
theoretical derivations are presented for a general MIMOVLC system with an arbitrary number of users K and an
arbitrary LED layout with N LEDs.
A. PRINCIPLE OF SDMA

The schematic diagram of an indoor K-user N × N
MIMO-VLC system using SDMA with distributed user
grouping (DUG) is illustrated in Fig. 1(b). As we can see,
the input data of the k-th user is only transmitted by a single LED when using SDMA, whereas all the N LEDs are
used to transmit the input data of the k-th user in conventional OFDMA. Particularly, the selection of a specific LED
for the k-th user is based on the proposed DUG approach,
which has a vital impact on the performance of SDMA.
The detailed procedures to perform DUG will be discussed
in Section III-B. At the receiver side, the output data of
the OFDMA decoder which is corresponding to the specific
LED assigned to the k-th user is selected as the output data
of the k-th user.
For a K-user N × N MIMO-VLC system using SDMA
with DUG in a practical indoor environment, all the K users
VOLUME 1, 2020

are divided into totally N groups and the i-th UG, i.e., UG-i,
consists of Ki users with N
i=1 Ki = K. Each UG is corresponding to a specific LED in the ceiling and the number
of UGs is exactly the same as the number of LEDs in
the MIMO-VLC system. The resource allocation strategy of
SDMA is shown in Fig. 2(b), where different UGs can be
distinguished in the spatial domain and each UG can use the
overall modulation bandwidth B of the MIMO-VLC system.
B. DISTRIBUTED USER GROUPING

Based on the above discussions, it can be found that user
grouping plays an important role in SDMA based indoor
single-cell MIMO-VLC systems. In the following, we further propose two DUG approaches to efficiently group users
with different spatial locations. The fundamental principle
of the proposed DUG approaches is to group users based
on their SNR conditions with respect to different LEDs. It
should be noted that each UG is corresponding to a specific LED and all the users within this UG will receive their
intended signals from this specific LED, while treating the
unintended signals from other LEDs as interference. This
is quite different from the conventional OFDMA technique,
where each user receives the intended signals from all the
LEDs in the MIMO-VLC system [19].
Specifically, when there is only a single user within the
i-th UG, i.e., Ki = 1, this user can use the entire modulation bandwidth B for signal transmission. Moreover, when
there are multiple users within the i-th UG, i.e., Ki > 1, the
OFDMA technique can be adopted for intra-UG multiple
access. For the i-th UG with Ki ≥ 1 users, the overall modulation bandwidth B is shared by these Ki users. Similarly,
by assuming equal bandwidth allocation, the available bandwidth of the k-th user in the i-th UG is then given by
Bk,i = KBi . However, there exist a special case that there
might be no users within the i-th UG, i.e., Ki = 0. For
better clarity of description, we here name the LED corresponding to an empty UG as an idle LED while the LED
corresponding to a non-empty UG as a serving LED. When
there are idle LEDs in the system, proper manners should be
developed to handle these idle LEDs. Generally, for Ki ≥ 0,
two DUG approaches are proposed for SDMA based MIMOVLC systems in the following, including basic DUG and
transmit diversity-enhanced DUG.
1) BASIC DUG

In order to determine the specific UG that the k-th user
belongs to, we first refer to the SNR of x̂k,i , i.e., γk, i as
derived by (7). Then, we can obtain the corresponding SNR
vector  k for the k-th user as follows


 k = γk,1 , γk,2 , . . . , γk,N ,
(11)
where the element γk,i is with respect to the i-th LED. Based
on (11), the index of the UG which the k-th user belongs
to, i.e., Ik , can be identified by obtaining the index of the
largest element of  k , i.e., the index of the specific LED
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FIGURE 3. Illustration of (a) basic DUG and (b) TD-DUG in a single-cell 4 × 4
MIMO-VLC system using SDMA.

with respect to which a maximum SNR can be achieved by
the k-th user:
Ik = arg max γk,i , i ∈ {1, 2, . . . , N}.
i

(12)

By utilizing (12), the k-th user can be assigned to its corresponding UG, i.e., UG-Ik , and therefore all the K users in
the indoor N × N MIMO-VLC system can be successfully
grouped. By counting the number of users assigned to each
UG, we can obtain the values of Ki and further determine
whether there are idle LEDs in the system or not.
In the basic DUG approach, the idle LEDs if any are simply deactivated for signal transmission and only DC biases
are applied to maintain the illumination function. Without
loss of generality, we assume that a subset of T (0 ≤ T < N)
LEDs among the whole set of N LEDs are identified as idle
LEDs, and hence the dimension of the channel matrix is
changed to N × (N − T) and the resultant channel matrix Lk
can be expressed by


(13)
Lk = lk,1 , lk,2 , . . . , lk,N−T ,
where the vector element lk,q = [lk,1q , lk,2q , . . . , lk,Nq ]T is
corresponding to the q-th (q = 1, 2, . . . , N − T) serving
LED.
As per (13), Lk will become a N ×1 vector if all the users
are assigned to the same UG, which can be considered as an
extreme case in the indoor N × N MIMO-VLC system. It is
evident that simply deactivating the idle LEDs will lead to a
substantial waste of resources since these LEDs are already
there but not used for signal transmission.
2) TRANSMIT DIVERSITY-ENHANCED DUG

To fully explore the idle LEDs for capacity improvement of
SDMA enabled MIMO-VLC systems, we further propose
a transmit diversity-enhanced DUG (TD-DUG) approach.
In TD-DUG, the idle LEDs are activated to transmit the
intended signals for users. Particularly, an idle LED will
be used to transmit the same signal as the LED which is
the nearest from itself. Moreover, under the assumption of
uniform LED distribution, there might be multiple LEDs
948

which have the same shortest distance from an idle LED.
In this scenario, the idle LED will transmit the same signal
as the one which serves more users than others. Figs. 3(a)
and (b) illustrate a single-cell 4 × 4 MIMO-VLC system
using SDMA with basic DUG and TD-DUG, respectively.
As shown in Fig. 3(a), the idle LED is simply deactivated
for signal transmission when using SDMA with basic DUG.
However, when using SDMA with TD-DUG, as shown in
Fig. 3(b), the idle LED is also used for signal transmission. It
can be seen that there are two LEDs, corresponding to UG-1
and UG-3, which have the same shortest distance to the idle
LED. Since UG-3 consists of more users than UG-1, the idle
LED is then used to transmit the same signal as the LED
corresponding to UG-3 and hence provide transmit diversity
for users within UG-3. Note that there exists the case that
UG-1 and UG-3 contain the same number of users. In this
case, the idle LED can be used to serve either UG-1 or UG-3.
Considering the randomness of the spatial locations of users,
the average sum rate achieved by assigning the idle LED to
serve UG-1 or UG-3 should be comparable after averaging
the obtained sum rates over multiple trails.
Following (11) and (12), the K users in the indoor N × N
MIMO-VLC system is first grouped and the idle LEDs are
then identified if any. Here, we assume that there are Z
LEDs which have the same shortest distance from the t-th
idle LED and each of them serves Kz users. Hence, the index
of the LED, which the t-th idle LED will transmit the same
signal as, can be obtained by
Jt = arg max Kz , z ∈ {1, 2, . . . , Z}.
z

(14)

Here, we assume there are a set of Tq idle LEDs transmit
N−T
the same signal as the q-th serving LED with q=1
Tq = T
and the corresponding channel matrix of these Tq idle LEDs
at the k-th user is given by


(15)
Wk = wk,1 , wk,2 , . . . , wk,Tq .
Due to the negligible temporal delay between different LEDreceiver links in practical indoor MIMO-VLC systems [19],
the LOS channel gains corresponding to the q-th serving
LED and those Tq idle LEDs can be directly added together
at the k-th user. Therefore, the resultant N × (N − T) channel
matrix using SDMA with TD-DUG can be obtained by


(16)
Fk = fk,1 , fk,2 , . . . , fk,N−T ,
T

q
where fk,q = lk,q + p=1
wk,p with q = 1, 2, . . . , N − T.
Note that the successful realisation of the proposed DUG
approaches in a practical MIMO-VLC system relies on a reliable uplink transmission, which can be achieved by adopting
RF or infrared based uplink channels [38], [39].

C. TWO-STEP RESOURCE ALLOCATION

Based on the proposed DUG approaches, we further design
a two-step resource allocation algorithm for SDMA enabled
MIMO-VLC systems: the first step is inter-UG space allocation in the spatial domain according to DUG and the
VOLUME 1, 2020

Algorithm 1 Two-Step Resource Allocation for SDMA
1: Step 1: inter-UG space allocation
2: for k = 1 to K do
3:
Perform channel estimation as reported in [35]
4:
Estimate the SNR
of each data stream


5:
Obtain  k = γk,1 , γk,2 , . . . , γk,N
6:
Find Ik using (12)
7:
Allocate user k to UG-Ik corresponding to LED Ik
8: end for
9: for i = 1 to N do
10:
Count the number of users, i.e., Ki , in UG-i
11:
if Ki = 0 then
12:
Deactivate the i-th LED if using basic DUG or
activate the i-th LED for transmit diversity if using
TD-DUG
13:
end if
14: end for
15: Step 2: intra-UG subcarrier allocation
16: for q = 1 to N − T do
17:
Divide M data subcarriers into Kq groups
18:
Allocate Kq subcarrier groups to Kq users respectively
19: end for

second step is intra-UG subcarrier allocation in the frequency
domain based on the conventional OFDMA technique.
The detailed procedures of the two-step resource allocation algorithm is presented in Algorithm . For inter-UG space
allocation, channel estimation with respect to each user is
first performed as reported in [35], so as to obtain the corresponding channel matrix Hk for MIMO de-multiplexing.
Then, the SNR of each data stream is estimated and the
index of the UG for each user is identified by using (12).
After that, all the K users in the N × N MIMO-VLC system
can be successfully grouped and subsequently, the number
of users in each UG is counted to obtain Ki . If Ki = 0, the
corresponding i-th LED is either deactivated for signal transmission (if using basic DUG) or activated to achieve transmit
diversity (if using TD-DUG). For intra-UG subcarrier allocation, the total M data subcarriers in the OFDM signal are
divided into Kq groups and each group of data subcarriers
are allocated to a respective user. Under the assumption of
equal bandwidth allocation, the same number of data subcarriers will be allocated to each user within a UG, which
is given by KMq .
D. ACHIEVABLE RATE

In the next, we derive the achievable rate of the k-th user and
the achievable sum rate of all the K users in the indoor N ×N
MIMO-VLC system using the proposed SDMA technique
with two different DUG approaches.
1) SDMA WITH BASIC DUG

When using SDMA with basic DUG, only N − T serving
LEDs transmit the intended signals for users while the T idle
LEDs are not activated to transmit signal. For the k-th user in
VOLUME 1, 2020

the Ik -th UG, only the Ik -th LED transmits the intended signal
for the k-th user. Letting xk† be the intended electrical OFDM
signal for the k-th user with power Ps , the transmitted electrical OFDM signal vector in the indoor MIMO-VLC system
applying SDMA with basic DUG can be represented by x†
†
= [x1† , x2† , . . . , xN−T
]T . As per (1) and (13), the received
OFDM signal vector y†k at the k-th user is given by
y†k = Lk x† + nk .

(17)

Subsequently, MIMO de-multiplexing is performed by using
the PI of Lk and hence the estimate of x† is obtained by
x̂†k = Lk y†k = x† + Lk nk .

(18)

Since only the output of the Ik -th OFDMA decoder is
intended for the k-th user, after output selection as shown
in Fig. 1(b), the estimated of xI†k can be expressed by
N
†
= xI†k +
x̂k,I
k

lk,Ik j nk,j ,

(19)

j=1

where lk,Ik j denotes the element in the Ik -th row and the j-th
†
column of Lk . Hence, the SNR of x̂k,I
is calculated by
k
Ps
N
2
j=1 lk,Ik j Pn

†
γk,I
=
k

=

γtx
.
N
2
j=1 lk,Ik j

(20)

Therefore, the achievable rate of the k-th user in the indoor
N × N MIMO-VLC system using SDMA with basic DUG
is obtained by
e † 
1
R†k = Bk,Ik log2 1 +
γ
,
(21)
2
2π k,Ik
where Bk,Ik = KBI with KIk being the number of users in the
k
Ik -th UG. Finally, the achievable sum rate of all the K users
using SDMA with basic DUG is given by the summation of
the achievable rates of all the K users:
K

R†k

R =
†

k=1

B
=
2

K
k=1



1
eγtx
log2 1 +
.
2
KIk
2π N
j=1 lk,Ik j

(22)

2) SDMA WITH TD-DUG

When using SDMA with TD-DUG, as discussed in
Section III-B, the T idle LEDs are also activated for signal transmission in order to achieve transmit diversity.
Accordingly, the received OFDM signal vector y‡k at the
k-th user using SDMA with TD-DUG is expressed by
y‡k = Fk x† + nk ,

(23)

where Fk is the N × (N − T) channel matrix using SDMA
with TD-DUG as in (16).
Following the steps from (17) to (22), we can respectively
obtain the achievable rate of the k-th user and the achievable
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FIGURE 4. LED layouts in the ceiling for (a) N = 2 and (b) N = 4.
TABLE 1. Simulation parameters.

sum rate of all the K users in the indoor N × N MIMO-VLC
system using SDMA with TD-DUG as follows:


B
eγtx
‡
Rk =
log2 1 +
,
(24)
2
2KIk
2π N
j=1 fk,Ik j


K
1
B
eγtx
‡
log2 1 +
R =
,
(25)
2
2
KIk
2π N
j=1 fk,I j
k=1

k

where fk,Ik j denotes the element in the Ik -th row and the j-th
column of Fk , which is the PI of Fk as given by (16).
IV. ANALYTICAL AND SIMULATION RESULTS

To verify the feasibility of applying SDMA with DUG for
indoor multiuser MIMO-VLC systems, detailed analytical
and simulation evaluations are performed in this section.
Here, the K-user N × N MIMO-VLC system is configured
in a practical indoor environment with a dimension of 5 m
× 5 m × 3 m, where both 2 × 2 (N = 2) and 4 × 4 (N = 4)
MIMO settings are considered in the following evaluations.
The LED layouts in the ceiling for N = 2 and 4 are depicted
in Figs. 4(a) and (b), respectively. For N = 2, the LEDs are
located at (1.5 m, 2.5 m, 3 m) and (3.5 m, 2.5 m, 3 m),
respectively. For N = 4, the LEDs are located at (1.5 m,
1.5 m, 3 m), (1.5 m, 3.5 m, 3 m), (3.5 m, 3.5 m, 3 m)
and (3.5 m, 1.5 m, 3 m), respectively. As we can see, the
spacing between two adjacent LEDs in both 2 × 2 and 4 × 4
MIMO settings is 2 m. The LEDs in the ceiling are oriented
downwards to point straight to the receiving plane, while
the PDs of each user in the receiving plane are vertically
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oriented towards the ceiling. The height of the receiving
plane is fixed at 0.85 m unless otherwise specified.
The other key simulation parameters of the indoor MIMOVLC system are listed in Table 1. The semi-angle at half
power of each LED is 70◦ . 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
spacing between two adjacent PDs in both 2 × 2 and 4 × 4
MIMO settings is 5 cm. The overall modulation bandwidth of
the MIMO-VLC system is set to 20 MHz and the noise PSD
is assumed to be 10−22 A2 /Hz. Moreover, binary phase-shift
keying (BPSK) based OFDM signals are transmitted by each
LED in the simulation evaluations. The SNR value of each
received OFDM signal is estimated from the error vector
magnitude (EVM) of the corresponding BPSK constellation,
which is then used to calculate the achievable rate.
Note that it is reasonable to assume a 20-MHz modulation
bandwidth in the simulations, since various FDE schemes can
be applied to extend the limited 3-dB modulation bandwidth
of COTS white LEDs [11]–[13]. Moreover, by regulating the
input signal within the dynamic range of the LED and applying various LED nonlinearity compensation techniques such
as pre- or post-distortion and post-equalization [40]–[44], it
is also reasonable to neglect the nonlinear effects of the LED
in the simulations.
We first evaluate the achievable data rate of a specific user
over the receiving plane in the K-user N × N MIMO-VLC
system using conventional OFDMA and SDMA with DUG.
Fig. 5(a) shows the achievable rate versus the X coordinate of
the user in the 2 × 2 MIMO-VLC system, where there is only
one user, i.e., K = 1, located at (X, 2.5 m, 0.85 m) over the
receiving plane and the transmit SNR is γtx = 150 dB. When
using the conventional OFDMA technique, the achievable
rate of the user first increases with the increase of X and
a maximum rate of 121.4 Mb/s is achieved at X = 2.5 m,
i.e., the center of the room. With the further increase of X,
the achievable rate of the user is then gradually reduced.
However, when the proposed SDMA technique is applied
in the 2 × 2 MIMO-VLC system, the achievable rate of
the user is substantially improved. More specifically, when
applying SDMA with basic DUG, the maximum rates of
149.7 Mb/s are obtained at X = 1.5 and 3.5 m, i.e., the user
is located right under the two LEDs, and the achievable
rate is reduced to 139.5 Mb/s at X = 2.5 m. The substantial
achievable rate improvement is mainly due to the elimination
of inter-channel interference in conventional OFDMA, since
only one LED transmits the intended signal for the user
by using SDMA with basic DUG. Moreover, when SDMA
with TD-DUG is applied, the achievable rate of the user can
be further greatly improved, especially around the central
position of the room. Particularly, the achievable rate of the
user is improved from 139.5 to 159.5 Mb/s at X = 2.5 m,
indicating an achievable rate improvement of 14.3%. The
further achievable rate improvement by applying SDMA with
TD-DUG is due to the additional spatial diversity through
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FIGURE 5. (a) Achievable rate versus the X coordinate of the user for K = 1 where
the user is located at (X, 2.5 m, 0.85 m) in the 2 × 2 MIMO-VLC system and
(b) achievable rate versus the X coordinate of user 2 for K = 2 where user 1 is fixed at
(1.5 m, 2.5 m, 0.85 m) and user 2 is located at (X, 2.5 m, 0.85 m) in the 2 × 2 MIMO-VLC
system. The transmit SNR is γtx = 150 dB. Lines and makers show the analytical and
simulation results, respectively.

activating the idle LED to transmit the same signal as the
serving LED. The achievable rate versus the X coordinate
of user 2 for K = 2 is shown in Fig. 5(b), where user 1
is fixed at (1.5 m, 2.5 m, 0.85 m) while user 2 is located
at (X, 2.5 m, 0.85 m) with γtx = 150 dB. When using
OFDMA, since user 1 has a fixed position, the achievable
rate of user 1 remains the same for different X values, while
the achievable rate of user 2 has the similar trend as the
single user case in Fig. 5(a). In contrast, when using SDMA
with either basic TUG or TD-DUG, user 1 achieves different
rates for X ≤ 2.5 and X > 2.5. For X ≤ 2.5, user 1 and
user 2 are serving by the same LED, and both will not receive
VOLUME 1, 2020

FIGURE 6. Average sum rate versus the number of users K for (a) N = 2 with
γtx = 150 dB and (b) N = 4 with γtx = 160 dB.

interference from the idle LED. However, for X > 2.5, user 1
and user 2 are served by different LEDs and they will both
receive interference from the adjacent LED. Moreover, TDDUG outperforms basic DUG only for X ≤ 2.5 since no
transmit diversity can be exploited for X > 2.5. In Figs. 5(a)
and (b), the analytical results and the simulation results are
given by the lines and the markers, respectively. It can be
clearly observed that the simulation results agree well with
the analytical predictions, which successfully verifies the
analytical derivations obtained in Section III.
In the next, we evaluate the achievable sum rate
performance of the K-user N × N MIMO-VLC system using
conventional OFDMA and SDMA with DUG, where the
positions of the K users are randomly selected over the
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FIGURE 7. Average sum rate versus the transmit SNR γtx with different numbers of
users for (a) N = 2 and (b) N = 4.

receiving plane. To obtain accurate sum rates, the simulations are repeated 10000 times and the obtained average sum
rates are employed in the following evaluations. Figs. 6(a)
and (b) show the average sum rate versus the number of
users, i.e., K, for N = 2 with γtx = 150 dB and N = 4
with γtx = 160 dB, respectively. As we can see, when
using conventional OFDMA, the achievable average sum
rates remain stable for different K values for both N = 2
and 4, which are 40.4 and 21.3 Mb/s, respectively. However,
for N = 2 using SDMA with either basic DUG or TD-DUG,
as shown in Fig. 6(a), the achievable average sum rate first
reduces as K is increased from 1 to 7, which then remains
stable at 53.2 Mb/s as K ≥ 8. This can be explained as
follows: when K is relatively small, the probability that an
idle LED occurs in the 2 × 2 MIMO-VLC system is high
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and hence SDMA can achieve much higher average sum rate
than conventional OFDMA due to the elimination of interchannel interference. Moreover, TD-DUG outperforms basic
DUG for small K values because of the additional transmit diversity, and nearly the same rate performance can be
achieved for basic DUG and TD-DUG as K ≥ 6. Compared
with conventional OFDMA, at least 31.7% average sum rate
improvement can be achieved by using SDMA with either
basic DUG or TD-DUG for N = 2 with γtx = 150 dB.
For N = 4 with γtx = 160 dB, as shown in Fig. 6(b), the
average sum rate using SDMA with TD-DUG has a similar trend as that for N = 2, while the average sum rate
using SDMA with basic DUG has a different trend, which
gradually increases as K is increased from 1 to 13 and then
remains stable as K ≥ 13. The change of trend of SDMA
with basic DUG for N = 4 be explained as follows: with
the increase of N, more idle LEDs will occur when K is
relatively small, which can significantly reduce the achievable sum rate. Nevertheless, when K becomes large, less
idle LEDs will occur and hence SDMA with either basic
DUG or TD-DUG significantly outperforms conventional
OFDMA by 178.9% in terms of average sum rate. It can
be seen from Figs. 6(a) and (b) that the rate improvements
using SDMA over OFDMA will remain stable when the
number of users is relatively large, and a much more significant rate improvement can be achieved when N is increased
from 2 to 4.
We further evaluate the relationship between the achievable sum rate and the transmit SNR in the K-user N × N
MIMO-VLC system. Figs. 7(a) and (b) show the average
sum rate versus the transmit SNR γtx with different numbers of users for N = 2 and 4, respectively. For N = 2 with
K = 2, the largest average sum rate is achieved by SDMA
with TD-DUG, which outperforms SDMA with basic DUG
by about 5 Mb/s as the transmit SNR is in the range of 140
to 160 dB. For N = 2 with K = 4, nearly the same average
sum rates are obtained using SDMA with basic DUG and
TD-DUG. The lowest average sum rates are achieved by
OFDMA which are the same for K = 2 and 4. When N is
increased to 4, the average sum rate improvement by using
TD-DUG in SDMA over basic DUG becomes much more
significant for K = 7 due to high transmit diversity.
V. EXPERIMENTAL RESULTS

Besides the above analytical and simulation evaluations,
a proof-of-concept experiment is further demonstrated to
compare the performance of the conventional OFDMA and
the proposed SDMA technique in a practical MIMO-VLC
system. In the experiments, we consider a 2×2 MIMO-VLC
system with K users for performance comparison.
The experimental setup of the single-cell MIMO-VLC
system is shown in Fig. 8(a), where two channels of OFDM
signals are generated offline by MATLAB and then uploaded
to an arbitrary waveform generator (AWG, Tabor WW2074)
with a sampling rate of 50 MSa/s. After that, two analog bipolar signals are obtained and two 250-mA DC bias
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FIGURE 9. Geometric setup for (a) K = 2 and (b) K = 3.

FIGURE 8. (a) Experimental setup and (b) photo of the experimental testbed.
TABLE 2. Experimental parameters.

FIGURE 10. Measured frequency responses of the LEDs with blue filtering.

currents are further added through two bias-tees (bias-Ts)
to ensure the non-negativity of the LED-driven signals.
Subsequently, the resultant signals are utilized to drive two
commercial off-the-shelf white LEDs (Luxeon Star). After
free-space propagation, the radiated light is detected by the
K users where each user is equipped with two blue filters
(BFs) and two avalanche photodiodes (APDs, Hamamatsu
S8664-50K). The APDs have a responsivity of 15 A/W at
450 nm and an active area of 19.6 mm2 . At each user, the
detected signals are sampled by a mixed domain oscilloscope (MDO, Tektronix MDO3104) at 250 MSa/s and the
digitized signals are further processed offline. The photo of
the experimental testbed is depicted in Fig. 8(b). Due to the
hardware limitation, we adjust the position of the APD to
detect the two channels of OFDM signals for each user.
The two digital OFDM signals are generated offline with
an inverse fast Fourier transform (IFFT) size of 512, where
totally 205 (2-nd to 206-th) subcarriers are used to carry
valid data. As a result, the effective bandwidth of each
OFDM signal is about 20 MHz. Moreover, BPSK constellation is adopted in the OFDM modulation which is used
for SNR estimation and achievable rate calculation. The key
experimental parameters are summarized in Table 2.
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Figs. 9(a) and (b) illustrate two geometric setups adopted
in this experimental demonstration for K = 2 and 3, respectively. The spacing between the two LEDs is set to 10 cm
and the transmission distance is ranged from 100 to 120 cm
with a step of 5 cm. For each user, the spacing between
two APDs is set to 3 cm. For K = 2, as can be seen from
Fig. 9(a), user 1 and user 2 are individually served by LED 1
and LED 2, respectively, when using SDMA. For K = 3, as
can be seen from Fig. 9(b), user 1 is individually served by
LED 1 while user 2 and user 3 are allocated in the same UG
which is served by LED 2. For both two geometric setups,
there are no idle LEDs and hence basic DUG and TD-DUG
become the same when applying SDMA in the demonstrated
system.
Fig. 10 depicts the measured frequency responses of the
two LEDs with blue filtering. As we can see, the 3-dB
modulation bandwidth of these LEDs after applying blue
filters is only about 3 MHz. Moreover, for a 20-MHz bandwidth, the power attenuations of LED 1 and LED 2 reach
15.9 and 11.8 dB, respectively. Since OFDMA is adopted
for intra-UG multiple access in the proposed SDMA technique, it is necessary to achieve a relatively flat frequency
response with respect to each LED. As a result, digital prefrequency domain equalization (pre-FDE) is performed here
and its principle can be found in [13]. Fig. 11 compares the
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FIGURE 11. Received electrical spectra with respect to (a) LED 1 without pre-FDE,
(b) LED 2 without pre-FDE, (c) LED 1 with pre-FDE, and (d) LED 2 with pre-FDE.

FIGURE 12. Measured achievable rate versus transmission distance for different
channels of different users using OFDMA with K = 2.

FIGURE 13. Measured sum rate versus transmission distance using conventional
OFDMA and the proposed SDMA for (a) K = 2 and (b) K = 3.

received electrical spectra with respect to LED 1 and LED 2
without and with pre-FDE. As we can observe, compared
with the received electrical spectra without pre-FDE which
have significant power attenuations, two significantly flattened spectra with respect to both LEDs can be obtained
after performing pre-FDE. Due to the different frequency
responses of two LEDs, the applied peak-to-peak voltages
in the AWG for LED 1 and LED 2 are set to 5 and 3 V,
respectively.
Fig. 12 shows the measured achievable rate versus transmission distance for different channels of different users
using OFDMA with K = 2. As we can see, there exists certain rate difference between different channels of the same
user. For user 1, the achievable rate of channel 1 is relatively
higher than that of channel 2, which is because user 1 is

more close to LED 1 and hence channel 1 has better SNR
performance than channel 2. For user 2, channel 2 achieves
much higher rate than that of channel 1, and the rate difference between channel 1 and channel 2 of user 2 is more
significant than that of user 1, which is due to the fact that
user 2 has a larger position offset from the center of the
LED array than user 1. Hence, the rate difference is related
to the position of the user. When SDMA is adopted, the rate
difference of different channels can be eliminated since each
user only receives signal from a single LED, and hence the
achievable sum rate can be improved.
Figs. 13(a) and (b) show the measured sum rate of K
users versus the transmission distance of the 2 × 2 MIMOVLC system for K = 2 and 3, respectively. Considering that
SDMA with basic DUG and SDMA with TD-DUG become

954

VOLUME 1, 2020

exactly the same under the geometric setup shown in Fig. 9,
we simply use “SDMA” to represent both “SDMA with basic
DUG” and “SDMA with TD-DUG” and compare it with
“OFDMA”. It can be seen that the achievable sum rates are
gradually reduced with the increase of transmission distance
for both K = 2 and 3. Specifically, for K = 2, the achievable sum rate is 38.3 Mbit/s at the distance of 110 cm when
applying the conventional OFDMA. However, the achievable
sum rate at the distance of 110 cm is increased to 54.5 Mbit/s
when employing the proposed SDMA technique, which indicates a sum rate improvement of 42.3% in comparison to the
conventional OFDMA. Moreover, for K = 3, the sum rate
improvement at the distance of 110 cm using SDMA over
conventional OFDMA is slightly reduced to 32.9%, which is
in accordance with the observation of the analytical results
shown in Fig. 6 that the rate improvement will be reduced
with the increase in the total number of users when the total
number of users is relatively small. Evidently, the obtained
experimental results can verify the superiority of applying the
proposed SDMA technique for substantial achievable sum
rate improvement in practical indoor MIMO-VLC systems.
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VI. CONCLUSION

In this paper, we have proposed, analyzed and demonstrated a
novel SDMA technique for indoor spatial multiplexing-based
multi-user MIMO-VLC systems. By exploiting the spatial
distributions of users over the receiving plane with respect
to LED transmitters in the ceiling, the users are divided into
multiple UGs and each UG can access the overall modulation bandwidth of the MIMO-VLC system. Compared with
the conventional OFDMA based MIMO-VLC systems where
the overall modulation bandwidth is divided and shared
by all the users, much more efficient bandwidth utilization is achieved in SDMA based MIMO-VLC systems. Two
DUG approaches (i.e., basic DUG and TD-DUG) have been
proposed and a two-step resource allocation algorithm has
also been designed for the implementation of SDMA in
practical MIMO-VLC systems. The feasibility and superiority of applying SDMA in indoor MIMO-VLC systems have
been successfully verified by both analytical and simulation results and proof-of-concept experimental results. The
obtained results demonstrate that the proposed SDMA technique can substantially improve the achievable sum rate
of practical MIMO-VLC systems when compared with the
widely used OFDMA technique.
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