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Abstract—In this paper, we consider an optimal space con-
stellation design for a multiuser multi-input single-output (MIS-
O) visible light communication (VLC) broadcast system when
channel state information is available at the transmitter. By
utilizing the cooperation of multiuser interference, an optimal
multidimensional additively uniquely decomposable constellation
group (AUDCG) is designed to maximize the received worst-case
minimum Euclidean distance of all users subject to a normalized
average optical power within the orthants of a real-valued space.
This optimal AUDCG is proved to be commonly used pulse
amplitude (PAM) with an optimal beamformer, which is the
optimal solution to a linear max-min programming problem. In
addition, our optimal AUDCG admits fast demodulation of the
sum signal from a noisy received signal as well as fast decoding
individual signal from the estimated sum signal. Computer
simulations indicate that our proposed design has significantly
better error performance than currently available zero-forcing
(ZF), minimum mean square error (MMSE) and time-division
orthogonal access (TDMA) transmission schemes for multiuser
MISO VLC broadcast systems.

Index Terms—Multi-input single-output, visible light commu-
nications, broadcast channels, optimal multidimensional constel-
lation and additively uniquely decomposable constellation group.

I. INTRODUCTION

Visible light communication (VLC) has been viewed as a
promising candidate for bandwidth-hungry multiuser appli-
cations [1]–[5] by using the already ubiquitously installed
light emitting dioxides (LEDs). These multiple LEDs and
a popular built-in complementary metal-oxide semiconductor
(CMOS) cameras [6]–[13] in commonly used smart handsets
naturally form a multiuser multi-input single-output (MISO)
VLC broadcast system. In this paper, we focus on the energy-
efficient multidimensional constellation design for this system,
where channel state information at the transmitter (CSIT) is
available. The key to the constellation design for multiuser
broadcast system is how to look at the multiuser interference.
On one hand, multiuser interference is traditionally treated as
a detrimental factor and thus, to be suppressed or eliminated.
For multiuser radio frequency (RF) broadcast systems, the
commonly used linear designs, such as zero-forcing (ZF) [14],
[15], minimum mean square error (MMSE) [16] beamforming
methods and time-division multiple access (TDMA), have
been proposed to suppress or eliminate it. These methods
for MISO broadcast RF systems can not be applied to our

VLC systems straightforwardly due to the nonnegativity re-
quirement of intensity modulation [1], [3], [17]. To satisfy
this requirement, modified ZF [18], MMSE [19], [20] and
TDMA [3] have been proposed by adding direct current to the
bipolar transmission. However, the energy-efficiency can not
be guaranteed for the reason that the power constraint for VLC
is on the mean of the signal amplitude. On the other hand,
because of the nonnegativity property of the signal amplitude
and channel coefficients for VLC, multiuser interference is
impossible to be zero-forced. For this reason, the concept
of an additively uniquely decomposable constellation group
(AUDCG) was proposed in [21] to turn additive multiuser
interference into uniquely identifiable signal components. One-
dimensional AUDCG [21] was designed for single-input ideal
additive white Gaussian noise (AWGN) VLC broadcast chan-
nel and shown to be more energy-efficient than TDMA [3]. In
this paper, we consider the optimal multidimensional AUDCG
for multiuser MISO VLC broadcast systems. Unfortunately,
the optimal design of multidimensional constellations is a
classic and long-standing problem in modern wireless commu-
nications [22]–[27]. Since the resulting discrete optimization
problem for digital communications is extremely challenging
to be formulated into a tractable optimization problem [28], the
systematic design of the optimal constellation for both RF and
VLC, to the best knowledge of authors, still remains unsolved
thus far. Let alone say what the optimal multidimensional
constellation for multiuser VLC systems is.

Our main contribution is that we will design an optimal
multidimensional constellation optimizing the received worst-
case minimum Euclidean distance among all users under an
optical power constraint within the nonnegative orthants of a
multidimensional real-valued space by utilizing the nonneg-
ativity of VLC signal and channel coefficients. This optimal
design is proved to be the commonly used pulse amplitude
modulation (PAM) constellation multiplied by a nonnegative
beamforming vector, which can be attained by solving a
linear max-min programming problem [29], [30]. In fact, we
have solved a long-standing open problem of the optimal
multidimensional constellation design for multiuser MISO
VLC broadcast systems. In addition, this optimal design has
the properties that the receiver has low-complexity maximum
likelihood (ML) demodulation and decoding algorithms. Sim-
ulations show that the designed constellation substantially
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outperforms the currently available ZF [18], MMSE [19], [20]
and TDMA [3].

II. SYSTEM MODEL

In this section, we briefly introduce the channel model to
be considered and then, state the main problem to be solved.

Let us consider M -user MISO broadcast VLC systems, in
which N transmitter apertures (such as LEDs) are equipped
and the M users have single receiver photodiode (PD). For a
given channel use, the message vector intended for User m is
denoted by s(m) ∈ S(m) ⊆ RN+ , where RN+ stands for the set of
all the nonnegative N×1 vectors and the cardinality of S(m) is
given by |S(m)| = 2Km . Then, a total message vector carrying
all the M users’ message, s ∈ S ⊆ RN+ is transmitted simulta-
neously by the N transmitter apertures to the M users through
respective flat-fading channels hu = [hu1, · · · , huN ]T for
u = 1, 2, · · · ,M . Then, the signal received by the u-th user
is represented by

ru = hTu s + ξu, (1)

where hu for any u is a nonnegative real-valued vector. For
indoor VLC systems, when the transmitter and receiver are at
fixed locations, the channel coefficients hun are considered to
be deterministic and can be computed by [1], [31], [32]

hun =


(τ+1)A
2πd2un

cosτ (φun) cos (ψun) ,

0 ≤ ψun ≤ Ψ;
0, ψun > Ψ,

(2)

where ψun is the angle of incidence from the n-th transmitter
to the u-th user, Ψ is the field-of-view angle of the receiver PD,
A denotes the PD detection area, and τ = − log2 cos Φ 1

2
with

Φ 1
2

being defined by the half power angle of LEDs. Therefore,
it is realistic to assume that for indoor fixed broadcast links,
CSIT is known by the transmitter. From [32]–[34], the channel
noise ξu for the commonly used PD detection is well modelled
as AWGN with zero mean and variance σ2

ξ .
At the receiver side of User u, the received signal is given

by ru. The receiver detection consists of two successive steps.
1) ML Demodulation: Given the received signal ru, the

ML estimate of s from User u is determined by

ŝu = arg min
s∈S
|ru − hTu s| (3)

2) Decoding: The function of the decoder of User u is to
determine the M signal components ŝ

(m)
u for 1 ≤ m ≤

M from the optimal estimate ŝu.
The unique identification of ŝ

(m)
u from ŝu is assured only if

there exists a one-to-one mapping between (s
(1)
u , · · · , s(M)

u )
and ŝu for any ŝu ∈ S. If there exists such relationship
with respect to the sum operations, then, S(1), · · · , S(M)

are called an AUDCG, whose formal definition is given
below [21], [35]:

Definition 1: : A group of constellations X (m) for m =
1, 2, · · · ,M is said to constitute an AUDCG, if there exist
x(m), x̃(m) ∈ X (m) such that

∑M
m=1 x

(m) =
∑M
m=1 x̃

(m),
then, we have x(m) = x̃(m) for any m = 1, 2, · · · ,M . �

By Definition 1, the M constellations X (m) in an AUD-
CG naturally result in a specific sum constellation, X =
{
∑M
m=1 x

(m) : x(m) ∈ X (m)}, which, for presentation
convenience, is denoted by X = X (1) ]X (2) ] · · · ]X (M).
Given X (m) with finite size, X = X (1)]X (2)] · · · ]X (M)

if and only if |X | =
∏M
m=1 |X (m)| [21], [35]. In this paper,

our main task is to
1) design a group of N -dimensional constellations S(m) ⊆

RN+ carrying the message set of User m and an N -
dimensional constellation S ⊆ RN+ of 2K nonnegative
alphabets carrying the overall message of the N users,

2) and find an energy-efficient AUDCG S = S(1) ]
S(2) ] · · · ] S(M),

such that the worst-case error performance is optimized under
an average transmitted optical power budget.

III. OPTIMAL SPACE CONSTELLATION DESIGN AND
LOW-COMPLEXITY RECEIVERS

In this subsection, we will characterize the structure of the
optimal space constellation and develop a fast demodulation
and decoding algorithm for this optimal design.

A. Optimal Space Constellation Design

When CSIT is available at the transmitter, the objective
of the transmitted signal design for the ML demodulator
is to maximize the received worst-case minimum Euclidean
distance

min
1≤m≤M

min
s,s̃∈S,s 6=s̃

∣∣hTu s− hTu s̃
∣∣ (4)

under a power budget. Therefore, the design problem is
formulated below:

Problem 1: Let the channel vectors of M users be defined
by nonzero vectors hu ∈ RN+ with 1 ≤ u ≤ M and K, N
and M be arbitrarily given positive integers. Then, given M ,
N ≥ 2 and hu, devise a group of constellations S(m) ⊆ RN+
and an N -dimensional constellation S ⊆ RN+ of size 2K

such that 1) S = S(1) ] S(2) ] · · · ] S(M), and 2)
the minimum of the worst-case received minimum Euclidean
distance of M users, min1≤u≤M mins,s̃∈S,s6=s̃

∣∣hTu s− hTu s̃
∣∣,

is maximized subject to an average transmitted optical power
constraint, 1

2K

∑
s∈S s

T1 = 1. �
Very interestingly, the solution to Problem 1 depends on an
optimal solution to the following linear max-min programming
problem:

Problem 2: Given any positive integer N , M and nonneg-
ative N × 1 vectors hu ∈ RN+ , find an N × 1 nonnegative
vector w such that min1≤u≤M hTuw is maximized subject to
wT1 = 1. �
We are now in a position to formally state the main result in
this paper.

Theorem 1: Let wopt be the optimal solution to Prob-
lem 2. Then, the optimal solution to Problem 1 is determined
as follows: S̃ = { 2kwopt

2K−1
}2

K−1
k=0 , S̃(1) = { 2kwopt

2K−1
}k=2K1−1
k=0 ,

S̃(m) = {2
∑m−1

i=1 Ki × 2kwopt

2K−1
}k=2Km−1
k=0 , 2 ≤ m ≤ M , and

S = S(1) ] S(2) ] · · · ] S(M) �
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To appreciate our optimal design in Theorem 1, whose
proof is provided in Appendix A, we would like to make the
following comments:

1) Optimality Issues. Our optimal space constellation struc-
tures are attained by solving the max-min-min and max-min-
min-min, respectively, for the cases with and without CSIT. It
should be noticed that the optimality of the space constellation
is for our ML-demodulator-and-decoding receiver without any
additional assumption on the signal set within the nonnegative
orthants of an N -dimensional real space. In addition, this op-
timality is for any nonnegative MISO channels. When CSIT is
available at the transmitter side, the optimal space constellation
design is to solve a linear max-min programming problem, i.e.,
Problem 2. It is known that linear max-min programming is a
classic problem, for which numerous efficient algorithms have
been developed [29], [30].

2) Design Techniques. Generally speaking, attaining a
closed-form solution to the max-min design problem with
discrete and continuous mixed variables is very challeng-
ing [22]–[27], since the corresponding problem is hard to be
transformed into a tractable problem [28]. It is noticed that our
multiuser space constellation design problem is of the max-
min-min or max-min-min-min form, which is more difficult
and, to the best knowledge of authors, still remains unsolved
up to now. Fortunately, by fully taking advantage of the
unipolarity of the signal set and channel coefficients, we have
successfully attained the optimal space constellation structures,
therefore, significantly reducing the unknown variables from
N2K to N , and equivalently, transformed the original nonlin-
ear design problem into a linear design beamforming problem,
which can be efficiently solved via numerical approach [29],
[30]. These design techniques may provide useful insight into
the optimal multidimensional constellation designs for VLC.

B. Low-Complexity Receivers

Here, we provide a fast ML demodulation and decoding
algorithm for the optimal designs given by Theorem 1. Notice
that for the optimal designs with wopt, the resulting MISO
channel model for User u becomes

yu = h̄uk + ξu (5)

where h̄u =
2hT

uwopt

2K−1
, u ∈ {1, · · · , M} and k ∈

{0, 1, · · · , 2K − 1}. Since h̄u is a positive scalar for any
nonzero channel vector hu ∈ RN+ , such an equivalent channel
model in (5) actually is a single-input-single-output ideal
AWGN channel. Hence, the optimal estimate of the transmitted
signal can be efficiently obtained below:

Algorithm 1: (Fast ML Demodulation): Given the re-
ceived signal yu defined by (5) and the non-zero channel vector
hu ∈ RN+ , the output of the ML demodulator for User u is
given by

ŝu =


0, yu

h̄u
< 0,⌊

yu
h̄u

+ 1
2

⌋
× 2wopt

2K−1
, 0 ≤ yu

h̄u
≤ 2K − 1,

2wopt,
yu
h̄u

> 2K − 1.

(6)

where u = 1, · · · , M . �
When the optimal ML estimate ŝu of su from User u has

been obtained by Algorithm 1, now by Theorem 1, there exists
a unique group of ŝmu ∈ S̃(m) such that ŝu =

∑M
m=1 ŝ

(m)
u .

For notational simplicity, we let ŝu =
2wT

optŝu
2K−1

/
∥∥∥ 2wopt

2K−1

∥∥∥2

2
.

By fully taking advantage of the properties of the optimal
space structure S̃(m), we know ŝ

(1)
u =

(
s̄umod 2K1

)
× 2wT

opt

2K−1

and ŝ
(2)
u =

2wT
opt

2K−1
× 2K1

(
s̄u−s̄umod 2K1

2K1
mod 2K2

)
. The above

discussions can be summarized as the following fast decoding
algorithm:

Algorithm 2: (Fast decoding) Let ŝu be the optimal M-
L estimate of su obtained by Algorithm 1 from User u,
where 1 ≤ u ≤ M . Then, the estimate of the m-th
message component s

(m)
u from User u, say, ŝ

(m)
u , is giv-

en by ŝ
(1)
u =

(
s̄umod 2K1

) 2wT
opt

2K−1
and ŝ

(m)
u =

2wT
opt

2K−1
×

2
∑m−1

`=1 K`

(
s̄u−s̄umod 2

∑m−1
`=1

K`

2
∑m−1

`=1
K`

mod 2Km

)
for 2 ≤ m ≤

M . �
Now, we can see that the complexity of the proposed

demodulation-decoding algorithm for the optimal design given
by Theorem 1 is O(M2).

IV. SIMULATION RESULTS

In this section, we carry out simulations to examine the
performance of our optimal design in a 5m× 5m× 3m room
with four LEDs located at (1.25m, 1.25m), (3.75m, 1.25m),
(1.25m, 3.75m), (3.75m, 3.75m), respectively. The receiver
PD is located at (xm, ym, 0m). To evaluate the average error
performance within the illumination coverage area, we assume
that both x and y are uniformly chosen from the interval (0, 5).
We assume that Φ 1

2
= Ψ = 60◦, A = 1cm2 and N = 4. The

SNR is defined by 1
σ2
xi

with normalized average optical power.
Let H = [h1, · · · , hN ]T . Then, all the schemes we would
like to compare are described as follows:

1) MMSE [19], [20]: smmse = 1
dT

mmse1
(Wmmsex + dmmse),

where xm ∈ {±(k− 1)}k=2Km−1

k=1 , Wmmse is an M ×N
beamforming matrix and d is a direct-current vector to
assure that all the entries of s are nonnegative. Wmmse =

H
(

1
ρIM×M + HTH

)−1

and dmmse is an N ×1 direct-
current vector determined by minimizing dT1 under the
condition that all the entries of szf are nonnegative.

2) ZF [18]: szf = 1
dT

zf 1
(Wzfx + dzf), where xm ∈ {±(k−

1)}k=2Km−1

k=1 , Wzf is an N×M beamforming matrix and
to assure that Wzf = H

(
HTH

)−1
and dzf is an N × 1

direct-current vector minimizing dT1 and satisfying the
nonnegativity of szf.

3) TDMA [3]: Within the successive M time slots,
the transmitted signal matrix is given by SN×M =

2M
N

∑M
m=1(2MKm−1)

[s11N×1, · · · , sM1N×1], where

sm ∈ {k}k=2Km−1
k=0 with 1 ≤ m ≤M .

4) Constellation-Optimal Beamformer (COB): Our pro-
posed COB is given by Theorem 1.
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Fig. 1. Average BER of all users for proposed COB, ZF, MMSE and TDMA
with M = 2 and N = 4.

All the above four schemes have the normalized transmitted
optical power and the same bit rate Km per transmission for
User m, m = 1, 2. From Fig. 1, we can see that at the
target average bit error rate (BER) of 10−3, our proposed
COB significantly outperforms ZF, MMSE and TDMA. When
K1 = K2 = 1, the attained gains by our COB over TDMA,
MMSE and ZF are 3.5 dB, 20 dB and 21 dB, respectively.
In addition, at the same BER, the attained gains by our
COB over TDMA and MMSE are above 40 dB and the
performance advantage of COB over ZF is about 5 dB. Also,
the performance gain of our proposed COB over ZF and
MMSE will become larger with SNR increasing.

V. CONCLUSION

In this paper, we have considered the design of the optimal
space constellation that maximizes the worst-case minimum
Euclidean distance for a general MISO VLC broadcast system
with CSIT. By fully making use of the nonnegativity of both
the signal and channel coefficients, we have attained a closed-
form optimal space constellation within the nonnegative or-
thants of a multidimensional space without any additional
assumption on the signal set. We have shown that the optimal
space constellation for any multiuser MISO VLC broadcast
system is PAM with an optimal beamformer. Simulations
have indicated that our optimal signalling method substantially
outperforms the currently available ZF, MMSE and TDMA
methods for multiuser MISO VLC broadcast systems.

APPENDIX

A. Proof of Theorem 1

Let wopt be the optimal solution to Problem 2. Then,
we define Dopt = min1≤u≤M hTuwopt. Now, we can claim
that for any constellation S ⊆ RN+ of size 2K satisfying
1

2K

∑
s∈S s

T1 = 1, it holds that

min
1≤u≤M

min
s,s̃∈S,s 6=s̃

∣∣hTu s− hTu s̃
∣∣ ≤ 2Dopt/(2

K − 1) (7)

We prove this claim by contradiction. Suppose that
there exists a size-2K constellation Ŝ ⊆ RN+ , with
normalized average optical power, satisfying that

min1≤u≤M mins,s̃∈Ŝ,s6=s̃

∣∣hTu s− hTu s̃
∣∣ > 2Dopt/(2

K − 1).
Then, we can attain that for any given u, it holds that∣∣hTu s− hTu s̃

∣∣ > 2Dopt/(2
K − 1) (8)

Then, all the 2K nonnegative scalars hTu sk for k =
0, 1, · · · , 2K −1 can be sorted in an strictly descending order,
hTu s2K−1 > · · · > hTu s1 > hTu s0. Combining this result
with (8) produces∑

s∈Ŝ

hTu s >
2Dopt

2K − 1

2K−1∑
k=0

k = 2KDopt (9)

In addition, we have 1
2K

∑
s∈Ŝ h

T
u s =

1
2K

∑N
n=1

∑
s=(s1, ··· , sn)T ,s∈Ŝ hunsn =∑N

n=1

(
hun × 1

2K

∑
s=[s1, ··· , sn]T ,s∈Ŝ sn

)
. From our

power constraint that 1
2K

∑
s∈Ŝ s

T1 = 1, we know∑N
n=1

1
2K

∑
s=(s1, ··· , sn)T ,s∈Ŝ sn = 1. For presentation

convenience, we denote 1
2K

∑
s=[s1, ··· , sn]T ,s∈Ŝ sn by wn,

implying
∑N
n=1 wn = 1 with wn ≥ 0. Then, the equality

in (9) can be equivalently transformed into what follows:
2KhTuw > 2KDopt, where w = (w1, · · · , wN )T ∈ RN+
and

∑N
n=1 wn = 1. In other words, we attain hTuw > Dopt.

Recalling our definitions of wopt and Dopt, we know that
if w ∈ RN+ and wT1 = 1, then, there exists no vector w
satisfying hTuw > Dopt, which is a contradiction. Therefore,
we can conclude that the inequality (7) indeed holds.

Furthermore, when S = S̃ = { 2kwopt

2K−1
}k=2K−1
k=0 , we have

min
1≤um≤M

min
hT

u1=µm>0
min

s,s̃∈S̃,s6=s̃

∣∣hTu s− hTu s̃
∣∣

=
2

2K − 1
min

1≤u≤M
min

0≤s,s̃≤2K−1,s6=s̃
hTuwopt × |s− s̃|

=
2

2K − 1
min

0≤s,s̃≤2K−1,s 6=s̃
|s− s̃| × min

1≤u≤M
hTuwopt

=
2

2K − 1
min

1≤u≤M
hTuwopt (10)

Therefore, S = S̃ indeed maximizes the worst-case minimum
Euclidean distance.

In the following, we prove that{
M∑
m=1

s̃(m) : s̃(m) ∈ S̃(m), 1 ≤ m ≤M

}
⊆ S̃ (11)

where S̃(m) is defined in Theorem 1. For any s ∈
{
∑M
m=1 s̃

(m) : s̃(m) ∈ S̃(m), 1 ≤ m ≤ M}, it holds that
s = 21N×1

N(2K−1)

∑M
m=1 km, where k1 ∈ {k}2

K1−1
k=0 and km ∈

{2
∑m−1

i=1 Ki × k}k=2Km−1
k=0 for 2 ≤ m ≤ M . It is observed

that
∑M
m=1 km ≤ 2K1−1+

∑M
m=2

(
2Km − 1

)
×2

∑m−1
i=1 Ki =

2K1−1+2K2+K1−2K1 + · · · +2
∑M

m=1Km−2
∑M−1

m=1 Km =
2
∑M

m=1Km−1 = 2K−1, inferring that
∑M
m=1 km ∈ {k}

2K−1
k=0

and thus, the relationship (11) indeed holds. Combining this
result with the fact that the cardinality of S̃ is equal to 2K

yields that |S| =
∏M
m=1 2Km =

∏M
m=1 |S(m)| and thus,

S = S(1) ] S(2) ] · · · ] S(M). Therefore, the proof of
Theorem 1 is complete. �

3552



REFERENCES

[1] T. Komine and M. Nakagawa, “Fundamental analysis for visible-light
communication system using LED lights,” IEEE Trans. Consumer
Electron., vol. 50, no. 1, pp. 100–107, 2004.

[2] J. Grubor, S. Randel, K. D. Langer, and J. W. Walewski, “Broadband
information broadcasting using LED-based interior lighting,” Journal of
Lightwave Technology, vol. 26, no. 24, pp. 3883–3892, 2008.

[3] H. Elgala, R. Mesleh, and H. Haas, “Indoor optical wireless communi-
cation:potential and state-of-the-art,” IEEE Commun. Mag., pp. 56–62,
Sep. 2011.

[4] A. Jovicic, J. Li, and T. Richardson, “Visible light communication:
opportunities, challenges and the path to market,” IEEE Commun. Mag.,
vol. 51, pp. 26–32, December 2013.

[5] Y. Y. Zhang, H. Y. Yu, J. K. Zhang, Y. J. Zhu, and T. Wang,
“Energy-efficient space-time modulation for indoor MISO visible light
communications,” Optics Letters, vol. 41, no. 2, pp. 329–332, 2016.

[6] S. Kamijo, Y. Matsushita, K. Ikeuchi, and M. Sakauchi, “Traffic monitor-
ing and accident detection at intersections,” IEEE Trans. Intell. Transp.
Syst., vol. 1, pp. 108–118, Jun 2000.

[7] J. Alonso, E. Ros Vidal, A. Rotter, and M. Muhlenberg, “Lane-change
decision aid system based on motion-driven vehicle tracking,” IEEE
Trans. Veh. Technol., vol. 57, pp. 2736–2746, Sept 2008.

[8] P. Siegmann, R. Lopez-Sastre, P. Gil-Jimenez, S. Lafuente-Arroyo, and
S. Maldonado-Bascon, “Fundaments in luminance and retroreflectivity
measurements of vertical traffic signs using a color digital camera,” IEEE
Trans. Instrum. Meas., vol. 57, pp. 607–615, March 2008.

[9] T. Yamazato, I. Takai, H. Okada, T. Fujii, T. Yendo, S. Arai, M. Andoh,
T. Harada, K. Yasutomi, K. Kagawa, and S. Kawahito, “Image-sensor-
based visible light communication for automotive applications,” IEEE
Commun. Mag.,, vol. 52, pp. 88–97, July 2014.

[10] T. Yamazato, M. Kinoshita, S. Arai, E. Souke, T. Yendo, T. Fujii,
K. Kamakura, and H. Okada, “Image motion and pixel illumination
modeling for image sensor based visible light communication,” IEEE J.
Select. Areas Commun., vol. PP, no. 99, pp. 1–1, 2015.

[11] S.-H. Chen and C.-W. Chow, “Color-shift keying and code-division
multiple-access transmission for RGB-LED visible light communica-
tions using mobile phone camera,” IEEE Photo. J., vol. 6, pp. 1–6, Dec
2014.

[12] B. Li, J. Wang, R. Zhang, H. Shen, C. Zhao, and L. Hanzo, “Multiuser
MISO transceiver design for indoor downlink visible light communica-
tion under per-LED optical power constraints,” IEEE Photo. J., vol. 7,
pp. 1–15, Aug 2015.

[13] G. Corbellini, K. Aksit, S. Schmid, S. Mangold, and T. Gross, “Connect-
ing networks of toys and smartphones with visible light communication,”
IEEE Commun. Mag., vol. 52, pp. 72–78, July 2014.

[14] C. B. Peel, B. M. Hochwald, and A. L. Swindlehurst, “A
vector-perturbation technique for near-capacity multiantenna multius-
er communication-part I: channel inversion and regularization,” IEEE
Trans. Commun., vol. 53, no. 1, pp. 195–202, 2005.

[15] A. Wiesel, Y. C. Eldar, and S. Shamai, “Zero-forcing precoding and
generalized inverses,” IEEE Trans. Signal Process., vol. 56, no. 9,
pp. 4409–4418, 2008.

[16] P. Patcharamaneepakorn, S. Armour, and A. Doufexi, “On the equiv-
alence between SLNR and MMSE precoding schemes with single-
antenna receivers,” IEEE Commun. Lett, vol. 16, no. 7, pp. 1034–1037,
2012.

[17] Y.-Y. Zhang, H.-Y. Yu, J.-K. Zhang, Y.-J. Zhu, J.-L. Wang, and T. Wang,
“Full large-scale diversity space codes for MIMO optical wireless
communications,” in Proc. IEEE Int. Symp. Inf. Theory, (Hong Kong),
pp. 1671–1675, June 2015.

[18] Z. Yu, R. J. Baxley, and G. T. Zhou, “Multi-user MISO broadcasting for
indoor visible light communication,” in 2013 ICASSP, pp. 4849–4853,
May 2013.

[19] H. Ma, L. Lampe, and S. Hranilovic, “Robust MMSE linear precoding
for visible light communication broadcasting systems,” in IEEE GLOBE-
COM Workshops, pp. 1081–1086, 2013.

[20] H. Ma, L. Lampe, and S. Hranilovic, “Coordinated broadcasting for
multiuser indoor visible light communication systems,” IEEE Trans.
Commun., vol. 63, no. 9, pp. 3313–3324, 2015.

[21] Y. Y. Zhang, H. Y. Yu, J. K. Zhang, and Y. J. Zhu, “Signal-cooperative
multilayer-modulated VLC systems for automotive applications,” IEEE
Photo. J., vol. 8, no. 1, pp. 1–9, 2016.

[22] G. D. Forney Jr, “Coset codes–Part I: Introduction and geometrical
classification,” IEEE Trans. Inf. Theory, vol. 34, no. 5, pp. 1123–1151,
1988.

[23] G. D. Forney Jr, “Coset codes–Part II: Binary lattices and related codes,”
IEEE Trans. Inf. Theory, vol. 34, no. 5, pp. 1152–1187, 1988.

[24] G. D. Forney Jr and L.-F. Wei, “Multidimensional constellations–Part
I: Introduction, figures of merit, and generalized cross constellations,”
IEEE J. Sel. Areas Commun., vol. 7, no. 6, pp. 877–892, 1989.

[25] G. D. Forney Jr, “Multidimensional constellations–Part II: Voronoi
constellations,” IEEE J. Sel. Areas Commun., vol. 7, no. 6, pp. 941–
958, 1989.

[26] J. H. Conway and N. J. A. Sloane, Sphere packings, lattices and groups,
vol. 3. Springer-Verlag New York, 1998.

[27] G. D. Forney and G. U. Ungerboeck, “Modulation and coding for linear
Gaussian channel,” IEEE Trans. Inf. Theory, vol. 44, pp. 2384–2415,
May 1998.

[28] R. G. Gallager, Principles of digital communication, vol. 1. Cambridge
University Press Cambridge, UK, 2008.

[29] J. E. Falk, “A linear max-min problem,” Mathematical Programming,
vol. 5, no. 1, pp. 169–188, 1973.

[30] M. E. Posner and C. T. Wu, “Linear max-min programming,” Mathe-
matical Programming, vol. 20, no. 1, pp. 166–172, 1981.

[31] F. R. Gfeller and U. Bapst, “Wireless in-house data communication via
diffuse infrared radiation,” Proc. IEEE, vol. 67, pp. 1474–1486, Nov
1979.

[32] J. R. Barry, Wireless Infrared Communications. Boston, MA: Kluwer
Academic Press, 1994.

[33] S. Karp, R. M. Gagliardi, S. E. Moran, and L. B. Stotts, Optical
Channels. New York, 1988.

[34] D. Marcuse, “Calculation of bit-error probability for a lightwave system
with optical amplifiers and post-detection Gaussian noise,” J. Lightw.
Technol., vol. 9, pp. 505–513, April 1991.

[35] Z. Dong, Y. Y. Zhang, J. K. Zhang, and X. C. Gao, “Quadrature
amplitude modulation division for multiuser MISO broadcast channels,”
to appear in IEEE J. Sel. Top. Signal Process, 2016.

3553


