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ABSTRACT Visible light communication (VLC) is regarded as one of the promising candidates to com-
plement the conventional radio frequency communication as it can potentially perform communication and
illumination simultaneously. Recently, VLC is combined with the generalized spatial modulation (GenSM)
technology to improve spectral and energy efficiencies. In order to provide high-speed communication and
flexible dimming control simultaneously, in this paper, a spectral-efficient GenSM-based hybrid dimming
scheme with layered asymmetrically clipped optical OFDM is proposed for VLC, which combines the
spatial-domain and time-domain dimming strategies. The channel capacities of the proposed scheme are
analyzed and the closed-form expressions of the channel capacity are derived in both the rich scattering
scenario and highly correlated scenario. According to the required illumination level, the spatial-domain
and time-domain strategies are realized based on the maximization of the channel capacity. Simulation
results substantiate the superior performance of the proposed dimming scheme over the state-of-art dimming
schemes.

INDEX TERMS Channel capacity optimization, generalized spatial modulation, hybrid dimming control,
multiple-input multiple-output, visible light communication.

I. INTRODUCTION
Visible light communication (VLC) is an emerging wire-
less communication technology which utilizes the ubiquitous
light-emitting diodes (LEDs) network to provide promising
communication services [1], [2]. Compared to traditional
radio frequency (RF) communications, VLC takes advantage
of the wide unlicensed visible light spectrum to facilitate
high-capacity communications with less inter-cell interfer-
ence [3], [4], and thus has attracted considerable academic
and industrial attentions [5].

Recently, VLC is combined with multiple-input multiple-
output (MIMO) technology with spatial modulation (SM) to
improve spectral and energy efficiencies [6]. As an extension
ofMIMO, SM based VLC only activates one LED in the LED
arrays in a time slot to improve energy efficiency [7]. The
generalized spatial modulation (GenSM) is a generalization

of SM, which activates more than one LEDs at the same time
to further improve the spectral efficiency [8]. So far, the com-
bination of GenSM and VLC has been investigated in many
aspects, including symbol design [9], receiver design [10],
dual-mode communications [11], physical layer security [12]
and so on.

Other than communication, illumination is the other basic
function of VLC [13]. However, illumination has an adverse
effect on communication. Since intensity modulation (IM)
and direct detection (DD) are widely used in VLC, the inten-
sity should be carefully controlled within the dynamic range
of the LEDs [14]. Different illumination requirements will
reduce the usable intensity range and thus influence the qual-
ity of communication. As a result, different kinds of dimming
techniques are formulated to obtain a better balance between
illumination and communication, such as modulation based
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FIGURE 1. The system model of the GenSM based hybrid dimming scheme.

dimming techniques [15], coding based dimming tech-
niques [16] and adaptive dimming techniques [17]. Recently,
a spatial dimming technology is proposed in [18], which
utilizes the number of glared LEDs in an LED lamp to repre-
sent different illumination level for the direct current biased
optical OFDM (DCO-OFDM) system. Since the bias level is
not adjusted to the required illumination level, the clipping
noise of the spatial dimming method is mitigated. Based on
this, a hybrid dimming control scheme with spatial dimming
is further proposed in [19].

In this paper, a spectral-efficient GenSM based hybrid
dimming schemewith layered asymmetrically clipped optical
OFDM (LACO-OFDM) is proposed for VLC, where the
spatial-domain dimming strategy and the time-domain dim-
ming strategy are combined to achieve the desired illumina-
tion level. The channel capacities of the proposed scheme are
analyzed and closed-form expressions of the channel capacity
are further derived in both the rich scattering scenario and the
highly correlated scenario. Based on the maximization of the
proposed expressions, the optimal number of activated LEDs
is determined to realize spatial-domain dimming. Then the
time-domain dimming strategy is applied to further adjust
the illumination according to the requirements. In the end,
the superior performance of the proposed hybrid dimming
scheme is verified through numerical simulations.

The rest of the paper is organized as follows. In Section II,
the system model of the GenSM based hybrid dimming
scheme with LACO-OFDM is investigated. In Section III,
the channel capacity of the system is analyzed and the
optimal number of activated antennas is derived based on

the maximization of the channel capacity in both the rich
scattering scenario and the highly correlated scenario. Then
the novel spectral efficient hybrid dimming scheme is pro-
posed in Section IV based on the optimization results in the
two scenarios. Numerical simulation results are provided in
Section V and conclusions are drawn in Section VI.
Notation: Column vectors and matrices are denoted by

lowercase and uppercase boldface letters; Conjugate transpo-
sition and transposition are denoted by (·)H and (·)T, respec-
tively;

(
·

·

)
denotes the binomial coefficient.

II. SYSTEM MODEL
In this section, the system model of the GenSM based
multi-LED VLC, the positive and negative LACO-OFDMs,
and the channel gain of VLC will be investigated in detail.

A. GENSM BASED MULTI-LED VLC
We consider a GenSM based VLC communication system
where the transmitter is equipped with Nt LEDs and the
receiver is equipped with Nr photo detectors (PDs) as shown
in Fig. 1. OFDM is adopted in the system since it has shown
great favor for VLC [20].

In the VLC transmitter, the input bits are divided into two
parts. In the first part, the information bits are used to choose
the activated LEDs according to the GenSM modulation.
Suppose Na LEDs are activated at the same time to trans-
mit signals, log2

(Nt
Na

)
bits of information can be transmitted

through the indices of the LEDs according to the principle
of GenSM [8]. The GenSM modulation results are used to
assign the corresponding LEDs in the LED arrays.
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The other part of information bits are divided into Na
streams and each stream is modulated according to the prin-
ciple of LACO-OFDM, which will be explained in detail
in the next subsection. Since IM/DD is widely adopted in
VLC communication system, a Hermitian symmetry block
is necessary before the inverse fast Fourier transform (IFFT)
block to ensure that the time-domain symbol after IFFT is
real. Then the time-domain symbols are clipped and added by
the direct current bias to ensure that the transmitted symbols
are positive and within the dynamic range of the LEDs. The
n-th transmitted symbol in the i-th stream is denoted as xi,n.
Thus the transmission function of the GenSM based hybrid
dimming system is given as

yn = Hnxn + wn, (1)

where yn ∈ RNr×1 is the n-th received signal at the VLC
receiver. Hn ∈ RNr×Nt is the VLC channel matrix when
transmitting the n-th symbol. wn ∈ RNr×1 ∼ N (0, σ 2

n INr )
represents the additive white Gaussian noise (AWGN) with
variance σ 2

n for the n-th symbol. xn ∈ RNt×1 is the
n-th transmitted VLC symbol. Since GenSM is adopted, only
Na elements in xn are non-zero, which can be expressed as

xn = [0, . . . , x1,n, . . . , xNa,n, . . . , 0]
T, (2)

where the indexes of xi,n, i ∈ [1,Na] are based on the chosen
activated antennas.

B. POSITIVE AND NEGATIVE LACO-OFDMS
In literature, many kinds of OFDM schemes have been pro-
posed for VLC, such asDCO-OFDM [21], ACO-OFDM [22],
hybrid ACO-OFDM [23], LACO-OFDM [24] and so on.
The spectral efficient LACO-OFDM method is adopted in
this paper to demonstrate the superior performance of the
proposed hybrid dimming scheme.

LACO-OFDM combines several layers of ACO-OFDM
signals to achieve better spectral efficiency, where N sub-
carriers and L layers are considered in this paper. In the
l-th layer, the quadrature amplitude modulation (QAM) sym-
bols are only transmitted on the 2l−1(2k + 1)-th (k =
0, 1, . . . ,N/2l − 1) subcarriers to satisfy the Hermitian
symmetry [25]. Thus in the i-th stream and the l-th layer,
only N/2l+1 independent frequency-domain symbols are
modulated on the subcarriers. It is proven in [24] that the
time-domain symbol in the l-th layer can be derived by the
repetition of the N/2l−1 IFFT result of S(l)i , which is given as

S(l)i = [0,S
(l)
i,1,0,S

(l)
i,3, . . . ,S

(l)
i,N/2l−1,0,S

(l)∗
i,N/2l−1, . . . , 0,S

(l)∗
i,1 ],

(3)

where S(l)i,k denotes the k-th frequency-domain symbol in the
i-th stream and l-th layer. Then the N/2l−1-point IFFT is
applied to each layer to derive the time-domain symbols,
which is

s(l)i,n =
1√

N/2l−1

N/2l−1∑
k=1

S(l)i,ke
j2πnk
N/2l−1 , (4)

where s(l)i,n denotes the n-th time-domain symbol in the
i-th stream and l-th layer. After IFFT, the time-domain sym-
bols satisfy the anti-symmetry property, which is

s(l)i,n = −s
(l)
i,n+N/2l , (0 < n <

N
2l
). (5)

Then the time-domain symbols in the l-th layer are repeated
by 2l−1 times to get the same length N . The LACO-OFDM
symbols are derived by combining the L-layer symbols in the
same stream, which can be expressed as

sLACOi,n =

L∑
l=1

γ (s(l)i,n, 2
l−1), (6)

where γ (a, b) denotes the repeating operator which means
repeating a by b times. Because of the anti-symmetry prop-
erty in (5), either the positive part or the negative part of the
time-domain symbols can be clipped without any information
loss to derive unipolar symbols [26]. The positive and nega-
tive clipped LACO-OFDM symbols are denoted as sPLACOi,n
and sNLACOi,n , which are given as

sPLACOi,n =

{
sLACOi,n , sLACOi,n ≥ 0
0, sLACOi,n < 0,

(7)

and

sNLACOi,n =

{
0, sLACOi,n > 0
sLACOi,n , sLACOi,n ≤ 0.

(8)

In the bias addition block, the positive and negative
LACO-OFDM symbols are rescaled and added to the
minimum and maximum currents of the LEDs dynamic
range, respectively. Thus the n-th transmitted symbol in the
i-th stream is given as

xPLACOi,n =


IH, sLACOi,n >

IH − IL
βi

βisLACOi,n + IL, 0 ≤ sLACOi,n ≤
IH − IL
βi

IL, sLACOi,n < 0,

(9)

and

xNLACOi,n =


IH, sLACOi,n > 0

βisLACOi,n + IH,
IL − IH
βi

≤ sLACOi,n ≤ 0

IL, sLACOi,n ≤
IL − IH
βi

,

(10)

where IL and IH denote the allowed minimum and maximum
currents in the dynamic range of the LEDs. βi denotes the
scaling factor in the i-th stream.
Since the average amplitude of the two kinds of symbols

are different, the proportion of the two symbols in a frame can
be utilized to control the illumination of the system, which
will be explained in detail in Section IV.
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C. CHANNEL GAIN OF VLC
In the VLC communication system, the channel gain can be
divided into the line-of-sight (LOS) part and the non-LOS
part [19]. According to the propagation characteristic of
VLC, the dominant LOS channel gain can be expressed as

hLOS =


(m+ 1)A
2πd2

g(ψ) cosm(φ) cos(ψ), 0 < ψ < 9c

0, ψ > 9c,

(11)

where d and A denote the transmit distance and the area of
PDs. φ, ψ and 9c denote the angle of irradiance, the angle
of incidence and the semiangle of the receiver field of
vision (FOV), respectively. The Lambert order and the optical
concentrator gain are denoted asm and g(φ), which are further
expressed as

m = −
ln 2

ln(cos81/2)
, (12)

and

g(ψ) =


n2r

sin29c
, 0 ≤ ψ ≤ 9c

0, ψ ≥ 9c,

(13)

where 81/2 is the semiangle of the transmitter and nr is the
refractive index.

The non-LOS links introduced by the reflection from the
walls, floors and other objects, also affect the channel gain
of VLC [27], which influence the correlation of the channel
gain between different LEDs and PDs. In this paper, the rich
scattering scenario where plenty of non-LOS links exist and
the LEDs are not so close to each other, and the highly
correlated scenario where only the LOS link exists and the
LEDs are very close, are investigated respectively.

III. THEORETICAL CHANNEL CAPACITY ANALYSIS
In this section, the channel capacity of the proposed GenSM
based VLC system is analyzed, which can be quantified
through the mutual information between the transmitted sym-
bols and the received symbols.

In GenSM based system, the mutual information can be
decomposed due to the chain rule of mutual information [28],

I (x, x index; y) = I (x; y|x index)+ I (x index; y), (14)

where x index denotes the indices of the activated LEDs. It can
be seen that the total mutual information is decomposed into
two parts. The first part I (x; y|x index) represents the mutual
information carried by the QAM symbols and the second part
I (x index; y) represents the mutual information carried by the
spatial-domain symbols.

Themutual information carried by the spatial-domain sym-
bols is denoted as I (x index; y), which has no closed-form
expression according to [28]. Since high SNR is generally
considered in real VLC system, the approximation in the high

SNR region is utilized to derive the mutual information of the
proposed scheme [29], which is

I (x index; y)=log2Nc = log2

(
Nt
Na

)
= log2(

Nt !
Na!(Nt − Na)!

),

(15)

where Nc denotes the number of different spatial-domain
symbols.

In I (x; y|x index), since the spatial-domain symbol is given,
the mutual information is similar to the MIMO scenario,
which is relevant to the channel correlation.

A. RICH SCATTERING SCENARIO
In the rich scattering scenario, the channels of the LEDs and
PDs are independent with each other. Suppose the diagonal-
ization precoding is applied to the transmitter, the total mutual
information in each layer of LACO-OFDM can be derived
by the sum of Na independent equivalent channels, which is
given by

I (x; y|x index)=
1
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

), (16)

where Nc =
(Nt
Na

)
denotes the total number of spatial-domain

symbols.�m denotes the set of indices of the activated LEDs
in the m-th spatial-domain symbol. Pu,m denotes the power
allocated to the u-th LED in �m. σu,m and σ 2

n denote the
singular value of the channel matrix H and the variance of
the noise, respectively.

Since LACO-OFDM is adopted in this scheme, due to
the Hermitian symmetry requirement, only N/2l+1 subcar-
riers are utilized to transmit independent information in the
l-th layer. Thus the total channel capacity is derived as the
sum of all the layers, which is given as

CR =

L∑
l=1

W
2l+1

(
1
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

)

+ log2
Nt !

Na!(Nt − Na)!
), (17)

which can be further simplified as

CR =
αLW
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

)

+αLW log2
Nt !

Na!(Nt − Na)!
, (18)

whereW denotes the whole bandwidth of the system and αL
denotes the multi-layer gain coefficient, which is given as

αL =

L∑
l=1

1
2l+1
=

2L − 1
2L+1

. (19)
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B. HIGHLY CORRELATED SCENARIO
In the highly correlated scenario, the channels of LEDs and
PDs are highly correlated with each other and the rank of the
channel matrix degenerates to 1. Thus with the diagonaliza-
tion precoding, only one σu,m in them-th spatial-domain sym-
bol is non-zero. As a result, the channel capacity is derived as

CH =
αLW
Nc

Nc∑
m=1

log2(1+
P1,mσ 2

1,m

σ 2
n

)

+αLW log2
Nt !

Na!(Nt − Na)!
, (20)

where σ1,m denotes the non-zero singular value of the channel
matrix and P1,m denotes the power allocated to the corre-
sponding LED. The multi-layer gain coefficient αL is the
same as that in (19).

IV. PROPOSED HYBRID DIMMING SCHEME
In this section, the proposed GenSM based hybrid dim-
ming scheme is explained in detail, which consists of two
steps. In the first step, the optimal power allocation and the
optimal number of activated LEDs are derived to realize
spatial-domain dimming strategy based on the maximization
of the channel capacity. In the second step, the proportion
of the symbols using positive and negative LACO-OFDMs
is determined to further adjust the illumination level to meet
the requirements.

A. GENSM BASED SPATIAL-DOMAIN DIMMING
In the first step, the spatial-domain dimming strategy is
implemented based on the channel capacity maximization.
Since the channel capacity is relevant to the channel corre-
lation, the strategies in the rich scattering scenario and the
highly correlated scenario are discussed respectively.

1) RICH SCATTERING SCENARIO
In the rich scattering scenario, in order to maximize the chan-
nel capacity, the power allocation problem should be solved.
It can be seen from (18) that the second term of the channel
capacity is independent of Pu,m, thus the power allocation for
channel capacity maximization can be formulated as

max
Pu,m

αLW
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

)

s.t.
∑
u∈�m

Pu,m = P, m = 1, 2, . . . ,Nc, (21)

where P denotes the total transmit power at the transmit-
ter. The Lagrange multiplier method is utilized to derive
the optimal power allocation. The Lagrange function can be
written as

L(P1,m, . . . ,PNa,m, λ1, . . . , λNc )

=
αLW
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

)

+

Nc∑
m=1

λm(
∑
u∈�m

Pu,m − P). (22)

By solving the Lagrange problem, since Pu,m should be pos-
itive, the optimal power allocation can be derived as

Pu,m = (µ−
σ 2
n

σ 2
u,m

)+, (23)

µ =

P+
∑Mm

i=1
σ 2n
σ 2u,m

Mm
, (24)

where (x)+ = {x(x > 0); 0(x ≤ 0)} denotes the posi-
tive part function. Mm denotes the number of non-zero Pu,m
in the m-th spatial-domain symbol. These optimal power
allocation factors can be derived by the traditional iterative
water-filling algorithm. According to the procedure of the
algorithm, the optimization of one factor will not decrease the
contributions of other factors. Thus the objective function is
non-decreasing in each iteration. So the algorithm eventually
will reach the optimal solutions. The derived power allocation
can be taken back to (18) to obtain the channel capacity.

Then the number of activated LEDs is derived based on
the maximization of the channel capacity. The first term
of (18) can be simplified on condition that the channel
capacity remains the samewith different spatial-domain sym-
bols. Thus without loss of generality, the first spatial-domain
symbol is utilized to derive the simplification, which is
expressed as

αLW
Nc

Nc∑
m=1

∑
u∈�m

log2(1+
Pu,mσ 2

u,m

σ 2
n

)

≈
αLW
Nc
× Nc

∑
u∈�1

log2(1+
Pu,1σ 2

u,1

σ 2
n

)

≈ αLW
Na∑
u=1

log2(1+
Pu,1σ 2

u,1

σ 2
n

). (25)

The Stirling’s approximation can be further applied to
approximate the factorial in the second term of (18), which
can be expressed as

αLW log2
Nt !

Na!(Nt − Na)!

≈ αLW [(Nt +
1
2
)log2(Nt )− (Nt − Na +

1
2
)log2(Nt − Na)

−
log2(2π )

2
− (Na +

1
2
)log2(Na)]. (26)

Thus the channel capacity can be approximated as

CR ≈ αLW [
Na∑
u=1

log2(1+
Pu,1σ 2

u,1

σ 2
n

)+ (Nt +
1
2
)log2(Nt )

− (Nt − Na +
1
2
)log2(Nt − Na)− (Na +

1
2
)log2(Na)

−
log2(2π )

2
]. (27)

Then the optimalNa can be derived based on themaximiza-
tion of (27) through many numerical iterative methods, such
as the steepest descent algorithm and the conjugate gradient
method.
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2) HIGHLY CORRELATED SCENARIO
In the highly correlated scenario, the power allocation prob-
lem can be formulated as

max
Pu,m

αLW
Nc

Nc∑
m=1

log2(1+
P1,mσ 2

1,m

σ 2
n

)

s.t.
∑
u∈�m

Pu,m = P, m = 1, 2, . . . ,Nc. (28)

It can be seen that only the first equivalent channel in each
spatial symbol contributes to the channel capacity. Thus all
the power is allocated to the first equivalent channel to max-
imize the channel capacity, which is given as

CH =
αLW
Nc

Nc∑
m=1

log2(1+
Pσ 2

1,m

σ 2
n

)+αLW log2
Nt !

Na!(Nt−Na)!
.

(29)

Similar to the rich scattering scenario, on condition that
the channel capacity remains the same with different
spatial-domain symbols, the expression can be further sim-
plified with the Stirling’s approximation. Thus the approxi-
mation of the channel capacity is given as

CH ≈ αLW [log2(1+
Pσ 2

1

σ 2
n
)+(Nt+

1
2
)log2(Nt )−

log2(2π )
2

− (Nt − Na +
1
2
)log2(Nt − Na)− (Na +

1
2
)log2(Na)].

(30)

Thus the optimal Na can be derived by maximizing (30)
through many numerical iterative methods.

B. LACO-OFDM BASED TIME-DOMAIN DIMMING
Similar to [19], the illumination level of the VLC system can
be defined as

η =

∑Na
i=1 E[Ii]

(IH − IL)Nt
× 100%, (31)

where E[·] and Ii denote the expectation operator and the
current for the i-th LED. Thus if a specific illumination
requirement η is given, the sum of the expectations of the
currents is limited as

Na∑
i=1

E[Ii] = η(IH − IL)Nt . (32)

Due to the central limit theorem, the positive and neg-
ative LACO-OFDM symbols in the l-th layer follow the
clipped Gaussian distribution [26]. The expectation of
the ACO-OFDM signal is σ (l)

i /
√
2π in the i-th LED and the

l-th layer, where σ (l)
i denotes the root mean square of the

unclipped symbols in the i-th LED and the l-th layer. Thus
after the bias adding as in (9) and ( 10), the expectations of

the two kinds of symbols are given as

E[IPLACOi ] = IL + E[sPLACOi,n ]

= IL + E[
L∑
l=1

s(l)i,n]

= IL +
L∑
l=1

σ
(l)
i /
√
2π

= IL + Ĩi, (33)

and similarly,

E[INLACOi ] = IH −
L∑
l=1

σ
(l)
i /
√
2π = IH − Ĩi, (34)

where IPLACOi and INLACOi denote the currents of the positive
and negative LACO-OFDM symbols in the i-th LED, respec-
tively.

∑L
l=1 σ

(l)
i /
√
2π is denoted as Ĩi for convenience.

σ
(l)
i in the i-th LED and l-th layer is given by the optimal

power allocation.
If we denote the proportion of the positive LACO-OFDM

symbols in a frame as α(0 ≤ α ≤ 1) for all the LEDs. Thus
the expectation of Ii is given as

E[Ii] = α(IL + Ĩi)+ (1− α)(IH − Ĩi). (35)

We substitute (35) into (32), and the proportion α is given as

α=



1, η < ηmin

η(IH−IL)Nt−NaIH+
∑Na

i=1 Ĩi

Na(IL−IH)+
∑Na

i=12Ĩi
, ηmin ≤ η ≤ ηmax

0, η > ηmax.

(36)

The thresholds ηmin and ηmax are further given as

ηmin =
NaIH −

∑Na
i=1 Ĩi

(IH − IL)Nt
, (37)

and

ηmax =
NaIL +

∑Na
i=1 Ĩi

(IH − IL)Nt
. (38)

It can be seen that for low dimming requirement η < ηmin,
α is set to 1, which means only positive LACO-OFDM sym-
bols are used.While for high dimming requirement η > ηmax,
only negative LACO-OFDM symbols are utilized. For inter-
mediate illumination requirement, both positive and negative
symbols are transmitted with proportion α. Thus the illumi-
nation level of the system η is controlled according to the
illumination requirements.

V. SIMULATION RESULTS
In this section, several simulations are provided to sub-
stantiate the superior performance of the proposed scheme.
The GenSM based VLC system using positive and negative
LACO-OFDM symbols with dimming control is considered.
The simulation parameters are summarized in Table 1. Since
the channel capacity is related with the singular value of
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TABLE 1. Simulation parameters.

channel matrix H, in the rich scattering scenario, where the
channels of the LEDs and PDs are supposed to be indepen-
dent with each other, a Rayleigh fading channel, where each
element hi,j in the channel matrix H follows an independent
and identical standard Gaussian distribution hi,j ∼ N (0, 1),
is adopted in the simulation to show the performance. While
in the highly correlated scenario, the channels of LEDs and
PDs are highly correlated with each other and the rank of
the channel matrix degenerates to 1. Thus each line of H
can be seen as a linear combination of the first row h1 of H.
In h1, each element also follows an independent and identical
standard Gaussian distribution, which is h1 ∼ N (0, INt ).

The channel capacity of the proposed scheme in the rich
scattering scenario is investigated in Fig. 2. The transmit-
ter and receiver are equipped with Nt = 16 LEDs and
Nr = 16 PDs, respectively. Na LEDs are activated to transmit
signals at the same time, and thus the number of different
spatial-domain symbols is Nc =

(16
Na

)
. It is intuitive that the

channel capacity raises with the increase of the SNR of the
whole system, which is defined as γ = P/σ 2

n . The approxi-
mated optimal Na derived by the proposed approximation of
the channel capacity in (27) is also illuminated in Fig. 2. It can
be seen that the approximation of the optimal Na is accordant
with the real value. Thus the proposed approximation can be
utilized to derive the optimal Na with high accuracy.

FIGURE 2. Comparison of the channel capacity versus the number of
activated LEDs in the rich scattering scenario, where Nt = Nr = 16.

The channel capacity in the rich scattering scenario is
further investigated with less LEDs and PDs in Fig. 3.

FIGURE 3. Comparison of the channel capacity versus the number of
activated LEDs in the rich scattering scenario, where Nt = Nr = 4.

The transmitter and receiver are equipped with Nt = 4
LEDs and Nr = 4 PDs, respectively. It can be seen that the
channel capacity in Fig. 3 is much lower than that in Fig. 2
under the same SNR and Na, which is because the mutual
information carried by the spatial-domain symbols is much
lower with less optional LEDs. It can also be seen from the
two figures that the optimal Na raises with the increase of
SNR. That is because the mutual information carried by the
QAM symbols is larger than the mutual information carried
by the spatial-domain symbols in high SNR region, thus more
LEDs are activated to realize higher channel capacity.

FIGURE 4. Illustration of the transmitted positive and negative
LACO-OFDM symbols, where α = 0.5.

An illumination of the transmitted positive and negative
LACO-OFDM symbols is given in Fig. 4, where the SNR
is 15 dB. In the first step of the proposed hybrid dimming
scheme, the optimal number of activated LED is derived
as Na = 3 and the corresponding power allocation is
obtained as P1 = 0.5P,P2 = 0.32P,P3 = 0.18P based
on the maximization of the channel capacity. In the second
step, the proportion of the positive LACO-OFDM symbols
is derived as α = 0.5 according to the given illumination
requirements. It can be seen that half of the symbols are
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positive LACO-OFDM symbols and the expectation of the
current amplitude in the three LEDs are different based on
the optimal power allocation.

FIGURE 5. Comparison of the channel capacity versus the number of
activated LEDs in the highly correlated scenario, where Nt = Nr = 16.

FIGURE 6. Comparison of the channel capacity versus the number of
activated LEDs in the highly correlated scenario, where Nt = Nr = 4.

In Fig. 5 and Fig. 6, the channel capacities in the
highly correlated scenario with different numbers of activated
LEDs are investigated. The numbers of LEDs and PDs are
Nt = Nr = 16 and Nt = Nr = 4, respectively. Compared
to Fig. 2 and Fig. 3, it can be seen that the channel capacity
in the highly correlated scenario is much smaller than the
rich scattering scenario because the multiplexing gain of the
multi-LED declines a lot with high channel correlation as
shown in (30). The simulation results also demonstrate that
the spatial-domain information dominates the trend of the
capacity, which is because with high channel correlation,
the multiplexing gain cannot raise with the increase of the
number of activated LEDs. It is worth noting that the optimal
Na is derived accurately in the proposed scheme to maximum
the channel capacity under different SNRs, LEDs, and PDs.

In Fig. 7, the channel capacities under different illumina-
tion levels in the rich scattering scenario and the highly corre-
lated scenario are evaluated, respectively. The DCO-OFDM
based hybrid dimming scheme with repetition coding (RC)

FIGURE 7. Comparison of the channel capacity versus the illumination
levels in the rich scattering scenario, where Nt = Nr = 4.

in [19] and DCO-OFDM based hybrid dimming with spatial
multiplexing are also investigated as comparison. The SNRs
are set to be 20 dB and 15 dB. The optimal Na is derived
as 3 based on the maximization of the channel capacity as
shown in Fig. 3. It can be seen that in the rich scattering
scenario, the proposed hybrid dimming scheme outperforms
the DCO-OFDM based scheme with RC in [19], which is
because of the optimal power allocation and the optimal
Na selection in the proposed scheme. In the illumination
requirement around η = 0.5, the DCO-OFDM based scheme
with multiplexing shows higher channel capacity than the
other schemes since it utilizes more subcarriers and exploits
the whole dynamic range. However, the proposed scheme
achieves superior channel capacity with lower and higher
dimming requirements, because the whole dynamic range of
the LEDs is utilized by both the conventional PLACO-OFDM
and the novel NLACO-OFDM.

FIGURE 8. Comparison of the channel capacity versus the illumination
levels in the highly correlated scenario, where Nt = Nr = 4.

The channel capacity under different illumination levels
in the highly correlated scenario is investigated in Fig. 8.
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The SNRs are set to be 20 dB, 15 dB, and 10 dB. The
optimal Na is derived as 2 according to Fig. 6. It can be seen
that the channel capacity decreases a lot due to the decline
in the multiplexing gain in the highly correlated scenario.
The proposed GenSM based scheme with LACO-OFDM can
provide higher channel capacity under much wider illumina-
tion requirements. Besides, the DC bias and scaling factor
of the proposed hybrid dimming scheme need no adjustment
under different dimming requirements at the receiver, which
reduces the complexity of the demodulation process. In sum-
mary, the proposed GenSM based hybrid dimming scheme
can provide high speed data transmission under much more
diversified dimming requirements, which can achieve better
balance between the illumination and the communication.

VI. CONCLUSION
The novel spectral-efficient GenSM based hybrid dimming
scheme with LACO-OFDM was proposed in this paper for
VLC. The channel capacities of the proposed scheme were
analyzed and closed-form expressions of the channel capacity
were derived in both the rich scattering scenario and the
highly correlated scenario. Based on the maximization of
the channel capacity, the two-step hybrid dimming scheme
in both spatial and time domains was further proposed to
realize flexible dimming control and high spectral efficient
communication. In the end, the superior performance of the
proposed dimming scheme over the state-of-art spatial dim-
ming schemes was verified via numerical simulations.
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