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Spectral-Efficient Hybrid Dimming Scheme for
Indoor Visible Light Communication: A Subcarrier
Index Modulation Based Approach

Tengjiao Wang
Changyong Pan, Senior Member, IEEE, Ling Cheng

Abstract—Communication and illumination are two basic func-
tions of the indoor visible light communication (VLC). In this paper,
a novel spectral-efficient hybrid dimming scheme is proposed for
the indoor VLC system, where the frequency-domain subcarrier
selection is utilized to maximize the channel capacity and the
intensity-domain dimming strategy is used to further adjust the
illumination level. Simulations are carried out in both the indoor
line-of-sight channel and the indoor multipath channel. Simula-
tion results substantiate the superior performance of the proposed
hybrid dimming scheme over the state-of-the-art schemes.

Index Terms—Asymmetrically clipped optical OFDM, hybrid
dimming control, line-of-sight channel, multipath channel,
subcarrier index modulation, visible light communication.

I. INTRODUCTION

N RECENT years, the increasing demands of high-quality
I information services have posed challenging requirements
for the future wireless communication systems [1]. Utilizing the
unregulated visible light spectrum, visible light communication
(VLC) has been recognized as a complementary technology to
the conventional radio frequency communications [2].
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In VLC, orthogonal frequency-division multiplexing
(OFDM) is widely adopted because of its inherent resilience
to the inter-symbol interference (ISI) [3]. However, due to the
physical characteristics of generating light in light-emitting
diodes (LEDs), only the positive real intensity can be modulated
to transmit information. Thus, the intensity modulation
and direct detection (IM/DD) technology is generally considered
in the VLC systems. So far, many kinds of OFDM based
modulation methods have been proposed to generate the
required positive real signals. In [4], a direct current adjustment
based OFDM method, i.e. the direct current biased optical
OFDM (DCO-OFDM), is proposed for the wireless infrared
communication systems. This kind of modulation methods can
be used in the VLC systems as well. In [5], the asymmetrically
clipped optical OFDM (ACO-OFDM) is introduced to improve
the energy efficiency. Using ACO-OFDM, the negative parts
of the time-domain signals are clipped to generate positive real
signals. However, in ACO-OFDM, only the odd subcarriers are
modulated to transmit information bits, which causes a 3 dB/bit
penalty in the spectral efficiency of the system. In order to
improve the spectral efficiency, many hybrid OFDM methods
have been further proposed [6], such as the asymmetrically
clipped DC biased optical OFDM (ADO-OFDM) [7] and the
layered OFDM methods. In ADO-OFDM, the system transmits
ACO-OFDM signals on the odd subcarriers and DCO-OFDM
signals on the even subcarriers simultaneously. The layered
OFDM methods use superposition modulation to improve
the spectral efficiency of the system, including the layered
ACO-OFDM [8], the enhanced ACO-OFDM [9]-[11], the
enhanced unipolar OFDM (eU-OFDM) [12], the enhanced
pulse-amplitude-modulated discrete multitone modulation
(ePAM-DMT) [13], and the augmented spectral efficiency
discrete multitone (ASE-DMT) [14].

Besides communication, illumination is the other key feature
of the practical VLC system [15], [16]. The VLC system is
expected to provide high-speed communication under different
required illumination levels. So far, several dimming control
schemes have been proposed for conventional optical OFDM.
In [17], an inverse source coding based method using on-off
keying was proposed to realize dimming control. Moreover
in [18], the authors explored a multiple pulse position mod-
ulation based dimming method by changing the number of
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optical pulses within one symbol duration for the pulse width
modulation system. For the DCO-OFDM system, the authors
generated the signal of DCO-OFDM by introducing a piecewise
function with variable slopes according to the required optical
power in [19]. And for the layered ACO-OFDM system, a
dimming method adjusting the polarities of different layers of
ACO-OFDM were introduced in [20] and an adaptive dimming
method was investigated in [21] to achieve wide dimming range
in the layered ACO-OFDM system for different illumination
requirements.

Recently, subcarrier index modulation (SIM) has been intro-
duced into the VLC systems to convey information bits in a more
energy-efficient way. SIM is an emerging modulation technique,
which creates completely new dimensions for data transmission
[22]. Hence it has attracted tremendous interests over the past
few years [23]. Specifically, in SIM, the information bits are
mapped not only on the conventional constellation domain, but
also on the index domain of the OFDM subcarriers [24]. In [25],
the concept of the enhanced SIM is proposed to avoid bit error
propagation whilst retaining the energy efficiency of SIM. In
[26], the basic system structure of the SIM aided VLC system is
proposed and it is shown that the SIM aided OFDM achieves bet-
ter error performance than the classical optical OFDM schemes.
Moreover, a modulation scheme which incorporates the SIM
and the Reed Solomon coding is proposed for VLC to improve
the bit error rate performance in [27]. Recent works have also
extended the concept of the index selection to the LED domain
[28]. However, to the best of our knowledge, there lacks dimming
control scheme intended for the SIM aided VLC system, which
is one of the key problems in the implementation of practical
SIM aided VLC.

In this paper, we propose a novel hybrid dimming scheme
for the indoor SIM aided VLC system. In the proposed scheme,
the frequency-domain and intensity-domain dimming strategies
are merged to accommodate dimmable indoor communication.
We analyze the channel capacity of the SIM aided VLC sys-
tem and obtain the closed-form approximation of the channel
capacity through mutual information analysis in both the line-of-
sight (LOS) channel and the multipath channel. The frequency-
domain optimization is realized based on the maximization of
the channel capacity and then the intensity-domain dimming
is achieved to further adjust the illumination level. Numerical
simulations are carried out in both the LOS and the multipath
channels and the results demonstrate the superior performance
of the proposed scheme.

The rest of this paper is organized as follows. In Section II,
the system model of the SIM based VLC and the indoor VLC
channel model are explained in detail. In Section III, the channel
capacity is analyzed and the SIM based frequency-intensity-
domain hybrid dimming scheme is proposed in both the LOS
channel and the multipah channel. Then the numerical simula-
tions are carried out under both channel scenarios and the results
are provided in Section IV. Finally, we conclude the paper in
Section V.

Notation: () denotes the binomial coefficient; §(-) denotes
the Dirac delta function; factorial and derivative are denoted by
(-)! and (), respectively.
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II. SYSTEM MODEL
A. SIM Aided VLC

We consider a SIM aided VLC system with ACO-OFDM,
the system model is illustrated in Fig. 1. The bandwidth of the
system is denoted as W, which is divided into Ny subcarriers.
Without loss of generality, the ACO-OFDM is adopted as an
example. Because the Hermitian symmetry needs to be satisfied
and only the odd subcarriers are modulated in ACO-OFDM,
only N = Ng/4 subcarriers are available for index selection
and independent data transmission.

Using SIM, the available subcarriers are split into G groups
and each group consists of L = N/G subcarriers. In each group,
K out of L subcarriers are activated to transmit information.
Thus, the input bits are first divided into G groups. Then in each
group, |log, ( IL{)J bits are used to select the activated subcarriers
and the remaining bits are utilized to decide the M -ary phase
shift keying (PSK) or quadrature amplitude modulation (QAM)
modulated symbols at the activated subcarriers. For group g;
with ¢ € {1,2,..., G}, the set of selected subcarrier indices is
given as

Qgi:{wihawgia'“vwg(i 9 (l)

where w* € {1,2,...,N}and k =1,2,..., K. According to
the principle of SIM, Q,, N, = &, with g; # go.

After the index selection, the OFDM block is created accord-
ing to the selected subcarrier indices and mapped constellation
symbols in all groups. Therefore the frequency-domain OFDM
symbol S is given as

S = [0351707537 .. '7SNF/271707S}<\/'F/2717 .. '707511(]7 (2)

where S} denotes the symbol transmitted at the k-th sub-
carrier, which is selected from the extended constellation set
{0, QAM(PSK)}. Then a Ng-point inverse fast Fourier trans-
form (IFFT) is applied to obtain the time-domain samples,

Nf

1 j2nnk
Sre NF . 3)
1

v Np P

Because of the utilization of only the odd numbered sub-
carriers in the frequency-domain ACO-OFDM symbols, the
time-domain samples satisfy the anti-symmetry property, which
is given as

Sp =

Y
Sn = —Sni(Np/2),0 <n < TF 4)

Thus, either the positive part or the negative part of the time-
domain samples can be clipped without any information loss.
The positive and negative clipped time-domain samples are
further given as

SEACQ _ Sn, Sp >0, (5)
0, s,<0,
and
0, s, >0,
SEACO _ (6)
Sny  Sn <0,
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Fig. 1. The system model of the SIM based hybrid dimming scheme for VLC.
where s7ACO and sNACO denote the positive and negative ACO-
OFDM samples, respectively. Then the samples are rescaled and
added to the direct current bias. The transmitted time-domain
positive and negative ACO-OFDM samples are further given as
p-th al
Iy—1 N
PACO BSn + [L7 0<s, < (%)7 Reflector N
n - I s, <0 (7) cH > First
Ls n ’ ~ Reflector
and
xNACO N Iy, sp >0, 8) ﬁ
- I—T
" B8n + I, (%) < s, <0, ‘

where f is the scaling factor. I, and Iy denote the allowed
minimum and maximum intensities of the dynamic range of the
LEDs, respectively. Then the time-domain samples are trans-
mitted over the optical channel.

At the receiver, the fast Fourier transform (FFT) is applied
to obtain the frequency-domain signals. Then, the frequency-
domain OFDM signals are split into G groups. In each group,
the optimal maximum-likelihood (ML) detector can be used
to decode the information bits. The log-likelihood ratio (LLR)
detector can also be utilized to achieve a trade-off between the
detection complexity and the detection accuracy. The detailed
methods of these detectors can be found in [29]. Finally, the
decoded bits in each group are combined to obtain the output
bits. The frequency-domain transmission equation can be given
as

Yk:Xka+Wkak:1727"‘7NF7 (9)

where X and Y} denote the frequency-domain transmit-
ted and received signals at the k-th subcarrier, respectively.
Hj, is the frequency-domain optical channel coefficient and

Fig. 2. The geometry of the indoor VLC channel.

Wi, ~ N(0,0?) is the additive white Gaussian noise (AWGN)

with variance 2.

B. Indoor Channel Characteristics for VLC

The indoor VLC scenario is considered in this paper and
the widely used channel models proposed in [30] and [31] are
adopted. We consider an empty cubic room with length a, width
b, and height ¢, respectively. The LED is located on the ceiling of
the room and the photo detector (PD) is placed on the floor. The
optical signal can be transmitted by either the LOS path or the
non-LOS paths, which are due to the reflections from the walls,
ceilings and floors. The geometry of the indoor VLC channel is
illustrated in Fig. 2.

1) Line-of-Sight Channel Characteristics: According to
[30], the channel impulse response (CIR) of the LOS path can
be approximated as a scaled and delayed Dirac delta function,
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which is given as

(m + 1)AR
2md3

(o) (a)
91/2 Clight

where ¢, 0y, and dy denote the angle of irradiance, the angle
of incidence, and the distance between the LED and the PD in
the LOS path, respectively. Ar and O/, denote the area and
the semi-angle of the field of view (FOV), respectively. ciignt
is the speed of light. rect(z) denotes the rectangular function,
which is given by

RO(t) = cos™ (¢) cos(fg)rect

(10)

(1)

1, |z| <1,
rect(x) = {0 le 1

The Lambertian mode number m can be further expressed as

In2
e In(cos 4 /5)’ 12)
where @5 denotes the half-intensity radiation angle of the
LED. The Lambertian mode number specifies the directionality
of the source. m = 1 corresponds to the traditional Lambertian
source and larger Lambertian mode number implies higher
directionality [32]. Thus, the channel DC gain is given by

m0) = [ RO

{(HH—DAR COSm<¢O) COS(QO), 0 S 90 S 91/2

27rdg
0, elsewhere.

13)

The total noise power is given as o2 Ny. Therefore, the signal to
noise ratio (SNR) at the receiver is given as

- pH L (0)2P
o g 2N F ’
where P is the total transmit electric power of the whole system.
p denotes the overall effect of the optical-to-electrical, analog-
to-digital, digital-to-analog, and electrical-to-optical domain co-
efficients, which is taken as unity in this paper.

2) Multipath Channel Characteristics: In the indoor VLC
environments, the optical signals can also be received by the PD
through the reflections from the walls and other objects, which
causes multipath propagations. According to [33], experimental
measurements have shown that many materials such as plaster,
carpets and unvarnished wood can be seen as Lambertian reflec-
tors. As aresult, the multipath channel is approximated based on
the diffusive ideal Lambertian assumption [31]. Thus, the CIR
after p reflections is given as

YL (14)

0
h(P) (t) = / [M1M2 -+« My qrect <®p+1 )
S 1/2
x&(t— d1+d2+m+dp“> - dAres, p > 1,
Clight
(15)
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and M,(¢ =1,2,...,p+ 1) are further given as
Aret(m + 1) cos™ ¢4 cos b, _1
27Td2 ) q - ’
q
Aser COS ¢y cOs O
My = § SRR L<q<p. (16)
Ty
AR cos ¢, cos 6
— e g=p+1,
q

where ¢, 0, and d, denote the angle of irradiance, the angle of
incidence, and the distance of the g¢-th reflection, respectively.
Ayt denotes the area of the reflecting element. Therefore, the
CIR of the multipath channel can be derived as

h(t) = i hP)(t). (17)
p=0

Since the channel gain of LOS path is independent of the
modulation frequency [34], the channel gain of the multipath
channel at frequency f can be given as

Hy(f) = Hi(0) + > Hpp(f), (18)

where Hp ,(f) denotes the channel gain of the non-LOS diffuse
link after p reflections at frequency f. Therefore, in the multipath
channel, the SNR at the receiver is given as

_ pHu([)*P
O'QNF '

y(f) (19)

III. PROPOSED HYBRID DIMMING SCHEME

In this section, the SIM based hybrid dimming scheme is
proposed based on the maximization of the channel capacity.

A. Channel Capacity Analysis

In each group of the SIM aided VLC system, the mutual
information can be decomposed by using the chain rule of mutual
information, which is not conditioned on whether the random
variables are dependent or not,

I(stxdy) :I(XS§Y|XC) +I(XCQY)a (20)

where x. and xg denote the index-domain symbols and the
constellation-domain symbols in each group, respectively. Thus,
the total mutual information can be expressed as the sum of
the index-domain information I(x.;y) and the constellation-
domain information I (xs; y|x.). We follow [35] to conduct the
mutual information analysis.

According to the properties of the mutual information, the
constellation-domain part can be given as

(x)
I(x5ylxe) = Y Prixe = U))I(xs;ylxc = ¥;), (2D
j=1

where W; denotes the j-th index-domain symbol with j €
{1,2,..., ( IL() }. Suppose the activated subcarriers are selected
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with equal probability, which means Pr(x. = ¥;) = 1/().
Therefore, the mutual information can be further derived as

(%) 2
I(xs;yxe) = (Li) > D loe (1 N 2CI;K - )

j=1licy¥;

L
K H?P

= — 1 1 L . 22
I ; °g2< +202GK> @2)
On the other hand, the index-domain mutual information can

be given as

I(xc;y)

Z

le

e (2552)0

where f(y) is the probability distribution function of y, and
f(y|x. = ¥;) is the conditional probability distribution func-
tionwhenx, = W¥;. According to [36], the index-domain mutual
information has no closed-form expression. Thus, the upper
bound of the index-domain mutual information can be utilized
as an approximation, which is given by

L
I(XC;Y) ~ log, <K>

The channel capacity C' of the system is expressed as

flylxe = V)

(23)

(24)

w
E(I(Xs§ ylxe) + 1(%c;y))-

(25)
We substitute (22) and (24) into (25), and the approximation of
the channel capacity is finally derived as

L
w (K H2P L
~— | — 1 1 g 1
AL <L Zi:l 082 ( + 202GK> + o8 (K))

H?P w L
4L2 ZlogQ( 2GK> + 17 loga (K) (26)

B. SIM Based Frequency-Domain Optimization

C= NKFGI(XmXc;}I) =

The proposed hybrid dimming scheme consists of two steps.
In the first step, the frequency-domain dimming is applied based
on the maximization of the channel capacity. Since the channel
capacity is related to the optical channel gain at different subcar-
riers, the frequency-domain optimization strategies in the LOS
channel and the multipath channel are explained respectively.

1) LOS Channel scenario: The second part of (26) can be
approximated using the Stirling’s approximation, which is ex-
pressed as

K10 L *Klo 7”
ar %2 \k) T 4L B RKIL — K)!

(L+ 1> log,(L)

W
~ur
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<L K+1)1og2(L K)

<K+1>log2( ) — bg?;zﬂ] 27)

When the LOS channel is considered, the optical channel gain is
independent of the frequency. Thus, the channel gains at different
subcarriers are the same, which are

H, = H,(0),k=1,2,..., L. (28)

As a result, the first part of (26) can be further simplified as

Zlo 1+ HEP
62 202GK

4L2
L
WK Hy(0)2P
Ve ;10& (H 202G K

WK 2vL
= logy (14 ——
AL < + K >

Thus, the channel capacity in the LOS channel is further
approximated as

(29)

WK 2L
O~ 7 loe (1 + K)
w 1 log, (27)
+ o <L+ >log2(L) o8, 21)

(L K+ >log2(L K)— (K-F;)logz([()],

(30)
and the derivative of C' in terms of K is given as
w (K +2vL)(L — K)
' = 1L log ( K2
_ w
4In2L(K + 2vL)
WQERL-2K+1) W(E2K+1) 31
8In2L(L - K) 8In LK

In order to maximize the channel capacity, the optimal number
of activated subcarriers in each group K can be derived by
solving the equation C’ = 0. The equation can be solved through
many numerical iterative methods, including the steepest de-
scent algorithm, the conjugate gradient method and so on.

2) Multipath Channel scenario: In the multipath channel,
the non-LOS channels are taken into consideration due to the
reflections from the walls and ceilings. As shown in Section II-
B, the multipath channel gains are related to the modulation
frequency, thus they are not the same at different subcarriers. The
second part of (26) can also be approximated using the Stirling’s
approximation as shown in (27). As aresult, the channel capacity
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in the multipath channel can be approximated as

H2P
logy 1+ ——
4L2 Z 082 ( * 202GK)

W (L+1>log2() %

tir

(L K+ >log2(L K) - (K+1>1og2(K)]
(32)

Thus, the optimal number of activated subcarriers in each group
can be derived by calculating the derivative of C' in terms of K,
which is given as

H2P
a2 Z 082 ( 2GK)
WK & H2P
4L? ~ n2K2(202GK + H}P)
B W W (2L — 2K + 1)
An2L(K +29L) | 8Im2L(L — K)
W (2K +1)
~ 8InLK %3)

Since the closed-form solution of C’ = 0 is not easy to obtain,
numerical iterative methods can be used to solve the equation.

C. ACO-OFDM Based Intensity-Domain Dimming

In the second step, the proportions of the positive and the
negative ACO-OFDM symbols are further adjusted to meet the
illumination requirements. The dimming level of the SIM aided
VLC system can be described as

_ E[lrep] — I,
(In — 1)

where E[I1,gp] denotes the expectation of the LED intensity. As
a result, according to (34), if a specific illumination level 7 is
required, the expectation E[I;gp] should be set to

E[ILep] = n(Ix — Ir) + Iv. (35)

According to [37], the ACO-OFDM symbols follow the
clipped Gaussian distribution, the expectation of which is de-
rived as o/ /27, where o5 denotes the root mean square of the
unclipped Gaussian distributed symbols. Thus, after the clipping
process and the bias adding process, the expectations of the
positive and negative ACO-OFDM symbols are given as

x 100%, (34)

o
E[IPACO] 2 , (36)
and
O
E[INACO] = Iy — o (37)

where E[IPACO] and E[INACO] denote the expectation of the
positive and negative ACO-OFDM symbols, respectively. Thus,
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the proportion of the two kinds of symbols can be utilized
to adjust the expectation of the LED intensity. If we denote
the proportion of the positive ACO-OFDM symbols as «, the
expectation of LED intensity can be expressed as

E[Iuep] = of \;’;?H(l a)(IHfj;?» (38)

Combining (35) and (38), the proportion «v is derived according
to the given illumination level, which is

1; n < Tlmin
(n—1)Iug—IL) +o0s/V2rm

o = 5 min <1 < max
I, — Iy + 20,/v/27 in =11 =11
0, 7 > Nmax;
(39)
where 7min and Nmax are given as
Os
Nmin = -7 —F7—» (40)
(IH — IL)\/ 2
and
Os
Tmax = l- . (41)
(IH — IL)\/ 2

As aresult, under the appropriate illumination level i, < 1 <
Nmax, Doth the positive and negative ACO-OFDM symbols are
transmitted with the proportion a.

If the illumination requirement is higher than 7,,,x or lower
than 7,1, only the negative or the positive symbols are utilized.
In conventional dimming schemes, the scaling factor is further
adjusted to meet the illumination requirement. While in our
proposed hybrid dimming scheme, the number of activated
subcarriers K provides another dimension for dimming control.
Specifically, under the specific illumination levels 77 > Myax
and 72 < Nmin, the transmitted symbols are required as

oe1 = V2r(1 —m)(Ig — 1), (42)
and
052 = V2mna(In — Iv). (43)

Therefore, the total transmit electric power can be further given
as

GKo?
P=— L = rGK(1 =) (In — IL)?,  (44)
and
GK0522 9 9
Py = 5 = = WGK’UQ(IH — IL) . 45)

Thus, the optimal K can be derived by substituting (44) and (45)
into (30) and (32) to maximize the channel capacity in the LOS
channel and the multipath channel, respectively. As a result, the
required illumination level is achieved from both the frequency-
and intensity-domain dimming methods.

The proposed hybrid dimming scheme can also be ex-
tended to other sophisticated optical waveforms such as layered
ACO-OFDM [8] and eU-OFDM [12]. In these layered OFDM
schemes, the proposed positive and negative symbols with dif-
ferent expected intensities can be transmitted on each layer to
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TABLE I
PARAMETERS FOR SIMULATION
Parameter Explication Value
Ng Number of subcarriers 256
N Number of subcarriers for index selection 64
G Number of subcarrier groups 4
Iy, Minimum intensity level of the LED 0A
Iy Maximum intensity level of the LED 1A
m Lambertian mode number of the LED 1
AR Area of the PD 1 cm?
012 Semi-angle of the FOV of the PD 85°
w System bandwidth 4 MHz

provide dimming control. The channel capacity can also be
optimized through the proposed frequency-domain optimization
procedure.

IV. SIMULATION RESULTS

In this section, the simulation results are provided to show
the performance of the proposed hybrid dimming scheme. We
consider a SIM aided VLC system in an empty cubic room with
length @ = 5.0 m, width b = 5.0 m, and height ¢ = 3.0 m. An
LED is located on the center of the ceiling (2.5 m, 2.5 m, 3.0 m)
pointing straight down and a PD is placed on the corner of
the floor (0.5 m, 1.0 m, 0 m) pointing straight up. The ACO-
OFDM and eU-OFDM are adopted to show the performance,
respectively. The simulations are carried out in both the LOS
channel and the multipath channel. The simulation parameters
are summarized in Table I.

In the multipath channel, the first three non-LOS paths are
taken into consideration. The multipath channel parameters
given in [30] are used in the simulation, where the channel
gain of the LOS path is 1.232 x 10~ and the channel gain of
the first three non-LOS paths are 0.467 x 1076, 0.211 x 1079,
and 0.107 x 107, respectively. The channel frequency response
(CFR) can be derived by applying the Fourier transform to
the CIR. The CIR and the CFR of the multipath channel are
illustrated in Fig. 3.

The illustrations of the transmitted frequency-domain and
time-domain samples are given in Fig. 4 with v =10 dB
and K = 14. Fig. 4(a) shows the real part of the transmitted
frequency-domain samples in the first group. It can be seen that
the information bits are only mapped on the odd subcarriers.
Thus, L = 16 out of 32 subcarriers can be selected to transmit
information. Since SIM is utilized, only K = 14 subcarriers are
activated. It can be seen that in the illustration, the 9-th and
the 17-th subcarriers are selected to be unactivated. Fig. 4(b)
illustrates the real part of the whole frequency-domain symbol
which contains G = 4 groups. The second half of the symbol
is generated according to the Hermitian symmetry property as
given in (2). Fig. 4(c) shows the corresponding time-domain
samples. Since the illumination requirement is 77 = 50%, the
proportion of the positive ACO-OFDM symbols is a = 0.5,

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 23, DECEMBER 1, 2019

14 x10°
12+ 9 4
s i
x 0.8} B
O 06+ 4
0.4+ 1
0.2+ T B
o]
=
10192837 63 127 191 255
Time-domain samples
25 X 10 @)

63 127 191 255
Frequency-domain samples
(b)

Fig. 3. Illustration of the CIR and the CFR in the multipath channel. (a) The
CIR of the multipath channel. (b) The amplitude of the CFR.
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Fig. 4. Tllustration of the transmitted samples in both the frequency domain
and the time domain. (a) The real part of the frequency-domain samples in the
first group. (b) The real part of the samples in one frequency-domain symbol.
(c) The samples in four time-domain symbols.

which means half of the transmitted time-domain symbols are
positive and the other half are negative ACO-OFDMs.

The closeness of the proposed approximation of the channel
capacity is investigated in Fig. 5. In the simulation, we consider a
SIM aided VLC system using ACO-OFDM in the LOS channel.
The true values of the channel capacities are represented by the
solid lines. The proposed closed-form approximations in (26) are
depicted by the dotted lines. It can be seen from the figure that
the proposed closed-form approximations can track the trends
of the true values very well and are very close to the true values,
which validates the effectiveness of the proposed closed-form
approximations. It can be seen that the approximations are closer
to the true values with higher SNRs. For instance, the average gap
between the true value and the approximation is 0.0464 bits/s/Hz
when SNR = 12 dB, while it becomes 0.0050 bits/s/Hz when
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Fig. 5. Comparisons of the true values and the approximations of the channel
capacities with different numbers of activated subcarriers K.
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Fig. 6. Channel capacity versus the number of activated subcarriers in each
group, where the number of subcarriers in each group is L = 16. (a) The LOS
channel scenario. (b) The multipath channel scenario.

SNR = 24 dB. It can also be seen that the approximations are
closer to the true values with a smaller or larger number of acti-
vated subcarriers K, which is mainly because the index-domain
mutual information decreases with a smaller or larger number of
K. For example, when SNR = 20 dB, the gap between the true
value and the approximation is 0.0153 bits/s/Hz with K =8,
however, it becomes 0.0039 bits/s/Hz and 0.0085 bits/s/Hz when
K =1and K = 15, respectively.

In Fig. 6, the channel capacities with different numbers of
activated subcarriers and SNRs are investigated in both the LOS
channel and the multipath channel. It can be seen from the
figure that with the same number of activated subcarriers, the
channel capacity rises with the increase of the SNR, which is
mainly because of the improvement of the constellation-domain
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Fig.7. Comparison of the channel capacity versus the illumination levels 7 in
the LOS channel, where the number of subcarriers in each group is L = 16.

capacity with higher SNR. It can also be seen that the optimal
number of activated subcarriers is different with different SNRs.
For example, in the LOS channel as shown in Fig. 6(a), the
optimal number is K = 14 with SNR =8 dB and K =15
with SNR = 12 dB. It is worth noting that the optimal number
of activated subcarriers becomes larger with higher SNR. It is
because that under the lower SNR situation, the contribution of
the constellation-domain capacity to the total channel capacity
1s limited. Therefore, a smaller number of activated subcarriers
can provide the larger index-domain capacity to maximize the
total channel capacity. While under the higher SNR situation, the
constellation-domain capacity improves and dominates the total
channel capacity. Thus, more subcarriers are activated to realize
the maximization of the total channel capacity. It can also be seen
that under the same configuration, the channel capacities in the
multipath channel are higher than those in the LOS channel,
which is because the non-LOS paths can provide approaches
for data transmission as well. However, the performance gap is
not so large. It is because in the simulation, only three non-LOS
paths are considered, and the channel gains of the non-LOS paths
are much smaller than the LOS path. The total channel gain is
dominated by the LOS path. Moreover, uniform power allocation
is adopted in the simulation. Since the CFRs of the subcarriers
are different in the multi-path channel scenario, power allocation
strategies can be applied to further improve the channel capacity.

In Fig. 7, the channel capacities with different illumination
requirements and different optical OFDM schemes are investi-
gated in the LOS channel. The conventional dimming scheme
using scaling factor and bias adjustments is also simulated as
comparisons. The root mean square of the unclipped Gaussian
distributed symbols is limited as o5 < 0.5. It can be seen from
the figure that the proposed hybrid dimming scheme enjoys
much higher channel capacity than the conventional dimming
scheme especially under the appropriate and high illumination
requirements. It is because that the illumination level can be
controlled by the proportion of the positive and negative OFDM
symbols in the proposed scheme while maintaining the chan-
nel capacity under appropriate illumination requirements. For
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example, with ACO-OFDM, the proposed hybrid dimming
scheme has 1.30 dB and 2.65 dB gains over the conventional
dimming scheme when SNR = 12 dB and SNR = 4 dB under
the illumination requirement 1 = 50%. The performance gap
becomes larger at high SNR region. For example, the gains be-
come 5.06 dB and 8.65 dB, respectively, when the illumination
requirement is 7 = 80%. It can also be seen that with the same
configurations, the eU-OFDM based scheme has much higher
channel capacity than the ACO-OFDM based scheme, which
shows the benefits of the multi-layer transmission in eU-OFDM.
However, the proportion of the positive and negative OFDM
symbols need to be calculated to control the illumination level,
which involves extra computation complexity. It can also be seen
that the proposed hybrid scheme enjoys higher channel capacity
under the low dimming requirements, which is mainly because
of the frequency-domain optimization step in the hybrid scheme.
The adjustment of the number of the activated subcarriers pro-
vides another dimension for the channel capacity maximization.

V. CONCLUSION

In this paper, a novel spectral-efficient hybrid dimming
scheme has been proposed for the indoor VLC system. The
channel capacities in both the LOS channel and the multipath
channel have been analyzed and the jointly frequency-intensity-
domain dimming scheme has been proposed under both scenar-
ios. Simulations are conducted in the LOS channel as well as
the multipath channel. The results have validated the superior
spectral efficiency of the proposed scheme under the whole range
of dimming requirements over the state-of-the-art dimming
schemes. In our future researches, more efforts will be devoted
to the joint optimization and allocation of the multi-dimensional
resources to achieve trade-offs between the communication and
illumination performance, which will be the building blocks of
the dimmable indoor and outdoor high-speed VLC, indoor VLC
localization and smart homes.
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