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Joint Dimming Control and Optimal Power
Allocation for THO-OFDM Visible Light
Communications

Han Ji, Tian Zhang, Shuang Qiao, and Zabih Ghassemlooy, Senior Member, IEEE

Abstract—Layered or hybrid optical orthogonal frequency
division multiplexing (OFDM) has been proposed for use in
optical communications due to its excellent spectral and power
efficiencies, especially in visible light communications (VLC).
However, most of the current works concentrate on transmitter
and receiver design as well as the quality of service in com-
munication networks. In this paper, we propose a spectrum-
efficient dimmable triple-layer hybrid optical OFDM (DTH-
OFDM) scheme to tackle the illumination requirements, con-
sidering different practical indoor VLC scenarios from low
illumination to high illumination intensities. In the proposed
DTH-OFDM scheme, the required dimming level is achieved by
jointly adjusting the dimming factors and direct current bias.
We investigate the comprehensive performance analysis of the
proposed DTH-OFDM in detail, including probability density
function, bit error rate (BER), spectral and energy efficiencies.
In addition, a joint dimming control and optimal power allocation
problem for DTH-OFDM is formulated and solved using convex
optimization under the constraints of light emitting diode (LED)
nonlinearity, dimming target and communications reliability.
Numerical results show that, the proposed DTH-OFDM can offer
continuous and arbitrary dimming target with higher spectral
efficiency and lower BER compared with its counterparts, as
well as an enhanced tolerance to the LED nonlinearity.

Index Terms—Orthogonal frequency division multiplexing
(OFDM), dimming control, power allocation, convex optimiza-
tion, visible light communication.

I. INTRODUCTION

The exponential growth in the data capacity and the demand
for access to the transmission bandwidth usage has aggravated
the shortage of radio-frequency (RF) spectrums, which will get
more challenging in the fifth generation (5G) and the future
sixth generation (6G) wireless communication networks [1].
One possible option to address this problem has been to shift
to the terahertz (THz) of 10 THz [2], [3], which comes with its
own challenges of power consumption, complexity and cost of
the devices including the sources, power amplifiers, antennas
and subharmonic mixers. Alternatively, the free visible spec-
trum (380 - 780 THz) could be adopted to provide visible
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light communications (VLC) using the energy efficient light-
emitting diodes (LEDs)-based lighting fixtures in indoor and
to some extend outdoor environments, thus alleviating the on-
going pressure on the RF-based wireless technologies [1, 4-
6]. In fact, in most indoor environments visible and infrared
wireless communications could be the most viable technology
offering illumination, data communications, localization and
sending, which are low cost with high security and immunity
to RF electromagnetic interference, compared with RF systems

(71, [8].

A. Related Works

Intensity modulation/direct detection (IM/DD) VLC sys-
tems are the most widely used and reported in the literature [9],
e.g., (i) baseband and single carrier modulations such as on and
off keying (OOK), pulse amplitude modulation (PAM), and
pulse position modulation (PPM) [10], [11]; (ii) polarisation-
division multiplexing, which offer increased spectral effi-
ciency (SE) [12], and (iii) multi-level and -carrier modulation
schemes including orthogonal frequency division multiplexing
(OFDM) also known as discrete multitone (DMT) [13], [14],
multi-band carrier-less amplitude and phase [15] and non-
orthogonal multiple access [16], which offer higher SE and
immunity to the multipath-induced inter-symbol interference
(ISI). Among these, the most widely investigated scheme is
OFDM and its variants of direct current (DC) biased optical
OFDM (DCO-OFDM) [17], asymmetrically clipped optical
OFDM (ACO-OFDM) [18], and PAM-DMT [19]. DCO-
OFDM offer low energy efficiency (EE) due to the bias power,
whereas ACO-OFDM and PAM-DMT suffer from reduced
SE due to not utilizing half the spectrum. In addition, to
improve the SE other schemes such as (i) hybrid schemes have
been proposed including asymmetrically clipped DC biased
O-OFDM (ADO-OFDM) [20], hybrid asymmetrically clipped
OFDM (HACO-OFDM) [21], asymmetrically clipped absolute
value optical OFDM (AAO-OFDM) [22], hybrid PAM-DMT
(HPAM-DMT) [23], and polarization OFDM [24] have been
proposed to improve the SE; And (ii) layered (or enhanced)
schemes including enhanced U-OFDM (eU-OFDM) [25],
layered ACO-OFDM (LACO-OFDM) [26], absolute value
layered ACO-OFDM (ALACO-OFDM) [27] and augmented
SE-DMT (ASE-DMT) [28], where infinite layer unipolar U-
OFDM, ACO-OFDM or PAM-DMT can be superimposed.
Superior to the layered/enhanced schemes with infinite layers
superimposition, a triple-layer hybrid optical OFDM (THO-
OFDM) scheme reaching the SE limit of LACO-OFDM was



proposed with enhanced performance and reduced computa-
tion complexity [14], [29].

In VLC system, which offers simultaneous data commu-
nications and illumination, dimming is identified as one of
the key challenges in the IEEE 802.15.7 standard that needs
further investigation [30], [31]. In single carrier modulation-
based VLC, dimming control is usually achieved using OOK,
PAM, pulse width modulation (PWM) and PPM [32-34]. In
OFDM-based VLC systems, a number of dimming control
schemes have been investigated including (i) adjusting the DC
bias in DCO-OFDM, where at the low (or high) dimming
level the system performance is limited due to the LED
nonlinearity [35], which is further investigated using a piece-
wise function [36]; and (ii) reverse polarity optical-OFDM
(RPO-OFDM) with dimming [37], where PWM is combined
with the ACO-OFDM during the “On” and “Off” stages for
full utilization of the PWM full cycle. To achieve higher
SE and a flexible dimming range, several hybrid or layered
dimming schemes have been proposed. In [38], asymmetrical
hybrid optical OFDM (AHO-OFDM) with adjustable DC bias
and modulation orders was investigated by combing ACO-
OFDM and reverse PAM-DMT signals in the odd and even
subcarriers (SCs). In [39], dimmable optical OFDM (DO-
OFDM), which is an improved version of LACO-OFDM, was
proposed where different dimming levels were attained by
adjusting the scaling factors, modulation order and DC bias.
The negative HACO-OFDM (NHACO-OFDM) [40], negative
LACO-OFDM (NLACO-OFDM) [41] and enhanced negative
ADO-OFDM (eNADO-OFDM) [42] have also been proposed
where they are combined with the corresponding HACO-
OFDM, LACO-OFDM and eADO-OFDM, respectively. In
these schemes, for intermediate illumination level the dimming
target was achieved by adjusting the frames proportion of
HACO-OFDM (LACO-OFDM, eADO-OFDM) to NHACO-
OFDM (NLACO-OFDM, eNADO-OFDM), while for low and
high illumination levels the scaling factors and DC bias were
used to adjust the dimming level. However, these schemes do
not achieve a continuous and arbitrary dimming level because
of the proportion of the two kinds of signals not being a
continuous value.

B. Contributions

A comprehensive overview including several typical O-
OFDM schemes for VLC is listed in Table I in a comparison
with our paper in terms of SE, EE, computation complexity
(CC), time delay, dimming control function, optimization and
dimming level, where [N and T denote points number and time
delay of a single inverse fast Fourier transform (IFFT) or FFT
process, respectively. Besides, L is the maximum layer number
of LACO-OFDM, and Tpww\ represents the extra processing
time delay for PWM signal in RPO-OFDM scheme. In Table I,
the number of complex multiplications in a standard IFFT/FFT
process equals to Nloga N and the CC of complex additions
is small enough to neglect compared with complex multiplica-
tions. For LACO-OFDM, the iterative receiver structure leads
to the highest CC although still less than 5 times of ACO-
OFDM, on the other hand, the demodulation delay climbs up
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constantly with the increment of loop times. However, the time
delays at the transmitter are all the same because a parallel
structure can be employed to send data at the same time [43].
For RPO-OFDM, it rarely supports a continuous dimming
level (i.e. discrete) except for its biggest drawback of low
SE, since the duty cycle is adjusted according to the reversed
ACO-OFDM symbols. For example, in [37] there are 10 ACO-
OFDM symbols in a PWM signal cycle so that the achievable
duty cycle of RPO-OFDM has 11 values, i.e. 11 dimming
levels. In addition, even though the signal unit of ACO-OFDM
symbol can be further divided to transmit both on the “On”
and “Off” stages when time-synchronization is perfect, the
resolution of PWM signal also makes it be challenging to vary
continuously, especially when extremely high frequency PWM
signals are required for high rate O-OFDM VLC transmission.
In this paper, we extend the work in [14] to indoor VLC
dimming scenarios and propose the novel dimmable THO-
OFDM (DTH-OFDM) scheme, where dimming factors and
DC bias can be jointly adjusted to satisfy the desirable
dimming target form low illumination to high illumination
intensities. By using convex optimization for bit error ratio
(BER) and SE, the proposed DTH-OFDM achieves a contin-
uous and arbitrary dimming range from low to high dimming
levels with better performance as well as a lower CC and time
delay, where the solved parameters in convex optimization
algorithm can be calculated and stored in advance without
extra CC and time delay at the receiver. More specifically, the
main contributions of this paper are summarized as follows.

e A novel spectrum-efficient DTH-OFDM scheme hav-
ing a simple triple-layer structure is proposed for in-
door dimmable VLC. For the typical indoor line-of-
sight (LOS) VLC channel, a dimming system model is
introduced considering various practical scenarios from
low illumination to high illumination intensities.

o By using the practical indoor VLC channel model, com-
prehensive performance analysis and simulation for DTH-
OFDM including probability density function (PDF),
BER, SE and EE are carried out, which are utilized to
optimize and solve the joint dimming control and optimal
power allocation problem.

o The optimal optical power allocation for THO-OFDM is
investigated to achieve the minimum BER. The analytical
BER expression for THO-OFDM is derived and we prove
that, the average BER is a convex function with regards
to two power allocation factors, therefore a global search
algorithm can be adopted to solve the problem.

e The joint maximum SE and minimum BER problem is
proposed, where we optimize the dimming and com-
munications functions by considering formulating the
jointed problem into three sub-problems based on the
low, medium, and high dimming levels. Unlike the other
existing schemes in the literature, our dimming adjust-
ment relies on the dimming factor and DC bias rather
than the proportion of two kinds of signals to achieve the
continuous and arbitrary dimming target.

The rest of this paper is organized as follows. In Section II,
THO-OFDM is presented, followed by the introduction of the
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TABLE I
A COMPREHENSIVE LIST OF THE EXISTING TYPICAL PAPERS ON THE TOPIC OF O-OFDM VLC
Year SE EE cC Delay Dimming Optimization Dimming
Tx Tx Rx Control Level
DCO-OFDM [17] | 1996 | High Low O(NlogzN) O(NlogzN) Tloga N X X X
ACO-OFDM [18] 2006 Low High O(NlogaN) O(NlogaN) Tloga N X X X
HACO-OFDM [21] 2014 | Medium | Medium O(2Nloga N) O(3NlogaN) 3Tloga N X X X
LACO-OFDM [26] | 2015 | High | Medium | O ((2— 1/2E"T)NlogaN) | O ((5 — 1/2F=3)NlogzN) (2L + 1)TlogaN — L°T + LT x x x
THO-OFDM [14] | 2020 | High | Medium | O(NlogzN) + O(3Nlog; ¥) O(2NlogaN) — N Tloga N 3TlogsN — 2N x x x
RPO-OFDM [37] | 2013 | Low Low O(NlogzN) O(NlogzN) TlogaN + Trwnt v x Discrete
AHO-OFDM ([38] 2015 | Medium Low O(2NlogaN) O(3NlogzN) 3Tloga N v X Discrete
HLACO-OFDM [41] | 2018 | High Low O ((2—1/2F"T)NlogaN) | O ((5 — 1/2F=3)NlogzN) (2L + 1)TlogaN — L°T + LT v SE Discrete
This work High Low O(NlogaN) + O(%logg"‘?) O(2NlogaN) — N 3Tloga N — 2N v BER and SE | Continuous

proposed DTH-OFDM scheme for indoor VLC in Section III.
In Section IV, theoretical analysis for PDF, BER, SE and EE
of the DTH-OFDM system are given. Problem formulations
for joint dimming control and optimal power allocation are
presented in Section V, whereas in Section VI numerical
results are used for evaluation of the system performance with
dimming. Finally, conclusions are drawn in Section VII.

II. THO-OFDM SYSTEM

In IM/DD OFDM-based VLC systems, the OFDM sig-
nal must be both real and positive. Various single-
layer optical-OFDM schemes such as DCO-OFDM, ACO-
OFDM (U-OFDM), PAM-DMT have been proposed. Lay-
ered/enhanced optical-OFDM schemes of LACO-OFDM (eU-
OFDM), ALACO-OFDM and ASE-DMT can further reduce
the SE gap between ACO-OFDM and DCO-OFDM with high
EE by means of infinite layers superimposition, but at the
cost of increased hardware complexity, which is not desirable.
THO-OFDM contains triple-layer signals of N-point ACO-
OFDM, N/2-point ACO-OFDM, and N/2-point PAM-DMT
[14].

In THO-OFDM, the first layer N-point QAM
data in odd SCs can be represented as Xéléo =
[O,Xl,O,Xg,...,XN/Q_l,O,XfV/Q_l,O,...,X;,O,Xf],
where N is the number of SCs and the symbol * denotes the
conjugate symmetric operation. Following the IFFT process,
the time-domain bipolar signal can be expressed as

N—1
1 2w
z(n)=—= E X (k)exp (—jkn),nzO,l,...,N—l,
N ! ()

where the time-domain signal z(n) has the antisymmetric
property given as

z(n)=—-x(n+N/2),n=0,1,..,N/2 —1. (2)

Then, the unipolar ACO-OFDM signal for the first layer can
be obtained by means of negative clipping without losing any
useful information due to the antisymmetric property, which

is given by
(1) Tn,y Tn Z 07
xTHO_{o z, < 0. ®

Note, the clipping noise of ACO-OFDM in the first layer
falls on even SCs, therefore the even SCs can be used to carry

data after removing the clipping noise. The second layer N/2-
point QAM signal and the third layer N/2-point PAM signal
are respectively defined as

X0 =10,X1,0,X3,0, .. Xn/a—1,0, X 541 -0, X3.,0, X7,
“)
Xé?;\)M:j[0707P270a "'7PN/4—2a070707 _PN/4—27 "'707_P270}7
(5)

where j = /=1 and Py(k = 2,4,...,N/4 —2) are PAM
symbols. Following IFFT and negative clipping, the N/2-point
unipolar signals of the second and third layers can be obtained,
which corresponds to xf()jo and a:fj?XM, respectively. To com-
pensate for the length difference, a 2-time repeat operation

is carried separately. Here, we denote the repeated N- Fomt

signals of the second and third layer as x(ﬁglo = x ACO, TACo)

and x(fl){o = [xgiM,xgiM] respectlvely It has been proved
in the frequency domain that, X?})Io = }“HO occupy the
2k-th(k = 1,3,...,N/2 — 1) SCs and XTHO = F@¥)

occupy the 2m-th(m = 2,4,..,N/2 — 2) SCs while the
rest of SCs are zero [14], where the symbol F(-) represents
FFT. Therefore, X%&O, X%)IO, and X%)IO can be combined
together using different SCs with no inter-carrier interference,
which is expressed in the time-domain by

ITTHO — xgﬂl})lo + l‘%){o + xg[z?lo (6)

III. DIMMING CONTROL BASED ON THO-OFDM VLC

In indoor applications, VLC offer the dual feature of illu-
mination and data communications. In this section, we first
introduce the channel model for the LOS VLC link followed
by the system model for DTH-OFDM VLC.

A. Indoor VLC Channel Model

For practical VLC systems, the light should be adjusted
intelligently to meet the requirements of human comfortable-
ness and expectations. In general, the illumination of 300
lux (lumen per square meter) is suggested for office scenario
and 500 lux for library and school scenarios. However, it is
recommended to be 30 lux for personal computer task [31].
In special circumstances, the illumination intensity could be
less or more, such as less than 10 lux for imperceptible VLC
(in this case, VLC keeps communication function with low
data rata while the illumination intensity is lower than the
sensitivity threshold of human eyes) and more than 1000 lux
for stadium, hospital and mall scenarios.
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Fig. 1. Channel geometric model for indoor VLC systems.

Here, we consider an empty room with the dimensions of
5 x5 x4m® (.e., length, width, and height) as shown in
Fig. 1, where a single LED and a photodetector (PD) are
located on the centre point of ceiling and 1 m above the floor
level, with the vertical, horizontal and direct distances of h, w
and d respectively. The LED is intensity modulated with the
information data. The power-current characteristic of LEDs
normally displays some degree of nonlinearity, which will
limit the maximum modulation index, i.e. signal to noise ratio
(SNR). A number of mitigation schemes have been proposed
to address the nonlinearity [43]. Thus the relationship between
the forward current I and the forward voltage V' (also between
the power P and the I) can be quasi-linear over a limited range
of [V, Vx|, where V;, and Vi denotes the turn-on and the
maximum allowable voltages, respectively. Considering that
the DC biased OFDM-VLC signal is a positive signal with
DC bias being equal to V7, the input voltage can be expressed
as [45]

Vn = kxn + VL; (7)

where k = (Vy — Vi) /Iy, Iy is the maximum I, and z,, is
the transmitted signal of THO-OFDM.

For simplicity, we consider only the LOS path, with the DC
gain modeled as a generalized Lambertian radiation pattern
given as [45]

(m+ 1A

Hy —
0 2md?

cos™ ()T ()g() cos(1h), (8)
where Lambertian order m = —1/log 2(cos(®;/2)) and ®; /5
is the LED semi-angle. A, ¢ and T'(¢)) denote the physical
area of PD, light radiance angle and filter gain, respectively.
g(%) is the concentrator gain, which is defined as

2
sin2\IJC
0, P> U,

, 0<y <,

9(¥) = €))

where W, and n are the field of view (FOV) and reflective
index of the concentrator, respectively. The received signal at
the receiver can be represented as [45]

rn = HoRxp + wy, (10)

where w,, denotes the additive white Gaussian noise (AWGN)
and R denotes the comprehensive transform coefficient includ-
ing the LED responsivity, V-1 transfer and the PD responsivity.

B. System Model of DTH-OFDM

The schematic block diagram of the transmitter for the
proposed DTH-OFDM system is illustrated in Fig. 2. The
generated triple-layer unipolar optical-OFDM signals x(TII){O,
$£FZIZIO and x(%){o are scaled by the dimming factors «; (i =
1,2,3) prior to being DC biased I},a5, Which is given as

1 2 3
TDTH = Oflx(TI){o + agx,(rl){o + agx(TI){O + Ipias-

Y

Note that, «; (can be either positive or negative) and [yas
are used for setting the dimming level. Based on the central
limit theorem, the conventional ACO-OFDM and PAM-DMT
have a clipped Gaussian distribution as given by [46]

2

Fanco () = —— (
T w) = ex
aee V2ToACO P 20%co

1
) utw)+3i0), 42

2

[ p— (
T w) = ex
A V2nopam P 208 A

where oaco and opay are the root mean square (RMS) of the
unclipped ACO-OFDM and PAM-DMT signals, respectively.
u(w) is the unit step function and é(w) is the Dirac delta
function. Then, the average optical power of ACO-OFDM and
PAM-DMT are given, respectively as

1
) utw)+ 5ot 13)

E (xACO) = /OOO wfIAco (w)dw =
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Fig. 2. Block diagram of transmitter for the proposed DTH-OFDM system.

OPAM

E (zpam) = /000 W fppn (W)dw = Jor

Therefore, the average current amplitude of DTH-OFDM
signal denoted as the expected value of xpry is given by

5)

Ip=F (xDTH) +ao +as + Tpias, (16)

\ﬁ \ﬁ W

where the o; (i = 1,2, 3) represents the RMS of the i-th layer
signal in DTH-OFDM. Since the transfer characteristic of the
LED is considered to be quasi-linear over a limited range of
[I1,Ig], where I, is the minimum drive current for the LED,
the dimming level of the DTH-OFDM can be defined as

Ip-1Ip
T Iy -1

where 7 is within the range of [0, 1].

A7)

IV. PERFORMANCE ANALYSIS OF DTH-OFDM

In this section, we carry out comprehensive performance
analysis of the proposed DTH-OFDM system including PDF,
BER, SE and EE.

A. PDF

From the perspective of signal distribution, we derive the
PDF of DTH-OFDM for the optimal values of o; and Ipiqas.
Based on (11), the PDF of DTH-OFDM can be calculated by
the convolution of the PDFs of triple-layer signals, given by
[40]

Seoru (w) = fo‘lz”(rll){o (w) ®f0‘2z£r2f)10 (U}) ®f0‘3f(T31){o (’LU), (13)

where ® represents the convolutional operation. Note Iy, 1S
not considered here since it is a constant parameter. According
to (12) and (13), the PDF of double-layer ACO-OFDM signals
can be first derived as

R BTN

foro (W@ f @
) u[sgn(a)l] + 55(1)} X

o] 1 _l2
= exp
/;oo [ 201 (2(1%0—%

{ ! ex (7(wil)2>u[s n(az)(w —
Smasos ©\ 20303 e

2 (w —1)dl

D] + ;5(10_1)}(1(191,)

where sgn(-) represents symbolic function, which satisfies
sgn(-) = 11if (-) > 0 and sgn(-) = —1 if (-) < 0. To simplify
the derivation process here, oy and a are set to positive in
the following. Therefore, (19) can be simplified to (please see
Appendix A)

fo o WOf @ (w)=
THO 2TTHO
! e (~ grarrs )
xp [ —— ———
21(a20? + a20?) 2(afof + a303)
Q101w Q202W
Q- 2 2, 2 2 —Q(- 2 2 2 2
Q202+/ Q707 +Q505 a101\/ 707 +Q505
1 _w? 2
+ 2/ 27 |:a10'1 eXP(Qa%O'%) + Qo092 exp(2a§(7§ ):| ’LL(’UJ)
1

(20)
where function Q(-) is the tail probability of the standard
normal distribution given by @ (§) = \/% J Eoo exp(f“;)du.

Similarly, we can derive the PDF of the DTH-OFDM
with triple-layer according to (18)-(20), which is shown in
Appendix A.

Since the amplitude of the DTH-OFDM signal is con-
strained by the dynamic range of LED, zrpo needs to be
constrained within the range of [I,, Iy], which maybe result
in undesirable clipping distortion. To estimate the undesirable
clipping distortion, we introduce a scaling factor, which is
given for the i-th layer signal as

3 [sen(es) + 1] Iy — sgn(ei) Ipias + 5 [sgn(ai) — 1] Iy
! |Ot,'|0'i '
2D
Therefore, the clipping probability is given as
—+oo
P(.’L’DTH> IH ZazmTHO> IH Iblas) / szTH (w)dw7
Tr—Tvias
H b 22)
I —Ipias
P(xpru<lIp)= ZaszHO< Ir—Tvias) / fapry (w)dw.
=1 (23)

Based on (18)-(23), the clipping probability is related to
o, (i.e. ;) and «;, see Appendix A. For ~; being lager, the
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Fig. 3. PDFs of DTH-OFDM with various dimming factors «; when
Ipias = 0.5, where six different colours arrows all represent the Dirac delta
function in the point of Iyas.

probability of clipped signal is small. The simulated PDFs
of the DTH-OFDM with various dimming factors of «; are
demonstrated in Fig. 3, which shows the PDF as a function
of the normalized current amplitude for a range of a; when
Thias = 0.5 and [IL,Iy] = [0,1]. Note, at Ipas of 0.5 the
probability of amplitude is 0.125, which is equal to the integral
value of £4(-). When values of DC bias below and above
the optimum I};,5 (i.e., 0.5), the PDF plots move to the left
and right, respectively. This would increase the probability of
clipping due to the LED nonlinearity, which is not desirable
and needs to be avoided. Thus, the trade-off between dimming
control and power allocation needs to be solved for achieving
the optimal system performance, which is considered in the
following sections.

B. BER Performance

Given that signals from different layers in DTH-OFDM
are combined to make the time-domain signal, an essential
problem is the optimal power allocation amongst the layers to
ensure optimal performance. Besides, the dimming function
has an adverse effect on communication quality. This part
derives the average BER of THO-OFDM scheme from the
conventional QAM and PAM formulas, which is necessary for
helping us to solve the optimal power allocation and dimming
control problems.

For conventional ACO-OFDM and PAM-DMT with con-
stellation sizes of M; and M, respectively, the bit error
probabilities can be formulated as [46], [47]

4<m1)@< M13—1§Z>’ (24)

J2 N T
BAAM M log, M,y

2(M; — 1) | 6 E,
P, = — 25
5PAM M210g2M2Q ( M2 -1 N0> NS

where E denotes the electrical energy per SC and Ny
represents noise power spectral density. Therefore, for the I-
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th(l = 1,2,3) layer the bit error probability can be derived
as

Pyy = Py Py it + (1= Poa—1) B gjimi—1

(26)
= Pyyjiri—1 + Po1ei—1 (B o=t — Pojici—1);

where P ;)11 and Pb7 IT~I=T denote the conditional prob-
ability of errors considering that, the signals from the first
layer to the (I—1)-th layers are demodulated correctly and
incorrectly, respectively. Note, for high SNR, the second term
in (26) is smaller than the first term and therefore can be
neglected, thus the estimated bit error probability is given as

W) o [ aE )

v Milog, M (Mi—1)No |’ ’
Py~ Pyjjia—1 &

2(M; — 1) 6F, ., 3

Moslog, Mo (M2 —-1)No |’

27
where M is the constellation size for the layers 1 and 2 for
simplicity, My is the constellation size for layer 3 and Ej;
denotes the electrical energy per SC at the I-th layer of THO-
OFDM. Therefore, the average bit error probability of THO-
OFDM can be derived as [14]

Tlog, My - Py 1+ X logy My - Py o+ (£ —1) logy Ma- Py 3
%logQMl + %logQMl + (%—1) log, Mo

5 NWM—DQ( 3Bex >+N<m_1)x
(M1 — 1)No

Py rao =

Wi VA 22/

3E. 2 (N—-8) (M2—1) 6F; 3
@ ( (M — 1)N0> o ¢ (\/ (M2 — 1)No> ’

(28)
where A = Zlog, My + Flog, My + (& — 1) logy M.

C. SE and EE

In this part, we investigate the relationship between SE
and EE of DTH-OFDM for indoor VLC, which are defined

respectively as [45]
nsE = (29)

TEE = (30)

vl Sa

where C' is the link capacity, W is the entire bandwidth, and
P is the sum power cost. Note, we only consider the power
consumption by the LED for simplicity. For conventional
ACO-OFDM with clipped amplitude by half in the frequency-
domain, and PAM-DMT, the SNRs for each SC are given as,
respectively [45]

1r2p2 .2 2p2 2

§aco = > = o7 (€29)
1rr2p2,.2 2p2 2
sHfR o HiRo
foan = Ay = =05 F, (32)
2Y%n n

where 0% denotes the variance of the modulated complex-
valued symbols Xox11(k =0,1,...,N/4—1), 02 = NoW/N
is the noise power and o denotes the variance of the modu-
lated PAM symbols.
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In THO-OFDM system, the variance of the modulated
triple-layer complex-valued symbols is assumed to be normal-
ized as o2. Thus, for the indoor DTH-OFDM VLC link the
total capacity Cpry and the sum power cost Ppry for LED
are given as, respectively

w w
CpTH = Zlogg(l +&aco,1) + §10g2(1 + €aco,2)+

N -8 W
%logg(l + &pam,3)
W HiR?ajo? w HiR*a30°
= zlog2 (1—!— T iz + §10g2 1+ T 10
(N — 8)W H2R2a20?
+ 6N log, [ 1+ 720% .
(33)
Poru = E[Unl,] = E[(kxprn + UL)zpTH] (34)

=kE [.’EzDTH] + ULE [I'DTH} .

Note, the optimal power allocation coefficients for DTH-
OFDM have not been taken into account here and will
be addressed in the next section. Since triple-layer signals
occupy N/2-, N/4- and (N/4—2)-point SCs respectively and
the remaining SCs are set to zeros in the frequency-domain,
then using Parseval’s theorem the relationship between o2 and
o2 is given by

2
o % 1 =1,2
! (N —8)0?
AN
By substituting (35) into (16), we have the expected value of
TDTH a8

(35)
i=3

Q101 + Qo092 + 303
ous V2m V2
Q10

SN

ElzprH] + Ibias

Qo0 + Q30 (N—8)
221 /2w 4N

+ Ibias~
(36)
Note, for large N, for example 512, we have

Q10 Qo0 Q30
+ Ibias-
s

+ +
27 22 242

The mean square value of 21y can be derived as

E[xDTH] ~ (37)

3
+ 2105 Z alE[x](Dl)TH]

3
1 2
Eledru] = > a2Bl(ay) )
=1 =1

2 3
+2 Z Z aiajE[xg')I‘Hxl(Dj')I‘H] + Igias

i=1 j=i+1
o2 a0 Qo Q30
~ —(205 + a3 + 03) + Tpjas(—= + —— + ——
gGartartaz)+h (\/7? NG \/ﬂ)
2 3
+ 2041'(1]‘ Z Z E[xg)THx](Dj’)I‘H] + Igias
=1 j=1i4+1
2
A O 2 2 2 Q10 Q20 Q30
= 200 + a5 + a3) + Ihias(—= + —= + —
g (it ozt od) + hal UE+ Do+ U)
109 Q103 [65]0%:] 2
+O’2 + + I ias?
(2\/% N2 4rw VD

(38)

where step “~” is also derived based on when the N is large

[T 3t}

while step is derived based on the different layers of
DTH-OFDM, which are subject to independent distribution,

ie., E[xg)Tng)TH] = E[xg)TH]E[J;g)TH] Here, the SE for

indoor DTH-OFDM VLC is given as

_ CbrH
NsSE W
1 H2R%a%0” 1 H2R%*a30?
= Elog2 <1+T +§10g2 1+T
(N —38) H2R%a3%0?
R TR v ’

(39)
and the EE can be given as (40) on the top of next page. There-
fore, the relationship between SE and EE can be formulated
as

—_— Wise
ULU(;T/IE-F 2\0;;7“!‘ 2\0;;7)+ULIbias+kE ['Z'QDTH} ’

(41)

20

nEE(Mbits/ s/J)

1.5
(bit/s/Hz)

0.5 Mg

Fig. 4. Ipias and ngg versus ngg of DTH-OFDM in indoor VLC.

Using (41) and the simulation parameters given in Table II,
we have plotted the EE as the function of [y;,s and SE for
DTH-OFDM VLC with the dimming factors set as a; = 1, see
Fig. 4. Note, the optimal power allocation is not considered
here for simplicity. As observed in Fig. 4, the EE is a concave
function of SE for a given I;,s and it is also a monotone
decreasing function of Ij;,s for a given SE.

V. JOINT DIMMING CONTROL AND OPTIMAL POWER
ALLOCATION

In this section, we explore the joint dimming control and
the optimal power allocation strategy for indoor DTH-OFDM
VLC. First, using convex optimization we derive the optimal
power allocation coefficients between triple-layer branches to
achieve the minimum BER. This is followed by problem
formulation for the dimming control where we consider three
dimming stages to achieve the dynamic lightness adjustment.
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w H2R%02%02 w H2R?%0202 N—-8)W 1+ H2R? 0202
Crao T1ogy (1 + = 4051 + glogy (1+ =2 40’;;2 + 161\; log 020,% . (40)
NEE = = a Q: a
P ULo(55= + o=t 3 %ﬂ) + Urlvias + kE [ITHO]
TABLE II variable. Inspiring by designing a low-complexity solving
SIMULATION PARAMETERS OF FIG. 4 AND FIG. 9 solution, we can simplify (44) using Theorem 1 to
Parameter Value : _ _
Bandwidth, W 20 MHz diag {VPy1uo(f1 B2)} =0, st Bi=V28. (45)
QAM modulation order, My 16 Theorem 1: For L-layer LACO-OFDM under the AWGN
PAM modulation order, Mo 4 . R
Vertical distance, fu im channel, define the proportion of optical power allocated to
Horizontal distance, w 0 m layer | (1< 1< L) is 8. To achieving the minimum average
LED semiangle, ®; /5 60° BER, the optimal optical power allocation solution for LACO-
Receiver FOV semiangle, W, 80°

Reflective index, n 1.5

Detector area, A 0.0001 m2
Maximum voltage, Vir 34V
Turn-on voltage, V7, 27V
Maximum current, [z 1A
Transfer coefficient, R 0.5
Subcarriers number, N 512
Optical filter gain, 7'(¢)) 1

Noise power spectral density, No | 10E-18 A?/Hz

A. Optimal Power Allocation - Minimize BER

For THO-OFDM, we define the proportion of optical power
allocated to layer 1 and layer 2 are [3; and [, respectively
that are given by

Po,l
Po,1+Por2+Po,3

Po,2

Po,l +P0,2+Pa,3’

(42)
where 0 < 51 < 1and 0 < (B3 < 1. Substituting (42) into (28),
we have

P =

and (o =

o NVM-1) e | NV 1)
W7 ) (M —1)No S3Vavn

3mBa” (N—8) (M>—1) 67 (1— 1 —B2)?
Q( (M1—1)N0)+ 4\M> Q( (M2—1)No >’
(43)

where E,; = wP2, [48] and P, + P, + P, 3 are set to
unity for srmphcrty of the following calculation. Since Q() is
a continuous function in a bounded closed interval [0, 1] for
both 31 and 2, Py rro is also a continuous function within
its definitional domain. Furthermore, as proved in Appendix
B, P, tHo is a convex function. The extreme values of the
double-variable function P, tao will only occur at points,
where its gradient equals zero. Therefore, the optimum point
(81, B2) can be found by solving

diag {V P, tao(B1,62)} =0 (44)
Here, symbol V is Hamilton operator. The derivatives of
Py rho are 8P§ﬁTlHO nd aP{gﬂTHO therefore for solving (44)
a nested algorithm using gradient descent is required. For a
double-variable searching algorithm, however, its computation
complexity and iteration times are much higher than single-

OFDM can be expressed as
Bio1 = V2B (46)

Proof: For LACO-OFDM, the electrical power of each SC in
layer [ is F,;, which should be equally distributed to achieve
the minimum average BER [49], ie, Es1 = Eso = -+ =
Es,;. Since only N/ 2! SCs are occupied in the [-th layer, i,e,
012 =FE;/ 2! based on the Parseval’s theorem, the relationship
between the RMSs of unclipped layers can be expressed as

[49]
o1 = V201, (47)
where 01, = V2rP, ;. Based on Theorem 1, we have FP,; =

B Z P, ;. Hence, the relationship between f3; can be derived,

see Theorem 1. [ ]
Then, (45) can be written as
0Py, THO —0 48)
952 B1=V2p>

Note, for high SNR, Ny is small enough and can be ignored,
therefore (48) can be approximately derived in terms of [
and (M7, Ms) as given

B(M3 —1)83 = 2(My — 1)(1 — V26, — Bo)’.

For M; = 16 and My = 4, the optimal power allocation
solution for THO-OFDM should satisfy 3; = /23, ~ 0.3886.
Besides, more cases between modulation order and optimal
power allocation coefficients are listed in Table III. It is worth
noting that 64QAM-8PAM has the same coefficients of 8; and
B2 compared with 16QAM-4PAM, which is because in this
case modulation order satisfies M; = M22 Therefore, (49)
has the same solutions.

(49)

TABLE III
OPTIMAL POWER ALLOCATION COEFFICIENTS FOR THO-OFDM UNDER
VARIOUS MODULATION ORDERS MjandMs

4-4 16-4 16-8 64-8 64-16
B1 | 02745 | 0.3886 | 0.2872 | 0.3886 | 0.2899
B2 | 0.1941 | 0.2748 | 0.2031 | 0.2748 | 0.2050

A clear 3D version of the BER plot as the function of (5,
and [ with the contour map of a projection for 16-QAM and
4-PAM THO-OFDM under diffenent —’“ is provided in Fig.
5. Observe that, the BER always decreases in Fig. 5(a)-(d),
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W R
SRS

S
%’::o

10g10(BER)

A

|0g10(BER)
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X:0.3886
Y:0.2748

|0g10(BER)

Fig. 5. BER performance of THO-OFDM and its contour map of the projection in X-O-Y plane v.s. 81 and B2 when using 16QAM and 4PAM, (a) f,—z =14

dB, (b) % =16 dB, (c) % =18 dB and (d) % =20 dB.

reaching the minimum level at (51, 32) = (0.3886, 0.2748),
i.e., a global minimum point, which is consistent with the
predicted result using (49). Besides, the minimum BER value
decreases from 102447 to 107398 when % increases from
14 dB to 20 dB.

B. Problem Formulation

In a typical VLC system, the key challenge is to achieve a
continuous and wide dimming range while maintaining high
quality data communications. We adjust «; and Iy, to address
this problem and achieve adjustable dynamic illumination by
considering the minimum average BER, i.e., P, THo, and the
maximum SE, i.e., ngg. We consider the dimming range of
n can be divided into three sections for different scenarios:
(i) dimming stage I with 0 < n < n; (ii) dimming stage II
with n, < n < ny; and (iii) dimming stage III with ny <
n < 1, where i, and g denote the low illumination and high
illumination threshold levels, respectively.

1) Dimming Stage I ( 0 < n < nr): For this, there is
no need to introduce an extra bias level since «; can be set
be positive to dynamically adjust the dimming level. Thus,
the constrained joint dimming control and optimal power

allocation problem can be formulated as

(Pl) : min Py rHO
B1,82
st. a; >0, 1=1,2,3, (50a)
0<p1,B2<1, (50b)
Thias = 11, (50¢)
Vi > 4. (50d)

The objective function of problem (P1) is a convex func-
tion, which can be solved by the former subsection. Con-
sidering that, for DTH-OFDM the proportion of optical
power allocated to the layers 1 and 2 are $; and fs, i.e.,

Br:P2:(1—=p1—pPa) = 1:%:(%— _%)’ then (17)
can be written as

_ID—ILNOQO' QQU&_F a30(i_1_&)
g Ig—Ip, 27 22701 221 P 5(151’)

where I, and [y are respectively set to 0 and 1 for simplicity,
similarly for the stage II and III in the following parts. For the
constraint (50d), i.e., Csoq, 7; is defined as scaling factors to
reduce undesirable clipping distortion due to the nonlinearity



of LED. Using (21) (35) and Cs¢., C504 can be formulated as

L _V2o 0,
101 a10
i = b _ 2 oy
azfa02  aeflao
T ! 3 ~ 2 3 >4,1=3
OtB(L_Tl—l—ﬁ)Ug (E_l_ 2) (52)

Under the optimal power allocation solution, a; should be
set be the same for solve (P1), i.e., ®; = oo = a3 = . Thus,
(52) can be used to determine the adjustable range of «, then

we have
V2 B b1

4728, 2(1 = By — Ba)

0 < a < min{— I3 (53)

where o2 is normalized to unity, 3; and 35 should satisfy

Bl = \/562 and the relationship in (49) under the objective
function in (P1). Therefore, the dimming level can be dynam-
ically adjust by « within the interval of (0, 7y,), which can be

expressed as
_ 2V/2mm
T 5 _q1L 1
V2-1+4
And 7y can be calculated by substituting a,ax into (54),
which can be expressed as

(V2-1+3
2\/%

2) Dimming Stage Il (n, < n < ng): In this case the
dimming adjustment using «; cannot be done considering the
constraint Cggq. Therefore, dimming adjustment is achieved
by using [};.s, Where the objective functions are to achieve
maximum 7)sg and minimum P}, o, as formulated below

(54)

) Omax

n = (55)

(P2.1): max  7sg
é?lﬁg Py tHo
st o #0, 1=1,2,3, (56a)
0<pBq,B2 <1, (56b)
Tnias =1, (56¢)
vi > 4. (564)

Note that, the independent variables of two objective func-
tions are independent of each other, although (P2.1) is a
multi-objective programming problem. In the previous part,
minimum P, 7o problem has been given as (44) and then
solved by convex optimization. Therefore, we can transform
one solved objective function (44) into restriction, which can
be formulated as

(P2.2) : max . 7sg
st o #£0, i=1,2,3, (57a)
diag {VPb tHO (B1,B2)} = (57b)

1
fa1+ 042"!‘(&—1—??) =0,
(57¢)

Vi 2 4. (57d)
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Algorithm 1: Global search algorithm for solving
(P2.2)

Input: target illumination level 7, loop times n, M7, M2, Ho, R,
0721, N
Output: o;
Initialize nsg = 0, oy = 0;
2 Calculate 81 and B2 using (45);
3 Calculate value range of «; using (21) and Csgq, expressed as
(Oéi)min <a; < (ai)max N
4 Calculate the iteration accuracy, expressed as:
Aloq) = (1) max—(@1)min  Alag) = (a2)max7(a2)min;

for]_0]<n]++d0 "
for Kk =0;k <n;k++ do

—_

5
6

7 a1  (01)min +jA(1);

8 az + (a2)min + kA(a2);

9 Calculate a3 using Csrc;

10 if a3 € [(@3)min, (@3)max] and «; > 0.1 then
1 Calculate 7sg, using (39);

12 if s > nsk then nsg < 7sE;

13 Q; — Qg

14 else a; « a;;

15 else

16 | do state 14;

where Cjs7. is derived by substituting (51) in Csg. and o
is normalized to unity. Since «; is a multiplicative dimming
factor per layer in DTH-OFDM, for small «; it would be
challenging to recover the transmitted signal with AGWN.
Therefore, we have set a constraint to «; as |o;| > 0.1 in
the following Algorithm 1. Finally, the solutions for (P2.2)
are determined using the global search in Algorithm 1.

3) Dimming Stage III (ng < mn < 1): For this, we
consider it as an asymmetric stage of the dimming stage I by
setting Ih;as = Ifr and «; being negative. Thus, the constrained
joint dimming control and optimal allocation problem can be
formulated as

(P3) : [EIIHL% P, tHO
st <0, i=1,2,3, (58a)
Lvias = Im, (58b)
and Csq, Css.

Similar to the dimming control as stage I, we have a; = ag =
a3 = —a, which is given by

2v2m(1 —
_ o), (59)
V2-1+ 4
and nH = 1-— nL-

In summary, we can jointly describe the three dimming
stages using pseudocode as shown in Algorithm 2.

VI. NUMERICAL RESULTS

In this section, numerical results are provided by Monte-
Carlo simulation to evaluate and validate the proposed DTH-
OFDM scheme with joint dimming and communication func-
tions.

Fig. 6 first shows the dimming level n as a function of
Ivias for DTH-OFDM under the different «; orders, where the
scaling factors ~; are set as 2, 3, 4 and 5, respectively. The
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Algorithm 2: Joint dimming control and optimal
power allocation for the proposed DTH-OFDM

Input: target illumination level n, My, M2, Iy, If, o2
Output: «;, Ipias

Calculate 81 and B2 using (45);
Calculate n7, using (55);

ng =1-nL;

if 0 < n < nr, then

Ibias — IL;

Calculate o; using (54);

else if n;, < n < ngy then

Ibias =

Calculate o; using Algorithm 1;

R - 7 I SE

else

_ =
= S

Thias < IH;
L Calculate o; using (59);

-
)

plots illustrate a linear increase of ) with I;,s. For example, in
Fig. 6(a), the adjustable range of 1 has increased from [0.6, 1]
to [0.24, 1] for ; of 2 and 5, respectively. Note, ; adjustment
is achieved by changing «;. On the other hand for a fixed
Iias, m can changed by adjusting «;. Note, the same pattern
can also be seen in Figs. 6(b)-(d). However, in real dimming
applications a single parameter-based dimming adjustment will
not meet the requirement for a wide dimming range, which is
achieved by means of jointly adjusting «; and Ipi,s in the
proposed scheme.

1 "]
(a)
0.8
= 0.68
- 7,=7,"7,~2
0.44 =77
) by =7,
p —=7,77,"7;5 —-—-7,=7,"7;=5
0.2 0
0 02 04 06 08 1 0 02 04 06 08 1

bias bias

—-—7,7,77,72
—0—7,=0,0573
it St P P $
—-—7,77,"7,75

(d)

0.2 0.4 0.6 0.8 1

bias bias

Fig. 6. The dimming level n as a function of [;,s with various scaling
factors «y; in DTH-OFDM. (a) Dimming factors «; > 0; (b) Dimming factors
ai,a2 > 0, a3 < 0; (c) Dimming factors a1 > 0, a2,a3 < 0; (d)
Dimming factors «; < O.

The average BER comparison for various dimmable
schemes are then presented in Fig. 7, where the total number
of SCs N = 512 and the LED nonlinearity has not been
taken into account. The dimming level values of 0.1 (stage
I), 0.3 (stage II) and 0.5 are representative for DTH-OFDM
because the dimming range are symmetric about 77 = 0.5 in

DTH-OFDM. Note that in RPO-OFDM and HLACO-OFDM
schemes, the BER performance under different dimming target
can be independent with 7 due to its inherent characteristic of
dimming mechanism. Obviously, the proposed DTH-OFDM
can reach the best BER performance when 1 = 0.3, about 2
and 4 dB SNR gain under the BER of 10~* compared with
RPO-OFDM and HLACO-OFDM, respectively. In addition,
the SEs of DTH-OFDM and HLACO-OFDM are 1.75 times
of RPO-OFDM, which shows the drawback of RPO-OFDM.
On the other hand, the BER performance of DTH-OFDM is
also better than THO-OFDM when nn = 0.3 and 0.5, since it
employs the convex optimization to tackle the optical power
allocation during triple-layers of THO-OFDM.

10()

-/ RPO-OFDM [37]
=+ HLACO-OFDM [41]
b . =% THO-OFDM [14]

| DTH-OFDM@7=0.1
107! Rem. W -8~ DTH-OFDM@1=0.3 1
B =~ DTH-OFDM @7)=0.5
o107 F E
A
107 £ v
X\
AN
\\\
+
104 I I I Vs
2 4 6 8 10 12 14 16 18

E /N, [dB]

Fig. 7. BER comparisons between the proposed DTH-OFDM with various
dimming level 1 and the RPO-OFDM, HLACO-OFDM with 3 layers and
THO-OFDM, where the modulation formats for ACO-OFDM and PAM-DMT
are set as 16QAM and 4PAM.

Afterwards, the average BER performance of the DTH-
OFDM with 16QAM and 4 PAM for different dimming levels
7 from 0.05 to 0.95 in three dimming stages is further depicted
in Fig. 8, where % = 14 and 16 dB. Taking Fig. 8(a)
for example, blue dotted lines of Fig. 8(c), (d) and (e) are
the BER plots for the case with no LED nonlinearity at the
dimming stages I, II and III, respectively, which symmetry at
n = 0.5. Note, the BER plots of (c) and (e) are the same since
the dimming stages I and III are antisymmetric. However, at
stage II the polarities of o; are changeable, which means that
part of time-domain signal amplitude in DTH-OFDM could
be canceled thus leading to a wider adjustment range of each
layer, i.e. «;. Since the objective function in dimming stage
IT is to maximize nsg under the constraints Cs7, and Csre,
each layer signal enable to achieve bigger o; compared with
stage I and III, which means that it fully exploit the dynamic
range of LED and improve the effective SNR at the receiver
[39]. Therefore, the average BER performance could be better
in stage IIL.

The red solid line plots of Fig. 8(f), (g) and (h) denote the
BER performance for dimming stages I, IT and III, respectively
with LED nonlinearity when I;, = 0 and Iy = 1. Since
the exceeded part of current signal would be clipped at the
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Fig. 8. BER performance of the proposed DTH-OFDM as a function of 7 using 16QAM and 4PAM when (a) JI:JTS = 14 dB and (b) %’) = 16 dB, where
(c)-(e) represent the different dimming stages without considering LED nonlinearity while (f)-(h) represent that considering LED nonlinearity.

threshold value of Iy, and Iy, the DTH-OFDM signal in the
region close to the dimming stages margins would experience
clipping-induced distortion due to the LED nonlinearity. For
example, for the dimming stage I, the probability of clipping
increases with 7, thus resulting in deterioration of BER per-
formance as «; increases. The same can be said to the other
two dimming stages of II and III. Note, for DTH-OFDM VLC
in Fig. 8(b), (i) considering the LED nonlinearity the average
BER is still lower than the forward error correction (FEC) limit
(BER = 3.8 x 1073 and the redundancy ratio of 7%) for an
arbitrary 7; (ii) it offers lower BER (i.e., a good nonlinearity
tolerance) for n < 0.15, 0.4 < n < 0.6 and n > 0.85; and
(iii) it shows higher BER for the case for LED nonlinearity
for 0.2 < < 0.4 and 0.6 < n < 0.8.
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Fig. 9. Achievable spectral efficiency of DTH-OFDM for indoor VLC as a
function of n with various horizontal distance w.

In indoor VLC, both 7 and channel parameters will also

affect the link performance. Fig. 9 shows the SE versus 7
for the three dimming stages with a range of w when o2 is
normalized to unity, and Ny of 1072°. All other parameters
used are the same as those listed in Table II. As can be seen,
the SE plots are symmetric at = 0.5 for all values of w, and
decrease with the increasing w for three dimming stages due
to reduced received optical power levels along the LOS path
between LED and PD. Specifically, for the dimming stages
I and III, the increase in SE is due to higher «;, whereas
for the dimming stage II, the average SE is almost contrast
for all values of w. Note, the objective function in dimming
stage II is to maximize SE and minimize the average BER
under constraints, where the SE plots are relatively high while
maintaining the lower BER performance, see Fig. 8.

VII. CONCLUSION

In this paper, a joint dimming control and optimal power
allocation scheme for DTH-OFDM VLC was proposed to
simultaneously support illumination and data communications
in a LOS indoor environment. The transmitted signal structure
for DTH-OFDM and a typical LOS channel were modeled.
Based on minimized average BER using convex optimization
for DTH-OFDM, which shows the global minimum point
at (81, f2) = (0.3886, 0.2748) for 16QAM and 4PAM, three
dimming stages were formulated and then solved to meet
both illumination and data communications requirements. The
numerical results showed that, the proposed DTH-OFDM
scheme could achieve an arbitrary and continuous dimming
level from 0.05 to 0.95 by jointly adjusting the dimming
factors «; and Ipi,s. In addition, we simulated and compared
the BER performance for DTH-OFDM with the other typical
O-OFDM schemes under a range of 1 changes and different
dimming stages, then results showed an improved tolerance to
the LED nonlinearity except for the lower total BER under the
FEC limit. Finally, we compared the SE plots as a function
of n for a range of horizontal weight w with the highest SE
achieved for n of about 0.2 and 0.8.
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APPENDIX A
PrROOF OF PDF OF THE PROPOSED DTH-OFDM

As described in (19), the PDF of two-layer ACO-OFDM
signals in DTH-OFDM has been derived. Since we have set
a1 and ao are positive for simplification, (19) can be first
simplified to

foon (W)SF

THO

. ), (W)=

/Oo {#ex (i) u(l)+l5(l)}><
—oc0 2ranon P 2aj0f 2

[ 27r0202 ( %l ) - l) + %5(11) - l)} dl
exp
amliﬁi / < 2;22010;2:% + g” l)dl
2\/17 |:0410'1 P (20‘1‘71 )+a20'2 20420‘2 ]

+ 76(w).

(60)
After some manipulation and using the integral interval trans-
formation [50], we have

/Ou eXp(—ff;—W)dw = V/mBexp(87%)
X {Q (7\/B> -Q <7\/B+ Q\I}Bﬂ ,

Substituting (61) into (60) gives

(61)

forap (W)@ [y 0 (W) =
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1 1 —w? 1 —w?
b [m ex(5pes) + oo exp<zagag ﬂ u(uw)

1
+ ié(w)a
(62)

where We have set § = a101a202/ (20202 + 2a303) and v =
—w / a202.

Similarly, we can further derive the PDF of DTH-OFDM
as the follows, where a1, ais, and a3 are also supposed to be
positive
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APPENDIX B

PROOF OF THE CONVEXITY OF AVERAGE BER Pb,THO

For proving the convexity of P, o, define its indepen-
dent variables is in a closed region, which is represented
as D = {(B1,02)|51 € (0 1), B2 € (0,1)}. Here, we define
A = 92 ngHO’ B = agbaTﬂHO and C = a? ?ﬁEHO
tively. Accordlng to (43), we have

, respec-

A= N(A@/W;M?ﬁl {(M1 ?jrl)No] o [%] N
(N_g)(M2_1)(1—ﬂ1—52){ 6 ]2exp{—3w(1—61—ﬁz)2}
T AMa (M2—1)No (M3 —1)No (64’
B= (N_S)(YE;(J\Z& = [(Méilié\l’(i by (65)
o= M o) o)
(N—S)(Mz—l)(l—ﬂl—ﬁﬂ{ G ]gexp{—?’”(l‘ﬁl_&)g}.
A2TAM; (MZ—1)No (M3~

1)No
(66

Then, we can calculate AC — B2, which is given as (67)
in the top of next page. According to the above (64)-(67),
we can conclude that the second-order partial derivative A,
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2 N2(VMi —1)°B15s —3m (8% + B3) 3 3
AC=B" = AT, P {2(M1 - l)No} [(M1 = 1)NJ
N N (N —8)(v/M; —1)(Ms—1)B1(1— 1 —B2) exp { —3n i _3%(1—61—62)2} { 3 F{ 67 }S
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(67)

B and C of P, tuo are continuous in the closed region D.
Besides, (1 — 81 — 82) in (64)-(66) denotes the proportion of
optical power allocated to layer 3 in the THO-OFDM, which
is obviously more than zero, i.e., 1 — 81 — B2 > 0. Therefore,
we can conclude that B > 0 and AC — B? > 0, which
indicates that P, Tgo is a convex function according to the
necessary and sufficient condition that determine the convexity
of a function.
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