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Abstract: Dimming control is critical in practical visible light communication (VLC) systems to
satisfy illumination demand. Upon exploiting multiple layers of asymmetrically clipped optical
orthogonal frequency division multiplexing (ACO-OFDM) signals for simultaneous transmis-
sion, layered ACO-OFDM (LACO-OFDM) constitutes a promising spectral-efficient modula-
tion technique for VLC. However, dimming by integrating the industry-preferred pulsewidth
modulation (PWM) to the LACO-OFDM scheme induces severe clipping noise due to the
nonlinearity of LEDs. In this paper, we conceive a reconstructed LACO-OFDM (RLACO-
OFDM) scheme incorporating the PWM technique for VLC to accommodate the dimming
demands for indoor illumination, while maintaining a spectral-efficient communication link.
Moreover, superior to its counterparts, the transmitted symbols in the RLACO-OFDM based
VLC system can be readily recovered by a standard LACO-OFDM receiver while no ad-
ditional detection of the PWM signal is required, which reduces the receiver complexity.
Numerical results demonstrate that the proposed RLACO-OFDM is capable of realizing
high spectral efficiency over a broad dimming range.

Index Terms: Visible light communication (VLC), dimming control, pulse width modu-
lation (PWM), asymmetrically clipped optical orthogonal frequency division multiplexing
(ACO-OFDM), layered ACO-OFDM.

1. Introduction

As a benefit of its distinctive advantages, such as license-free operations, inherent high security,
low-cost implementation, etc, visible light communication (VLC) has attracted significant attention
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[1], [2]. Given the urgent customer demand for high-speed data transmission and the saturation of
the radio frequency (RF) spectrum resource, VLC is deemed as a promising technology to realize
ubiquitous wireless coverage typically for indoor environment [3]-[5].

Due to the robustness to inter-symbol interference (I1SI) and high spectral efficiency, orthogonal
frequency division multiplexing (OFDM) has been extensively investigated in VLC to achieve gigabit
transmission [6]-[8]. In VLC, the transmitted signal is constrained to be nonnegative as a result of
inherent nature of LEDs [9]. Therefore, many specific solutions have been proposed to generate
nonnegative time-domain optical OFDM (O-OFDM) signals. One of the popular solutions is known
as direct-current-offset optical OFDM (DCO-OFDM), which produces nonnegative signals by directly
adding a direct current (DC) component [10]. However, the DC component does not convey any
information, leading to power inefficiency [11]. Some power-efficient strategies have been proposed,
including asymmetrically clipped optical OFDM (ACO-OFDM) [12] and pulse-amplitude-modulated
discrete multitone (PAM-DMT) [13]. Since only half of the subcarriers or signal dimensions are
actively utilized in both ACO-OFDM and PAM-DMT, a hybrid ACO-OFDM (HACO-OFDM) scheme in
[14] has amalgamated the techniques of ACO-OFDM and PAM-DMT to enhance spectral efficiency.
However, HACO-OFDM still does not fully exploit the frequency-domain resource since the real
part of even subcarriers is unmodulated. Recently, a layered ACO-OFDM (LACO-OFDM) has been
developed to further improve the spectral efficiency, where multiple layers of ACO-OFDM are
superimposed in the time domain for simultaneous transmission [15].

In VLC, dimming control is a critical issue since integrating efficient dimming techniques into VLC
can significantly improve energy savings, as well as achieve the brightness adjustment of LEDs
according to personal preferences [16]. In the context of OFDM-based VLC, there are mainly two
kinds of dimming techniques for illumination control, namely, analog and digital approaches [17]. In
the analog approach, the biasing and scaling of the O-OFDM signal are jointly adjusted to achieve
efficient illumination control. Appealing works about the analog approaches include asymmetrical
hybrid optical OFDM (AHO-OFDM) [18], enhanced DCO-OFDM (eDCO-OFDM) [19], and dimmable
O-OFDM (DO-OFDM) [20]. It has been shown that these schemes can support a high link capacity
for a wide dimming range. However, the challenge of implementing the analog approaches stems
from the fact that the coefficients of the VLC system, such as scaling factors and biasing, highly
depend on the dimming requirement, which can make the detection process of the O-OFDM signals
sensitive to the dimming level [21].

Alternatively, various digital dimming techniques have been conceived for OFDM-based VLC. To
elaborate, the scheme proposed in [22] transmitted O-OFDM signal during the ON state of the pulse
width modulation (PWM) signal to achieve the functionalities of both dimming and communication,
which is easy to implement but causes the reduction of data rate due to the waste of the OFF state.
In [23], the time-domain O-OFDM signal was multiplied by a periodic PWM signal for simultaneous
transmission. However, this scheme can not support high-speed VLC systems since the bandwidth
of the PWM is required to be at least twice of the O-OFDM signal. In order to combine the wideband
O-OFDM signal with relatively narrowband PWM signal, reverse polarity optical-OFDM (RPO-
OFDM) has been proposed in [24], in which the polarity of the ACO-OFDM symbols is reversed
during the ON state. Nevertheless, in order to re-adjust the reverse polarity, additional detection
operation of the PWM signal is required before decoding the ACO-OFDM signal. The detection
of the PWM signal may become intricate especially in multiple-LED scenarios [25], [26], since
multi-path PWM signals from different LEDs are coupled at the receiver and difficult to de-multiplex.
Furthermore, a negative HACO-OFDM (NHACO-OFDM) has been introduced in [21] and then
combined with the original HACO-OFDM scheme for dimming control, which exhibits a high power
and spectrum efficiency for a broad dimming range. Recently, the idea has been further extended
in [27] to the LACO-OFDM and a spectral-efficient dimmable VLC system has been realized by
incorporating the negative LACO-OFDM (NLACO-OFDM) with the original LACO-OFDM. In both
schemes, the subtraction of the clipping noise at the receiver depends on whether the original or
the negative signal is transmitted, since the clipping procedure of the original O-OFDM is different
from the negative O-OFDM. Therefore, similar to RPO-OFDM, additional detection operation of the
transmitted O-OFDM is required at the receiver.
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Against this background, a novel dimmable reconstructed LACO-OFDM (RLACO-OFDM) scheme
relying on the PWM technique is conceived for providing spectral-efficient VLC, while concurrently
satisfying various dimming requirements. A direct superimposition of the conventional LACO-OFDM
and PWM signals yields severe clipping distortion. In the proposed scheme, we introduce a recon-
struction procedure of the LACO-OFDM signal to restrict the superimposed signal operate within
the linear dynamic range, so that the dynamic range of LEDs can be fully exploited. Moreover,
superior to its counterparts, the decoding process of the proposed RLACO-OFDM can be directly
accomplished by a standard LACO-OFDM receiver while no additional detection operation of PWM
is required. It leads to relatively low complexity and makes our proposed scheme more suitable
for practical implementation especially in multiple-LED scenarios. Numerical results demonstrate
that the proposed RLACO-OFDM is capable of supporting a high spectral efficiency over a broad
dimming range.

2. Layered ACO-OFDM

LACO-OFDM exploits the property of the Fourier transform and combines the multiple layers of
ACO-OFDM signals for simultaneous transmission. It achieves higher power and spectral efficiency
than the conventional O-OFDM schemes. In the Kth layer of LACO-OFDM, only the 2-1(2m + 1)-th
(m=0,1,...,N/2'— 1) subcarriers are modulated while the remaining subcarriers are set to zeros
[27]. After inverse fast Fourier transform (IFFT) operation, the generated time-domain signal of the
Ith layer is expressed as [15]

0 1 N 0 j271ni
i /

= — E X

A =N A”eXp( N >

N/2/-1
1 /

_ (1) j2m
=75 ,,,2: X\ ot @m 1) BXP (—n(2m + 1)) , (1)

N
=0 2T

where j= /-1, XX?, denotes the frequency-domain signal of the th layer. From (1), it follows

that xﬁ(?n = Xx?nw/z/f“ which implies that xﬂ?n is a periodic function with period of 2’/\’7 Furthermore,

define the N /2-'-length frequency-domain signal as

X(,):{O, i=2m,

1

x® @)

A2-imiry | =2m+1,

which is the typical signal structure of ACO-OFDM in frequency domain. Performing N /2"-"-point
IFFT of X,(’) yields the unclipped time-domain signal of ACO-OFDM, denoted by X In practice, the
time-domain signal xﬂ?n of the Fth layer can be obtained by repeating the N/2"-"-length signal X

by 21 times [27]. Additionally, since only the odd subcarriers of X,‘-') are modulated while the even
subcarriers remain unoccupied, xﬁ,') follows the anti-symmetry that xﬁ,') = _Xg)w/z“ which means the
negative parts can be directly clipped at zero without any information loss.

In LACO-OFDM, time-domain signal is generated through the superimposition of multiple layers

of the ACO-OFDM signals, which is expressed as [15]

L
Xacon = Y | K| LN =01, N =1, 3)
I=1

where X aco.» denotes the time-domain signal of LACO-OFDM, L is the total number of the layers,
and |x], = max{x, 0} denotes the clipping operation of negative parts. In general, the variance
of modulated symbols is set to be uniform as o2 for all the L layers of ACO-OFDM. Since N/2!
subcarriers are modulated in Layer /, the variance of the unclipped signal xX?n is 02/2! [20].

The clipping distortion of the -th layer In LACO-OFDM falls on the m2'-th (m = 0,1, ..., N/2/ —1)
subcarriers of the LACO-OFDM signals, where the (/+ 1)th layer is modulated, and it does not
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interfere with the transmitted symbols of lower layers [15]. Therefore, the transmitted symbols in
the first layer are ideally free of interference and can be readily recovered at the receiver by directly
performing the FFT operation. Then, the interference caused by the first layer is regenerated
based on the estimated symbols. After subtracting the regenerated interference from the received
signals, the transmitted symbols of the second layer can be subsequently estimated. Similarly,
the transmitted symbols in the remaining higher layers are detected successively at the receiver
through the interference cancellation.

3. Dimmable VLC System Based on Reconstructed LACO-OFDM

Dimming control is an essential requirement for VLC. In this section, we propose a PWM-based
RLACO-OFDM with dimming control to provide a spectral-efficient VLC transmission, while accom-
modating dimming demands for illumination.

3.1 Pulse Width Modulation

PWM is an industry-preferred solution to achieve the illumination control of LEDs over a wide
dimming range. In PWM, a periodic train of pulses is transmitted, and the width of the pulse can
be adjustable to provide the required dimming level. Given the limited dynamic range of LEDs, the
PWM signal is expressed as

0 Iy, 0<t<T, 4
X =
P I, T<t< Terwm,

where /4 and [, respectively denote the maximum and minimum current levels permitted by the
LEDs, Tpwm denotes the time period of the PWM signal, and T is the width of the pulse. Regions
[0, T] and (T, Tpwm] denote the ON and OFF states of the PWM signal, respectively. The duty cycle

of the PWM signal is defined as p 2 T/ Tpwm.

In the proposed scheme, the period of PWM is set to Tpwu = N Ts, where Ng denotes the number
of LACO-OFDM symbols during one PWM period and T is the LACO-OFDM symbol period.
Furthermore, the width of the pulse of the PWM signal can be adjusted in the unit of T, i.e.,
T = Ng4Ts, where N4 represents the number of LACO-OFDM symbols occupying the ON duration of
the PWM signal. Then, the duty cycle of the PWM signal is calculated as p = Ng/Ns.

3.2 Reconstructed LACO-OFDM

In order to support dimming functionality as well as a reliable broadband communication link,
the PWM dimming technique is required to be integrated into LACO-OFDM. However, a direct
superimposition of LACO-OFDM and PWM signals can result in the LED operating in the nonlinear
region, which causes severe clipping distortion, as seen in Fig. 1. To address this issue, we propose
a novel RLACO-OFDM scheme by introducing a signal reconstruction procedure of LACO-OFDM,
which makes the superimposed signal be restricted within the linear dynamic range.

In the OFF duration of the PWM, the LACO-OFDM signal x_aco.» can be directly transmitted
through PWM due to the non-negativity of LACO-OFDM. However, a negative signal is required to
be superimposed on the ON state of the PWM as a result of the limited dynamic range of LEDs.
Observing the sequence {x aco.n+kn/2t. k=0,1,..., 2L — 1}, we define a periodic signal s, with
period N/2t, i.e., S, = Spnjor. For0 < n < N/2t —1, s, is given by

Sy = max {x , 5
n =, max {XLaco.n kw2t } (5)
where the value of s, is the maximum in the sequence {x_aco nikn2t, k=0,1,..., 2L —1}.Then, a

negative signal is generated by subtracting s, from x_aco.n, Which can be directly transmitted onto
the ON state of the PWM signal. Consequently, by introducing the periodic signal s,, we define the
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(a) LACO-OFDM

Amplitude

0 100 200 300 400 500 600
Sample

(b) RLACO-OFDM

Amplitude

0 100 200 300 400 500 600
Sample

Fig. 1. A demonstration of the superimposed signal with 64-point FFT and p = 0.4. (a) Superimposition
of the PWM and LACO-OFDM signals. (b) Superimposition of the PWM and RLACO-OFDM signals.

RLACO-OFDM signal as

XLACO.n» OFF state, 6

XRLACO,n XLaco.n — Sn, ON state. ©)

Assume that x_aco., is pre-clipped to fit the dynamic range of the LEDs, i.e., 0 < xpacon < In — /1.

Then, we have 0 < s, < Iy — I, Since s, is the maximum value in the sequence {X aco /2, kK =

0,1,...,2L —1},itfollowsthat/, — Iy < XLaco.n — Sn < 0. Therefore, we have I, < Xgiacon + /1 <

Iy and I, < Xpiaco.n + /v < Iy during the OFF and ON states of PWM, respectively, which means

that the superimposed signal of RLACO-OFDM and PWM is restricted within the dynamic range

of LEDs, as shown in Fig. 1. Therefore, compared to the conventional LACO-OFDM, the nonlinear

distortion can be effectively suppressed in the proposed RLACO-OFDM when combined with the
PWM signal.

Now we prove that xg aco.» can be directly detected by the standard LACO-OFDM receiver archi-
tecture. In LACO-OFDM, successive interference cancellation is used at the receiver to detect the
LACO-OFDM signals since the clipping of each layer induces the inter-layer interference imposed
on the higher layers. Note that the RLACO-OFDM signal in (6) consists of two components, i.e.,
the original LACO-OFDM signal x aco.» and the introduced signal s,. Next, we will show that the
introduced signal s, does not disturb the legitimate data symbols conveyed by all the L layers of
the LACO-OFDM signal x| aco.n- In this case, the RLACO-OFDM signal can be directly detected by
the standard LACO-OFDM receiver regardless of the interference caused by s,. More specifically,
after performing the N-point FFT of s,, we have

( /2nn/)
Z S,EXp

Ny2t—12t 1 ; Ly
—j2r (n+kN/2%) i
Z Sn+kNeXp( il N ) )

5l ﬁ\

N/2t —1 . Ly 2b—1 , .
—j2mni —j2mki
|:s,,exp ( N ) E exp (2—L>:|
n=0 k=0

i=0,1,....,N—1. 7)

=
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The above equation accrues from the fact that s, is a periodic signal with period N /2" . Since

2t 1

—j2rki\ _ [2t, i=m2t,
ch; exp( oL ) o {0, otherwise, (8)
wherem =0,1,...,N/2- —1, we have
N/2t -1 o
2 —2xniy i _ ol
S,:{JN nzzosnexp< 5 ),/_m2, ©)
0, otherwise.
Itis observed that S; only falls onthe m2t-th (m = 0, 1, ..., N/2- — 1) subcarriers which are not used

for data transmission in the LACO-OFDM with L layers, and they do not interfere with the transmitted
data symbols in the first L layers. Therefore, without taking the influence of the introduced signal
s, into consideration, we can directly adopt the standard LACO-OFDM receiver to decode the
transmitted symbols in the proposed reconstructed signal, Xriaco.n-

3.3 RLACO-OFDM Based Dimming Control

Upon introducing the RLACO-OFDM signal, the functionality of dimming control can be readily
integrated into the broadband VLC system by directly combining the PWM and RLACO-OFDM
signals. The superimposed signal for both dimming and communication is expressed as

¥n = XRLACO.n + SPWM.n, (10)

where spwwm., denotes the nth sample of spww (t). Note that the PWM signal spww., is a constant of
I, or Iy sustained in one OFDM symbol, which only affects the signal component at the zero-th
subcarrier at the receiver. Therefore, the dimming signal y, can be directly decoded by the standard
LACO-OFDM receiver, like xgLaco.n- For the superimposed signal y,, adjusting the duty cycle of the
PWM signal can change the dimming level which is defined as

Tavg — 11
LT 11
- (11)

Here, I avg is the average amplitude of the signal y,. Assume that y, achieves the dimming level
of y <0.5. Based on the definition of the dimming level, the average amplitude of y, is equal
to lawg =11 + (Iy — IL)y. Furthermore, considering the signal /; + 1/, — y,, we can observe that
the average amplitude of the signal is calculated as /ag = Iy — (In — 1)y, which indicates that
a dimming level of 1 — y is achieved. Therefore, in order to reach a relatively symmetric dimming
results in the ranges of [0,0.5] and (0.5,1], the RLACO-OFDM based dimming signal is given by

yn, )/f 0'5a
imn = 12
Ydim,n Iy +1L —Ya, y> 0.5. (12)

Similar to the case of y < 0.5, the standard LACO-OFDM receiver can be adopted to detect the
received signal for y > 0.5, and then the polarity is re-justed to yield the originally transmitted
symbols. Additionally, the information about whether the dimming level is greater than 0.5 can be
readily obtained at the receiver, such as through sending it from the transmitter, which requires only
a relatively low overhead of one bit. Finally, the schematic of the proposed dimmable RLACO-OFDM
is depicted in Fig. 2.

4. Theoretical Dimming Performance Analysis

In this section, we theoretically analyze the dimming level achieved by the RLACO-OFDM scheme.
From (11), the dimming level depends on the average amplitude of the signal. For y < 0.5, the
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Fig. 2. Transmitter and receiver of the proposed dimmable RLACO-OFDM.

average amplitude is calculated as
(IL + E {XLACO,n}) (TpWM — T) 4 (IH + E {XLACO,n} - E{sn}) T

I =

e Tpwim Trww
=(IL+a)(—p)+(n+a1—a)p
=(lp—1IL—a)p+1. +a, (13)

where E{-} denotes the statistical expectation, and a4 LE {XLACO,,,} and ao LE {sp} are the expecta-
tions of x aco.» and s,, respectively. Note that a; and a, could be readily obtained through numerical
methods given the generated signals. Nevertheless, a specific method is presented to theoretically
calculate the expectation of the signal. Given the limited linear dynamic range of LEDs, a; and a,
are expressed as

Iy—l L —+00
ar = / XfXLACO.n (x)dx + / (H _IL)fXLACO.n (x)dx,
0 Tn—=Ic

e ~+00
a» = / s‘sn(s)ds+/ (v —10)fs,(s)ds, (14)
0 (=
where fy .., (x) and f; (s) are the probability density functions (PDF) of x,aco,» and s,, respectively.
It is clearly observed that the computation of a; and a, mainly relies on f, ., ,(x) and fs (s). Note
that the PDF f, ., ,(x) has been investigated in [28]. Therefore, we focus on the calculation of fs (s).

Explicitly, we define X(Ll;)ACO,n and a periodic signal s with period N /2t as

I
O] (i)
Xiacon = Z LXA,HJC, n=0,1,....,N -1,
i=1

(/) — 0)
Sy’ = Ogr&az),(q {XLACO,n+kN/2/} s (15)

where X(LIZ\CO,n represents the superimposed signal of the first /layers, and s}’ denotes the maximum

value of the sequence [X(LI)ACO,n+kN/2” O<k<2 - 1}. In this case, we have s, = sﬂ) when L layers

are adopted in the dimmable RLACO-OFDM.

Vol. 11, No. 1, February 2019 7900714



IEEE Photonics Journal Spectral-Efficient Reconstructed LACO-OFDM Transmission

According to the Central Limit Theorem, the time-domain OFDM signal xAn approximates a
Gaussian distribution for a large N, e.g., N > 64. We express the clipped ACO-OFDM of the kth

layer as x{); = | x{, | . From [29], the joint PDF of the ACO-OFDM signal pair (x. x0), ) in the
Ith layer follows

oo (1 x2) = g{’f 6 5(x) + 5(21;3 & 5(x1), (16)
+2 | |

where §(-) is the Dirac delta function, u(-) is the Heaviside step function, and o, = o/+/2/ denotes
the variance of the unclipped signal XX?H [20]. Furthermore, since we have

1 (1) (1) 1 1)
st!) = max {XLACO n» XLACO, n+N/2} = max {Xc ns Xe, n+N/2} (17)

the cumulative distribution function (CDF) of s is calculated as

Fi(s) = P(s) < §) = P (XQ; <s, X<(:1.r)1+% < s)

f ) - Fule) ok
= d —i-/ ——e ¥idxy, 18
/o v2no1 . 0 +/2moy 2 (18)

where P(A) denotes the probability of event A. Therefore, we have PDF of " as

dF1(s) _ 2u(9) /2
ds V2704 '

Furthermore, in Appendix A, we derive the relationship between the PDFs of sf,/) and sf,’_”, which is

expressed as
S
= 2/ fia(s— X1)
0

+ 2fi_1( f/ fra@r —x4) e 2"’ dX1dZ1 (20)
V270

Now, it is readily to compute the PDF of numencally by the following recursive procedure:

1) Initialization: The PDF of s\ in (19).

2) Calculation: While I < L, evaluate fi(s) using fi_1(S) based on (20).

Note that closed-form expressions of f/(s) for | > 2 is difficult to achieve. Based on the definition of
definite integral we resort to the numerical calculation of f, (s) through the above procedure. Since
we have s, = sn , the PDF of s, is given by f; (s) = f. (s). To show the accuracy of our analysis, both
analytical and simulation results are presented in Fig. 3. One can observe that the analytical curves
well match the numerical results, indicating the validity and preciseness of the above analysis.

Based on the calculated PDF, expectations of x_ aco.» and s, can be readily obtained. Afterwards,
the dimming level achieved by the proposed scheme is characterized by substituting (13) into (11)
as

AN\AN

fils) = (19)

\N‘-u\:

dX1/ fi-1(22)dzz

,_ (In— ’ILH _alzL)ﬂ+31 y < 0.5, e
e

From (21), we observe that the dimming level supported by the proposed scheme varies linearly with
the duty cycle for both y > 0.5 and y < 0.5. A relatively higher dimming level can be achieved when
enlarging the duty cycle for y < 0.5. Then, the dimming level can be further increased for y > 0.5
by decreasing the duty cycle. Therefore, the proposed scheme has the ability of providing various
dimming levels by adjusting the duty cycle of the PWM signal. Additionally, given a target dimming
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35 T T

Analytical Result

/ ¢ Simulation Result

Fig. 3. Analytical and simulation results for the PDF of the signal s;.

TABLE 1
Parameters of the Dimmable VLC System

Parameter Value
FFT size N = 256
Number of layers L =4
BER target 2x 1073
Minimum allowed current Ip=1
Maximum allowed current Ig=1

level, the desired duty cycle to satisfy the illumination requirement can be readily calculated based
on (21).

5. Simulation Results and Discussion

Simulation results are presented in this section to evaluate the performance of the proposed dim-
ming scheme. The key simulation parameters of the dimmable VLC system are summarized in
Table 1. To estimate the clipping distortion of the LACO-OFDM signal, we define the scaling factor
as B = (In — I.)/o. When the scaling factor is large enough, the probability of clipped signal would
be very small and the clipping distortion can be suppressed. For example, the probability of the
clipped signal would be less than 0.003 when the scaling factor satisfies g > 2.75 [20].

Fig. 4 portrays the curves of the clipping probability of both schemes at different values of the
duty cycle p when combined with the PWM signal for simultaneous transmission. The clipping
probability is evaluated through counting the number of the signal samples in which the nonlinear
clipping occurs. It is clearly observed from Fig. 4 that the clipping probability of the LACO-OFDM
significantly increases upon enlarging the duty cycle of PWM. By contrast, the clipping level of
RLACO-OFDM is insensitive to the duty cycle of PWM, and moreover it is noticeably lower than
that of the LACO-OFDM scheme, which implies that the proposed RLACO-OFDM is capable of
eliminating the nonlinear distortion in LACO-OFDM and supporting the stable performance when
integrated with the PWM signal.

In Fig. 5, we provide the BER performance of the original LACO-OFDM, RLACO-OFDM and
HLACO-OFDM at the different values of o2 with noise power of —5 dBm when using the standard
LACO-OFDM receiver. The original LACO-OFDM is the one which is not integrated with the PWM
signal to support the dimming control. In Fig. 5, we adopt the duty cycle of p = 0.4 for RLACO-
OFDM. Similarly, the proportion of the NLACO-OFDM, denoted by «, is set to 0.4 in HLACO-OFDM.
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Fig. 4. Clipping probability of LACO-OFDM and RLACO-OFDM versus the duty cycle when integrated
with the PWM signal.
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Fig. 5. BER performance of the original LACO-OFDM, the proposed RLACO-OFDM with p = 0.4 and
HLACO-OFDM with o = 0.4 at the different values of 2.

It is observed from Fig. 5 that the BER of RLACO-OFDM first becomes better upon the increasing
of 02, and then deteriorates as a result of the nonlinear distortion caused by the limited dynamic
range of the LED. Additionally, the RLACO-OFDM achieves the same BER performance as the
original LACO-OFDM, implying that the transmitted symbols in the proposed RLACO-OFDM can be
directly recovered by the conventional LACO-OFDM receiver without any performance degradation.
However, HLACO-OFDM exhibits an extremely poor BER performance since no detection operation
is performed before decoding to determine whether the signal belongs to LACO-OFDM or NLACO-
OFDM.

Fig. 6 illustrates both analytical and simulation results of the dimming level achieved by the
proposed scheme as a function of the duty cycle p. It can be seen in this figure that the simulation
results are consistent with the theoretical analysis. Additionally, the dimming level can be linearly
adjusted by varying the duty cycle p for y < 0.5 and y > 0.5, respectively. One can also observe
that the dimming range supported by the proposed scheme is stretched as the scaling factor g
increases. Therefore, the relatively low or high desired dimming levels can be achieved by utilizing
a larger scaling factor g, at the cost of a low effective power of the RLACO-OFDM transmission.

The achievable spectral efficiency of the RLACO-OFDM is presented in Fig. 7 and Fig. 8 under
different noise power scenarios, in which the performance of the conventional digital dimming
schemes, including hybrid LACO-OFDM (HLACO-OFDM) [27], HACO-OFDM based scheme [21],
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Fig. 6. Dimming level as a function of the duty cycle p.
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Fig. 7. Achievable spectral efficiency of different dimmable O-OFDM schemes with the noise power of
—3 dBm.
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Fig. 8. Achievable spectral efficiency of different dimmable O-OFDM schemes with the noise power of
—8 dBm.
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and RPO-OFDM [24], are also provided for comparison. In order to provide a more comprehensive
evaluation, we consider the noise power of —3 dBm and —8 dBm [24], which correspond to the
scenarios of the relatively high and low noise, respectively. In the dimming range of 25% ~75%,
the scaling factor of the proposed scheme is set to g = 3. The scaling factor g is further enlarged
to achieve the corresponding lower or higher dimming levels. By observing Figs. 7 and 8, we find
that the RLACO-OFDM supports higher achievable spectral efficiency than the other dimmable
O-OFDM schemes in a broad range of dimming levels. Furthermore, the proposed RLACO-OFDM
achieves the same performance as the HLACO-OFDM in terms of the achievable spectral efficiency.
However, additional detection operation to distinguish the transmitted LACO-OFDM and NLACO-
OFDM signals is required in HLACO-OFDM before decoding [27]. Superior to the HLACO-OFDM,
the decoding process of the RLACO-OFDM can be directly accomplished by the conventional
LACO-OFDM receiver. This superiority will be even more pronounced especially in multiple-LED
scenarios when the transmitted dimming signals are coupled and difficult to de-multiplex.

6. Conclusion

In this paper, a dimming compatible RLACO-OFDM scheme incorporating the PWM technique is
conceived for VLC to provide the functionalities of both dimming control and broadband communica-
tion. Insensitive to the dimming requirements of the LEDs, the decoding process of the transmitted
symbols in the proposed scheme can be readily completed by the standard LACO-OFDM receiver
architecture, while no additional detection operation of the PWM dimming signal is required. Sim-
ulations have verified that the dimming level can be linearly adjusted by varying the duty cycle of
the PWM signal for y < 0.5 and y > 0.5, respectively. Moreover, the proposed dimming scheme is
capable of supporting a relatively stable and high achievable spectral efficiency in a wide range of
dimming levels.

In the context of VLC, amalgamating the techniques of multiple-input multiple-output (MIMO) and
O-OFDM is deemed as an effective way to achieve high data rate and improve communication
reliability. In order to support the dual functionalities of high-speed communication and indoor
illumination in VLC, we intend to integrate the proposed RLACO-OFDM with MIMO and explore the
potential transmission capacity of the dimmable MIMO VLC system in future work.

Appendix

Detailed derivation of (20)

Based on the definition in (15), s is the maximum value in the sequence {x
0 < k< 2'—1}. We can express k as

O]
LACO,n+kN /2!’

2k, kis even, 22)
| 2K +1, kis odd,
where 0 < k <21 — 1. Then, X(LI)ACO,n+kN/2’ can be rewritten as
X(LILCO .- kiseven,
) _ N+
XLacontan/2r = ) 0 . ., kis odd @)
LACO. 14 4+ 87 '
Then defining
N2 max {x" o
0<K <2-1-1 | LACOn+4%
0 A 0
V4 = m X / ’ 24
nEN/2 T o { LACO.n+ 5+ 24 } &

Vol. 11, No. 1, February 2019 7900714



IEEE Photonics Journal Spectral-Efficient Reconstructed LACO-OFDM Transmission

we can write
/
s = max {sz), zﬁiwz,] . (25)

Now observing Z , it gives
Z) = max {x“‘” o X }
0<K <211 LACO,n“FF A, n+2, 1

-1 |
= max X( ) N + X(A)n
0<K <211 LACO,n“FF ?

=00 (26)
where we use the fact that xX?n = XX)n+k’N/2’*1 since XX?H is a periodic signal with period of N /21,
Similarly, we have
() -
Zyinje = n+N/2’ + XA ntNy2!" (27)
Then, the joint PDF of Z and zn+N/2, can be calculated as
+00 100
fzg),Z:lN (21 s Zg) = / / fsg-n’SfEA)I Q1 —X1, 22 —Xg) fXX.)wXX)HN (X1 s X2) dX1 ng. (28)
o —00  J-00 2l ]
Here, fgn g-n (1, s2) denotes the joint PDF of sV and ! +N/2/, and fo o (X1, X2) is the joint
oA 4N /2!

S n+N /2!
PDF of xg , and xA N2 which is given in (16). Note that s " and &' +N/2, are independent and they
obey the same probability distribution. Hence, fy , (s1, 32) can be expressed as
" niNy2

f(/ . (/ 1 (S1, ) = f/,1(S1)f/,1(Sg). (29)

(-

Additionally, since sp Y and sn+N/2, are nonnegative signals, we have f,_1(s1) = 0 and fi_1(sz) = 0 for

s1 <0and s, <0, respectively. Then, we arrive at the expression of . /(z1,22) by using (29)
n N2

in (28), which is given by

fo 0 (21, 22) / / fio1 (z1 — x1) fi-1 (22 — x2)

’ n+N/2

* |: ux1) e 2" a(x )+ ulxz) e 27 8(x1 )] dxqdxo

V27TU/ x/2710/
X2
fior (21 = X1) froa (22) == e > dxq
/ O'/
i f ! _Xéd (30)
+ 1 (20 — Xx2) fi_q (2 e % dxo.
/0 -1 (22 — x2) fi1 (1) oo, 2
The CDF of sf,') is calculated as
FI( ) =P (z(l =S Z(IZFN/QI = / f(/>’ ;,)+N/2 21’ 22) dZ1 d22~ (31)

Using (31) and taking the derivative of F,(s) with respect to s, we obtain the relationship between
the PDFs of s and si ", as desired in (20).
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