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Abstract—To mitigate the effects of high peak-to-average
power ratio (PAPR) problem in optical orthogonal frequency
division multiplexing (O-OFDM), spatial summation provides opportunity of simultaneously transmitting narrowband O-OFDM
signals using grouped light emitting diodes (LEDs). However, the
number of transmit chains increases with increasing number of
groups, G. In this paper, we present a study of the combined use
of pilot-assisted (PA) electrical PAPR reduction technique and
grouped LEDs in O-OFDM system. PAPR reduction in the PA
technique is achieved by rotating the phase of data symbols with
P randomly generated pilot sequences. In comparison with basic
O-OFDM with G = 16, simulation results show that PA technique
is capable of reducing G to 3 in order to achieve the same
PAPR of approximately 11 dB using P = 5 at a complementary
cumulative distribution function (CCDF) of 10−3 . The PAPR
reduction gain using PA technique in multiple LEDs O-OFDM is
achieved without sacrificing the bit-error rate (BER) performance
of the system, but at the expense of increased computational
complexity at the transmitter.

Keywords– Grouped LEDs; Optical OFDM; Spatial summation; PAPR reduction; LED drivers.
I. I NTRODUCTION
Wireless communication systems will continue to experience growing demand for high data rates, primarily due to the
rapid development of data-intensive applications, services and
smart devices. Thus, to meet the demand for high data rates orthogonal frequency division multiplexing (OFDM) has gained
much popularity in the field of radio frequency (RF) wireless
communication [1]. Motivated by the success of OFDM in RF,
OFDM has been adopted in optical wireless communication
(OWC) [2]. OWC involves the wireless transmission of data
using the optical spectrum. Visible light communication (VLC)
which is an indoor OWC, is also gaining popularity due to the
advances in light emitting diodes (LEDs) technology. VLC
modulates LED intensities for data transmission and uses
photodetector as the receiver [2]. Recently, a 3-Gb/s VLC
link using optical OFDM (O-OFDM) has been successfully
demonstrated with a single gallium nitride LED [3]. In spite
of the advantages of O-OFDM, the limited dynamic range of
LEDs and other optical front-end devices pose a challenge to
its use in OWC due to the inherent high peak-to-average power
ratio (PAPR) [4].
The possibility of having individual subcarriers of the OOFDM adding up constructively causes occasional high peaks
in the time domain signal. These high peaks imply that the

LEDs will have to operate outside its linear region [5]. This
mode of operation is undesirable due to the associated distortion present in the transmitted O-OFDM signal [4]. To mitigate
such undesirable effects, some form of signal transformation
technique must be applied to the O-OFDM transmit signal.
One approach studied in [6] called predistortion, can be used
to maximise the dynamic range of the LEDs. However, the
limitation associated with this approach is the turn on and
saturation voltage levels of the LEDs. Another approach is to
reduce the peak and/or average power of the O-OFDM signal.
This approach is categorised as electrical PAPR reduction
technique [5], [7]–[9]. Alternative approach reported in [10],
[11] is to exploit the multiple LEDs arrangement of an LED
panel to simultaneously transmit subset of the O-OFDM subcarriers. Ordinarily, the PAPR of the O-OFDM signal increases
with increase in the number of subcarriers. Thus, mapping
subset of the O-OFDM subcarriers to modulate multiple LEDs
groups will yield group signals with reduced PAPR. However,
increase in the multiple LED groups will imply increasing
the number of transmit chains required in the system. In
this work, we propose the combined use of electrical PAPR
reduction technique and multiple LEDs approach to achieve
PAPR reduction while limiting the number of transmit chains
required.
O-OFDM utilising multiple LEDs and electrical PAPR
reduction technique will provide the opportunity of implementing simplified narrow-band power-efficient LED drivers.
Multiple LED grouping technique relies on spatial summation
of the intensities of the multiple LED groups during propagation. Besides the use of spatial summation in O-OFDM, the
concept has been used in some other aspects of OWC system.
Study in [12] utilised spatial summation to eliminate the use
of electrical digital-to-analog converter (DAC), thus reducing
the design complexity. For spatial summation in O-OFDM,
authors in [11] proposed mapping single O-OFDM subcarrier
to exactly one LED. The approach in [10] called spatial OOFDM (SO-OFDM) uses subset of the O-OFDM subcarriers
per LED group.
In this work, we extend the study of the pilot-assisted (PA)
technique first reported in [5] to reduce PAPR in O-OFDM
using multiple LEDs. Signal peak values are reduced in the PA
O-OFDM system by rotating the phase of basic data symbols
with randomly generated pilot symbol sequence. We focus on
the PAPR reduction gain and BER performance of the PA O-

OFDM employing multiple LEDs in the presence of additive
white Gaussian noise (AWGN) channel. This study gives a
direction for the possible tradeoff between desirable PAPR
and complexity of the multiple transmitter O-OFDM system.
The rest of the paper is structured as follows: Section
II contains brief description of the basic O-OFDM utilising
grouped LEDs. The description of the PA technique with
grouped LEDs O-OFDM is contained in Section III. In Section
IV, the simulation results with discussions on the performance
of the PAPR reduction technique are presented. Finally, conclusions are drawn in Section V.
II. D ESCRIPTION

OF

BASIC O-OFDM U SING G ROUPED
LED S

In VLC, intensity modulation (IM) is employed at the
transmitter while direct detection (DD) is used at the receiver. IM requires a real-valued nonnegative baseband signal
to modulate the average optical power of the LED. The
corresponding information-bearing radiated optical power of
the LED depends on factors including the LED efficacy and
dynamic range [13]. O-OFDM is a multicarrier modulation
technique, implemented by using the computationally efficient
inverse fast Fourier transform(IFFT) and fast Fourier transform
(FFT). The O-OFDM signal is made up of multiple superimposed orthogonal sinusoidal signals called subcarriers. The
superposition of the O-OFDM subcarriers results in occasional
high peaks in the time domain signal. These high peaks are
characterized using the PAPR metrics. The PAPR refers to
the ratio of the maximum instantaneous power to the average
power of the O-OFDM signal [14]. O-OFDM signal with Sc
subcarriers will have maximum PAPR of 10log 2Sc (dB).
However, the probability of the Sc subcarriers adding up
constructively to the maximum value at a single point in time is
low. Thus, an effective statistical means of charactering PAPR
is the complementary cumulative distribution function (CCDF)
[14]. The CCDF is the probability that the PAPR is greater than
a reference value, PAPR0 , which is mathematically expressed
as [1]:
CCDF = Pr{PAPR > PAPR0 }.
(1)
An information data stream is mapped to complex symbols, for example, using quadrature amplitude modulation
(QAM). Thereafter, the required real-valued O-OFDM signal
is obtained by imposing Hermitian symmetry on the mapped
data symbols prior to loading on IFFT subcarriers. The
IFFT operation gives a bipolar real-valued time domain OOFDM signal. Methods of transforming the resulting realvalued bipolar signal to unipolar signal include: (1) addition
of sufficient DC bias, and (2) asymmetrical clipping of the
negative part of the signal. The former is termed direct current
biased O-OFDM (DCO-OFDM) [15]. The later technique is
known as asymmetrically clipped O-OFDM (ACO-OFDM)
[16]. After parallel-to-serial conversion and addition of cyclic
prefix (CP), the signal is fed into a digital-to-analog converter
(DAC). Thereafter, the unipolar O-OFDM signal modulates
the intensities of the LEDs. Then, all the LEDs simultaneously
radiate the same optical signal over the VLC channel. At the
receiving end, a photodetector is used to generate an electrical

signal proportional to the intensity of the received optical
signal.
On the other hand, a basic O-OFDM employing multiple
LED groups approach differs in the manner in which the
subcarriers are assigned to the available LEDs. In this case,
the LEDs are grouped while subset of subcarriers are assigned
to each group. The least possible PAPR that can be achieved
using this approach is when one subcarrier is solely assigned to
each LED group. Thus, each LED group transmits a sinusoidal
waveform with a PAPR of 3 dB. In a more general form,
combination of IFFT subcarriers are assigned to modulate
intensities of LED groups. The multiple LEDs transmitter
utilises G LED groups to simultaneously transmit subsets
of the subcarriers per group. It can be done such that the
subcarriers are divided equally among the groups or otherwise.
For equal division where D is the total number of LEDs,
the same signal modulates the intensities of Lg = D/G
LEDs per group. The data sequence is mapped to QAM
symbols and partitioned in the train of ns QAM symbols,
where ns = 0, 1, · · · , ns − 1. Hermitian symmetry is satisfied
on the train of symbols. There are G filtering blocks within
the system [10], and Hermitian symmetry is also fulfilled on
all the filter vectors F1 , F2 , · · · , Fg , · · · , FG , where g is the
group number. Each filter vector also has the same length as
the symbol train. Then, the O-OFDM subcarriers are fed into
the filtering blocks. Each Fg narrows down the band of the
O-OFDM subcarriers. This is done to ensure the output of
each Fg represents distinct subset of the O-OFDM subcarriers.
Thereafter, the output of the filter Fg is loaded on the IFFT
subcarriers according to the DCO-OFDM or ACO-OFDM
scheme. The time domain signal from the g th IFFT modulates
the g th group LEDs. Each LED group has separate driver. It is
assumed that the D LEDs with the same orientation are placed
close to one another such that they have nearly identical gains
and delays at the receiver. Thus, the system relies on spatial
summation of the simultaneously transmitted subcarriers of G
LED groups during propagation in space. Hence, it is possible
to utilise the PD of a basic O-OFDM receiver to detect the
optical signal at the receiver.

III. P ILOT- ASSISTED O-OFDM S YSTEM WITH G ROUPED
LED S
A. Review of Pilot-assisted PAPR Reduction Technique in OOFDM
Fig. 1 illustrates the block diagram of the PA O-OFDM
system. It consists of randomly generated data stream Xd
mapped to QAM symbols. The mapped data symbols are
grouped into frames of symbols called O-OFDM frame. The
frame Xsu (i), i = 1, 2, . . . , ns , u = 1, 2, . . . , U , with ns
being the number of active data-carrying subcarriers and U
is the number of O-OFDM symbols in the frame. Thereafter,
random sequence of pilot signal Xp (i), i = 1, 2, . . . , ns
is generated and used in rotating the phase of the Xus data
symbols. Thus, the pilot symbol increases the PA O-OFDM
frame size from U to U + 1. The data symbol phase rotation
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Fig. 1: Block diagram illustrating the pilot-assisted O-OFDM system. PS: pilot symbol; HS: Hermitian symmetry; P/S: Parallelto-serial; S/P:serial-to-parallel; DAC: digital-to-analog converter; ADC: analog-to-digital converter

is illustrated in (2) as:
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where aiu and θiu are the QAM constellation amplitude
and phase of the ith subcarrier and uth O-OFDM symbol
respectively. Also, θip represents the phase of the ith pilot
symbol which is either 0 or π to ease data recovery at the
receiver and maintain the original signal constellation. The
amplitude of the pilot symbol |Xp (i)| = 1 for the purpose
of preserving the data signal electrical power. Hermitian
symmetry is imposed on the PA O-OFDM frame Xsp . As a
consequence, the HS operation results in an increase of the
number of subcarriers from ns to N = 2(1 + ns ) [17]. Oversampling factor L is used to approximate the continuous OOFDM signal in the discrete time domain [18]. Oversampling
in O-OFDM is done with the addition of padding zeros in
the frequency domain. Thus, an illustration of the Hermitian
symmetry operation on the oversampled PA O-OFDM frame
is given by (3):
T

∗


Xu = 0, Xusp (i), 0, 0, . . . , 0, 0, 0, 0, . . . , 0, Xusp (N L − i)
| {z } | {z }

N (L−1)/2

N (L−1)/2

(3)
where [·]T denotes transpose of [·], X∗ (·) denotes complex
conjugate of X(·), and N (L − 1) zeros account for the Ltimes oversampling. Hence, the oversampled time domain PA
O-OFDM signal, x(n), is the IFFT of X:
x(n) = IFFT{X}


NX
L−1
j2πin
1
X(i) exp
;
=√
NL
N L i=0

0 ≤ n ≤ NL − 1

(4)
√
where j = −1. Thereafter, the PAPR of x(n) is evaluated.

P iterations of the data symbol phase rotation with randomly generated pilot symbol sequence are done with the
PAPR evaluated accordingly. Each iteration leads to a change
in the statistical behaviour of the U data symbols. The essence
is to select x(n) that avoids coherent addition of the N
subcarriers as much as possible. The PAPR reduction of the
PA O-OFDM signal is accomplished by selecting the PA OOFDM frame x(n) that gives the least PAPR out of the P
iterations.
Cyclic prefix (CP) is appended to x(n) and then fed into a
DAC to obtain a continuous time domain signal x(t). Signal
x(t) is converted to unipolar signal by adding sufficient bias,
before modulating the intensities of the LEDs. The signal
applied to the LED driver can thus be expressed as:
xdc (t) = x(t) + B,

(5)

where B is the bias voltage required to make the signal
unipolar. To avoid lower clipping, B ≥ |min x(t)|. Also,
the corresponding average optical power, Pt , of the O-OFDM
signal must not exceed the permissible peak power of the LED
in its linear region to avoid upper clipping. Assuming additive
white Gaussian Noise (AWGN) channel, w(n), modelled as
a system with instantaneous input signal xdc (t) and output
signal y(t), the received discrete time domain signal can be
written as:
y(n) = h(n) ⊗ xdc (n) + w(n),

(6)

where h(n) is the discrete channel impulse response. In
frequency domain, (6) is rewritten as:
Y u (i) =H(i)X u (i) + W (i);
u = 1, 2, . . . , U + 1;

i = 0, 1, . . . , N L − 1.
(7)

By using the zero-forcing (ZF) equalization technique [19],
we estimate the noise corrupted PA O-OFDM frame as:
X̃(i) =

Y u (i)
,
H(i)

u = 1, 2, . . . , U + 1.

(8)

The accuracy of the PA data symbols recovery greatly depends
on correct estimation of the pilot signal at the receiver. The
choice of the amplitude and phase of the pilot symbol sequence
employed at the transmitter helps in reducing the number of
combinations needed to be searched in obtaining the estimated
pilot symbol sequence. This approach makes the maximum
likelihood (ML) technique suitable for pilot estimation at the
receiver [5]. Based on the ML decision rule, the received pilot
symbol sequence is estimated at the receiver as:

+1 if Re{X̃p (i)} ≥ 0
X̂p (i) =
(9)
−1 otherwise
where X̃p (i) = X̃ U+1 (i) and Re{·} represents the real part of
the symbol. The recovered data carrying signal is then denoted
as X̃sp (i); i = 1, 2, . . . , ns . Thus, the transmitted data symbol
recovery can be done using (10):
X̃su (i) =

u
X̃sp
(i)

X̂p (i)

;

u = 1, 2, . . . , U.

(10)

Lastly, X̃su (i) is demodulated to get estimates of the transmitted data stream X̃d .
B. Transmitter Architecture of Pilot-assisted O-OFDM System
with Grouped LEDs
Figure 2 represents block diagram illustrating the multiple LED groups of PA O-OFDM system. The same procedure of M -QAM data symbols phase rotation with P
iterations of pilot symbol sequence and HS as described
in Section III-A is followed. The PA O-OFDM frame
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where ∗ (·) denotes complex conjugate and DCO-OFDM
scheme is in use. Thereafter, the unitary IFFT transform is
used to obtain time domain signal xg (n).
With G = 1, the data symbol phase rotation and minimum
PAPR of frame selection process described in Section III-A
is analogous to the PA O-OFDM system with multiple LEDs.
Thus, the PAPR reduction is achieved by repeating the phase
rotation of the U data symbols, θiu , with P −1 more iterations
of pilot sequence. This is followed by filtering of the PA
O-OFDM frame through G filters, and then IFFT operation.
Thereafter, the PAPR of the IFFT output is evaluated accordingly. The PAPR of the g th PA O-OFDM frame that gives
the minimum value after P iterations is selected to modulate
the g th LED group. The PAPR of the g th oversampled time
domain signal, xg (n), is evaluated as:


2
max
|xg (n)|

 0≤n≤(U+1)(N L−1)
PAPRp = arg min 
 . (12)
2 |]
E[|x
(n)
g
1≤p≤P
where E[·] denotes the statistical expectation. Addition of
appropriate DC bias, Bg , to obtain unipolar signal, xdcg (n),
needed to drive the g th optical modulator results in:
xdcg (n) = xg (n) + Bg .

P/S

Fig. 2: Block diagram illustrating the transmitter architecture
of pilot-assisted O-OFDM system with multiple LED groups.
u

X (i), i = 0, 1, 2, . . . , N − 1, u = 1, 2, . . . , U + 1 is
input to the filtering block containing G filters. It is assumed
here that all the groups have the same number of subcarriers.
To ensure the output of the filters represent distinct subset of
the PA O-OFDM frame, the frequency domain filter vectors
F1 , F2 , · · · , FG of size ns each (before HS) are given as [10]:
F1 = α[ones(1, Lg ) zeros(1, Lg + 1 : 2Lg ) zeros(1, 2Lg + 1 : ns )]
F2 = α[zeros(1, Lg ) ones(1, Lg + 1 : 2Lg ) zeros(1, 2Lg + 1 : ns )]
..
.
FG = α[zeros(1, Lg ) zeros(1, Lg + 1 : (G − 1)Lg ) ones(1, (G − 1)Lg + 1 : ns )],

(11)
where α is the scaling factor needed to obtain desired value
of signal variance, σx . Thus, the ith PA O-OFDM subcarrier

(13)

Without loss of generality, it is assumed that the LEDs have
identical gains and similar delays at the receiver [10], [12],
[20]. Hence, the optical signal radiated by the G LED groups
are added. Assuming AWGN channel, the discrete form of the
received group signals is:
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PS + phase rotation
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Stream

QAM mapping
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F1

of the g th LED group is given by:


i = 0, N2
0,
Xg (i) = Fg (i)Xsp (i), i = 1, 2, · · · , N2 − 1

 ∗
∗
Fg (i)Xsp
(i), i = N2 + 1, N2 + 2, · · · , N − 1.

y(n) = Lg

G
X

xdcg (n) + w(n),

(14)

g=1

2
where w(n) is the AWGN samples with variance σAWGN
.

IV. R ESULTS

AND

D ISCUSSIONS

In this section, we present the performance of PA technique
in multiple LEDs O-OFDM system by comparison with the
basic counterpart. We consider L = 4 times oversampled OOFDM system with ns = 96 subcarriers and 4-QAM system.
To quantify the PAPR reduction gain of the PA technique, the
CCDF metric is used. Also, another metric used to evaluate
the PA technique performance in the presence of AWGN is
Optical SNR defined as:
SNR =

Popt
,
σAWGN

(15)

P
where Popt = Lg G
g=1 Poptg is the total average optical
power, Poptg is the average optical power radiated from
each group. With this optical SNR, the BER performance is
determined.

PA O-OFDM with multiple LEDs. The BER is plotted as
a function of optical SNR for QAM constellation size of
M = 4. Results show that the BER performance of PA OOFDM system matches that of basic O-OFDM. For low SNR,
there is small difference in optical SNR of PA O-OFDM
group signals in AWGN when compared with the basic system.
This difference can be attributed to the pilot estimation error
dominating at low optical SNR while AWGN dominates the
system at high SNR. It can be seen that this penalty decreases
to zero for BER < 10−2 . This implies that the PA technique
does not incur BER penalty on the group data symbols at high
optical SNR while reducing the PAPR values.
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Fig. 3 compares the PAPR, using CCDF of 10−3 ,
of basic and PA O-OFDM utilising different G when
ns = 96. In the figure, the number of LED groups
G = 1, 2, 3, 6, 12, 16, 24, 32, 48, 96 and their corresponding number of active data-carrying subcarriers per group
ng = 96, 48, 32, 16, 8, 6, 4, 3, 2, 1 respectively. It should be
noted that G = 1 (ng = 96) with the maximum PAPR in both
basic and PA O-OFDM system corresponds to cases where
there is no LED grouping. Results show that PAPR decreases
with increasing G for basic and PA O-OFDM employing
multiple LEDs. To show the peak reduction capability of the
PA technique, the PAPR gains for G = 2, 3, 6, 12, 16 are
about 2.5 dB, 2.4 dB, 2.3 dB, 2.0 dB and 0.8 dB respectively
when compared to the basic O-OFDM with the same G.
Furthermore, it is noticeable that to reduce the PAPR to
approximately 11 dB using multiple LEDs, the PA system
using P = 5 requires G = 3 whereas basic O-OFDM needs
G = 16. This illustrates the ability of the PA technique
to minimise the required number of LED drivers to achieve
desirable PAPR in multiple LEDs O-OFDM system.
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Fig. 3: PAPR required to achieve a CCDF of 10−3 against
the number of active data-carrying subcarriers per LED group,
ng = 1, 2, 3, 4, 6, 8, 16, 18, 48, 96, for basic and PA O-OFDM
with P = 5, U = 5, D = 96 and N = 194
.
Fig. 3 also shows the dependence of the PAPR reduction
capability of PA technique on ng . The PAPR of basic and PA
O-OFDM is the same for 1 ≤ ng ≤ 4. This equal PAPR values
can be explained by the fact that the pilot signal phase does
not change the statistical behaviour of the data symbol to the
extent of reducing the PAPR when the number of subcarriers
per group is as small as ng ≤ 4. From the results shown in the
figure, PA O-OFDM system must have at least ng > 4 before
it can achieve PAPR reduction gain. As expected, the single
subcarrier per LED group (ng = 1), provides the lower bound
(minimum possible PAPR of 3 dB in O-OFDM) for the basic
and PA system.
In Fig. 4, we compare the BER performance of basic and
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Fig. 4: BER plot of basic and PA O-OFDM with multiple lEDs
using G = 6, U = 5, P = 5
To compare the error performance of basic and PA OOFDM system with and without grouped LEDs, Fig. 5 shows
plot of their BER against optical SNR using 4-QAM. The
signals are subjected to clipping while sufficient DC bias
required for the system with and without grouped LEDs
are added. We define the normalised upper, Ccu , and lower
clipping levels, Ccl as: Ccu = cu σx and Ccl = −cl σx , where
cu and cl are unitless coefficients that determine the severity
of clipping experienced at the upper and lower levels of the
signal respectively. The clipping generates distortion on all
subcarriers and there is addition of clipping noise. The clipping
noise dominates a high optical SNR region while AWGN
dominates at low SNR. Comparison between the basic and
PA system with G = 1 shows that basic O-OFDM signal
is more susceptible to signal clipping. However, this clipping
noise is smaller as ng is reduced since the PAPR values are
lower as shown in Fig. 3. Thus, less clipping distortion and
consequently, better BER is achieved in the case of basic and
PA O-OFDM with G = 6 at high optical SNR. Combined
use of PA technique and grouped LEDs in O-OFDM provides
further peak reduction and consequently, reduced DC bias
required for the system. Results show that the basic O-OFDM
requires more optical SNR to achieve target BER than the PA
O-OFDM with grouped LEDs. The PA O-OFDM has about 1
dB optical SNR gain for 4-QAM system at BER = 10−3 .
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Fig. 5: BER performance of basic and PA O-OFDM system
with and without grouped LEDs using U = 5, P = 5, G =
1, 6, D = 96 and N = 194. The levels are set to σx = 250
mA, cu = cl = 1, Bg = 250 mA and 220 mA for basic and
PA system with G = 1 respectively; while Bg = 40 mA and
30 mA for basic and PA system with G = 6 respectively.
V. C ONCLUSION
In this work, we propose the use of PA PAPR reduction technique in O-OFDM utilising grouped LEDs. In OOFDM with grouped LEDs, subset of the IFFT subcarriers
are assigned to modulate intensities of G LED groups. Thus,
the grouping approach reduces the number of superimposed
subcarriers that occasionally add up to give high peaks per
group signal. However, peak reduction is obtained at the
expense of additional transmit chains. Hence, PA technique
can be implemented in grouped LEDs O-OFDM system to
further reduce electrical PAPR, and thus reduce the number of
required LED drivers. In comparison, results show that basic
O-OFDM group signals with G = 16 does not have their
PAPR values as low as that of PA O-OFDM with G = 3 using
P = 5 with CCDF of 10−3 . It can thus be inferred that the
number of LED drivers can be reduced from 16 to 3 with the
PA technique without incurring BER penalty on the O-OFDM
signal. When the basic O-OFDM signal utilising multiple LED
groups and the PA counterpart are subjected to clipping, results
show that the basic O-OFDM signal is more susceptible to
BER degradation. It should be noted that PA technique is
at the expense of increased IFFT computational complexity.
However, recent advances in solid-state technology make it
cost effective to implement the iterations in the PA technique.
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