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ABSTRACT DC-biased optical orthogonal frequency division multiplexing (DCO-OFDM) has been
proposed in visible light communication (VLC) to overcome the limited modulation bandwidth of light
emitting diode (LED). Due to the implementation of the inverse fast Fourier transform at the DCO-OFDM
transmitter, DCO-OFDM suffers from its high peak-to-average power ratio (PAPR), which restricts its use in
some VLC applications, especially where the optical power efficiency is a crucial requirement. That is
because the LEDs used in VLC systems have a limited optical power-current linear range. To this end, a
novel discrete Fourier transform spread-optical pulse amplitude modulation (DFTS-OPAM) signal scheme
based on the single carrier-interleaved frequency division multiple access (SC-IFDMA) signal is introduced
in this paper to address the high PAPR issue of OFDM. DFTS-OPAM is achieved by considering a PAM as
an SC-IFDMA data symbol and duplicate the output vector of the fast Fourier transform at the SC-IFDMA
transmitter side. Simulation results show that the PAPR of the proposed scheme is 7 dB lower than that of
DCO-OFDM. Furthermore, this significant PAPR improvement is experimentally investigated where the
practical results show that the proposed scheme can provide more 2.5 dB reduction in the average transmitted
power requirement compared to DCO-OFDM and can subsequently increase the maximum achieved distance
between the transmitter and the receiver by 44%.

INDEX TERMS single carrier frequency division multiple access, DC-biased optical orthogonal frequency
division multiplexing; visible light communication, peak-to-average power ratio, light-emitting diode,

dynamic range.

I. INTRODUCTION

Visible light communications (VLCs) have received a great
deal of research attention as a promising candidate for future
broadband networks by utilizing white light emitting diodes
(LEDs) in the existing solid-state lighting (SSL)
infrastructure. LEDs offer multiple usages such as
illumination, high-speed data transmission and localization
in various applications [1-3]. Compared to the wireless radio
frequency (RF) technologies, VLC systems are energy-
efficient, cost-effective, and ideal for use in hospitals,
aircraft cabins or in petrochemical industries since it does not
interfere with other radio frequency (RF) systems nor
induces any health issues. Furthermore, VLCs occupy an
unregulated portion of the electromagnetic spectrum and
offer a large transmission bandwidth [1-3]. Although the
wavelength of the visible light ranges from 380 to 780 nm (i.e.,
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offers a bandwidth of up to 300 THz), the 3 dB modulation
bandwidth (3 dBgy,) of the standard high-power white
phosphor LED (PWLED) that is used for illumination is only
a few MHz, which limits the maximum achievable VVLC data
rate [1-2]. To expand the 3 dBg,, of the LED, optical blue
filtering was employed at the receiver (Rx) side to filter out
the slow yellowish component of the LEDs [5]. In addition to
the optical blue filtering, pre-and post-equalization methods
were also proposed to extend the 3 dBp,, of the LEDs [6-8].
For example, using pre-and post-equalizations with the emitter
degenerated LED driver increase the 3 dBgy, of the blue, red,
and green LEDs by 174, 180, and 145 MHz, respectively [6].
However, these methods cause a significant reduction in the
received signal-to-noise ratio (SNR) [9-10].

Alternatively, a few diversity and complex techniques have
been proposed to compensate the LED modulation bandwidth
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limitation and consequently improve the VLC data rate.
Multiple input multiple output (MIMO) techniques have been
studied to increase the VLC data rate. For example, higher
achievable capacity results with spatial multiplexing MIMO
method and higher diversity gains with repetition coding
MIMO as compared to single input single output (SISO)
systems are reported in [11]. The MIMO techniques have also
been considered in conjunction with multi-carrier
transmission in [12-13] and the link capacity has been
improved with adaptive transmission in frequency selective
VLC channels. In addition to MIMO techniques, multi-level
modulation schemes including M-ary pulse amplitude
modulation scheme has also employed in VLC to enhance its
data rate as shown in [14]. PAM-single-carrier with
frequency-domain equalization (PAM-SCFDE) has also been
introduced in VLC systems to overcome the multipath issue
and consequently increase the VLC data rates [15].
Investigating the bit and power loading features of multi
carrier modulation (MCM) signals such as orthogonal
frequency division multiplexing (OFDM) in VLC systems has
demonstrated a significant data rate improvement. For
instance, more than 15 Gbps data rates has been recently
reported in [16] when the OFDM based on wavelength
division multiplexing of four LEDs (i.e., RGBY) is employed.
The VLC systems uses intensity modulation and direct
detection (IM/DD) where the signals are modulated to the light
intensity. As a result, a bipolar and complex signal such as the
traditional OFDM signal must be first converted into real and
unipolar signal before modulating an LED. To make signal
real and unipolar in DC-biased optical OFDM (DCO-OFDM),
Hermitian Symmetry (HS) is imposed before inverse fast
Fourier transform (IFFT) at a cost of halving the available
electrical bandwidth [17] followed by addition of a DC-bias
[18]. However, adding a DC-bias to a large peak to average
power ratio (PAPR) signal, and passing it through the limited
LED linear dynamic range makes this scheme unsuitable in
some VLC applications where the power efficiency is a crucial
requirement such as in diming control [19]. Alternatively, the
IFFT properties have been again exploited to make the OFDM
signal unipolar without any DC-bias requirements [20-21].
This comes at the cost of halving the spectral efficiency in
comparison to the DCO-OFDM scheme which is achieved by
keeping the real part of the data symbols to be blank in the
pulse amplitude modulated discrete multitone (PAM-DMT) or
by modulating only the odd subcarriers in asymmetrically
clipped optical OFDM (ACO-OFDM). Despite their lower
spectral efficiency compared to DCO-OFDM, ACO-OFDM
and PAM-DMT still possess a high PAPR compared to single
carrier modulation (SCM) [18]. Furthermore, the DC-bias
may be needed in VLC systems to provide an illumination
service and to remove the effect of the pulse shaping filter,
which can convert unipolar signals to bipolar ones [18, 22].
Implementing FFT and interleaving mapping before the
implementation of the IFFT at the OFDM transmitter (Tx)
results in a special single carrier modulation scheme known as

VOLUME XX, 2017

single carrier-interleaved frequency division multiple access
(SC-IFDMA) [23-24]. Such signal has almost the same
features as OFDM (i.e., bit and power loading and reduce
inter-symbol interference) but a low PAPR signal such as an
SCM signal [25-28]. However, the SC-IFDMA is mainly
proposed as a means to improve the OFDM PAPR signal in
the RF domain and has recently been modified to make it
suitable for IM/DD based VLC systems [29-35].

The ACO-single carrier frequency-domain equalization
(ACO-SCFDE) and the unipolar pulse amplitude modulation
frequency division multiplexing (UPAM-FDM) are the two
SC-IFDMA modified schemes that have recently been
proposed to make the SC-IFDMA suitable for VLC systems
[29-31]. To make the SC-IFDMA signal a real signal, its FFT
output subcarriers at its Tx should be symmetrically
conjugated. This was achieved in the U-PAM-FDM by
considering a PAM as an SC-IFDMA data symbol which
results in a symmetrically output FFT conjugated subcarriers
excluding the first and the middle ones. To make all the U-
PAM-FDM output FFT subcarriers are symmetrically
conjugated, a subcarrier conjugate (SCG) block is added after
the FFT implementation at the U-PAM-FDM Tx where a copy
of the first and the middle subcarriers are respectively inserted
after the middle and the last ones [31]. On the other hand, the
output FFT subcarriers of the ACO-SCFDE are imposed to HS
at the Tx to satisfy the condition for the values to be real [29-
30]. However, the implementation of the HS and the SCG at
the Tx of the ACO-SCFDE and the U-PAM-FDM leads to the
increase in their PAPR values in comparison to the traditional
SC-IFDMA [31-32].

Optical single carrier-interleaved FDM (OSC-IFDM)
scheme was introduced in [33-35] to make the PAPR value of
the optical SC-IFDMA as low as the PAPR value of the
traditional (RF) SC-IFDMA by adopting the SC-IFDMA for
VLC systems without any HS or SCG requirements. This is
achieved by the time domain SC-IFDMA symbol to be
repeated twice (i.e., setting the interleaving mapping factor in
the frequency domain to be 2) [35]. For this, the first half of
this symbol is used to transmit the real-time domain samples
while the second half is used for the imaginary part. However,
unlike all other modified SC-IFDMA schemes, the 1st OSC-
IFDM subcarrier (DC term) had to be a modulated which is
affected by the DC-bias and consequently affect all the
samples in the time domain. this make SC-IFDMA scheme
difficult implement in a real time [35]. Note that in VLC
systems, the DC level is unmodulated as it uses for turning on
the LEDs, dimming or shifting the bias levels [1-2, 19].

In this study, we propose a new discrete Fourier transform
spread-optical pulse amplitude modulation (DFTS-OPAM)
signaling scheme. Unlike other optical SC-IFDMA scheme,
DFTS-OPAM achieve a low PAPR comparable to PAPR of
the RF SC-IFDMA without compromising the system
performance. In DFTS-OPAM, interleaving mapping block of
the SC-IFDMA at the Tx is replaced by the repeating mapping
(RM). In the RM block, the output FFT vector is repeated
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before the IFFT block, which makes the even IFFT output
samples similar to the input data symbols, and the odd output
samples zeros. Therefore, making the data symbols real (i.e.,
PAM symbols) results in real IFFT output samples suitable for
IM/DD, at the cost of halving the spectral efficiency. Since the
odd samples do not carry any data in DFTS-OPAM, another
DFTS-OPAM signal can be transmitted in these odd samples
using the time division multiple access (TDMA) technique
(i.e., providing a high data rate for multiple access services).
In addition, these unused DFTS-OPAM samples can be
utilized for illumination, time-domain equalization,
positioning and localization. Furthermore, due to the presence
of the RM block, any affected subcarrier in DFTS-OPAM can
be easily compensated. The simulation results shows that the
PAPR value of the DFTS-OPAM scheme is ~ 7 dB lower than
the DCO-OFDM scheme. Furthermore, the effect of PAPR
reduction is practically investigated, with the results showing
the possible increase in the maximum achieved distance
between the Tx and the Rx by up to 44% for the proposed
scheme in comparison to the DCO-OFDM scheme.

The remainder of this paper is structured as follows. Section
Il presents the proposed DFTS-OPAM scheme. The
simulation and the experimental results obtained for the
proposed scheme are analyzed and discussed in Section Il and
Section 1V, respectively. Finally, conclusions are drawn in
Section V.

II. DISCRETE FOURIER TRANSFORM SPREAD
OPTICAL PULSE AMPLITUDE MODULATION

In this section, the signal processing of the DFTS-OPAM
scheme is illustrated and explained in detail where the
reduction in the PAPR of this scheme is mathematically
established and analyzed.

A. DFTS-OPAM Tx

Fig. 1 shows an example of the DFTS-OPAM Tx signal
processing procedure. First, random serial binary input bits
b;(t) are converted to parallel and mapped to real PAM signal
i.e., p = {Po, P1, P2 - v oo - - Py—1}, @Nd M is the number of
transmitted data symbols. The real vector p is then converted
to a frequency domain by implementing the FFT operation,
where the resulting FFT output sub-carriers (P) are conjugated
symbols as shown in Fig. 1 and established below:

= j2mmk
—j2mm
P, = z p e (1)
m=0
—i &y (M-k)
Py_y = Z Pmé€ M
m=0
M-1

VOLUME XX, 2017

j2nmk
= Z Pm e M (2)

From (1) and (2), it can be seen that each k" subcarrier is
conjugate of the M — kt"subcarrier (i.e., P, = P*;_y), for p
is a real vector. Subsequently, P is repeated twice by passed
through the RM process, where the new frequency domain
output symbol vector (X) has a length of N = 2M, which is
defined as:

X = {po, P1, D2s -+ Pu-1,Pos P1, D2y

X = {XO’X1!X2!X3JX4-UHuuuuu---

Pm-1}
Xn-1} @)

X is then converted back to the time domain samples vector
(X) using IFFT. However, because the IFFT operation is
implemented before the RM and FFT blocks, x has as low a
PAPR value as that of a SCM scheme, as shown below:

]ann

N (4)
j2min ]277:ln
z D e
From (4), the following equation can be deduced:
M-1 M-1
1 J2mnk jzan(M+k)
|2 G
N
k=0 k=0
®)

1 by j2mnk et i n+2n’nk
Xn =4 ZPleN +ZPke’” N
L k=0 k=0

Thus, the odd and even samples of X respectively defined as:

1 ]Znnk ]21mk
Xn_oad = 3 sz ZPI =0 (6)

M-1 M-1
1 Jj2mnk Jj2mnk
anven=m Pe M + Pe M
k=0 k=0 (7
M-1
1 j2mnk
Pe M

Xn_Even — M

From (6) and (7), one can see that x,, e, IS @ repeated
signal of p,,,, while no samples are carried on x;, pqq (i-€.,
Xn oaa = 0 (see Fig. 1)). Note that, as DFTS-OPAM uses
PAM as a modulation technique, its spectral efficiency is a
half of that of the DCO-OFDM scheme (i.e., has the same
spectral efficiency as ACO-OFDM). Furthermore, because of
the RM process, any distorted subcarrier in this scheme can be
easily recovered. Finally, x is passed through the parallel to
serial (P/S) converter, cyclic prefix (CP) insertion, digital
analogue converter (DAC), low pass filter (LPF), DC-bias,
clipping, and electrical to optical converter (EOC) blocks.
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FIGURE 1. An example of the DFTS-OPAM Tx signal processing procedure.

B. DFTS-OPAM Rx

Fig. 2 depicts the block diagram of the DFTS-OPAM RX.
Firstly, the transmitted optical signal is converted to an
electrical signal by the photodetector (PD). Furthermore, to
account for shot noise due to the photocurrent fluctuations and
thermal noise due to the receiver electronics, additive white
Gaussian noise (AWGN) is added to the electrical signal.
Hence, the resulting analogue electrical signal r(t) is given by
r(t) = s(t) * h(t) + n(t), where s(t) is the transmitted
electrical signal, h(t) is the time domain system impulse
response, n(t) is the AWGN, and the symbol * denotes the
linear convolution operation (note that the PD is considered to
be ideal (i.e., PD responsivity = 1)). r(t) is then passed
through the LPF, analogue digital converter (ADC), CP
removal, and serial to parallel (S/P) blocks, where the resulting
digital signal d(t) of the aforementioned processes is
converted to the frequency domain Y (F) by FFT operation.
Note that, since CP converts the linear convolution induced by
the system to circular convolution (i.e., multiplication in the
frequency domain), Y (F) is given by:

8 — 1
0.58 + 5.41i 0
-2-2 -3
341 — 2.58i L p 0
12 -1

341+ 2.58i 0

“irn X =3 |ps,cp
058 — 5417 |— 0 | insertion, DAC,
IFFT ] LPF. adding de-
8 |l i bias clipping
0.58 + 5.41i 0 |andOEC
-2-2 -1
341 — 2580 0
12 - F 3
341+ 258 0
-2 +2i -3
058 — 541 | 0

where, H(F) is the transfer function of the system. The

transmitted signals are subsequently estimated by
implementing the zero-forcing (ZF) equalizer, i.e.
X’(F)—Y(F)

where, H(F)is the estimated transfer function of the system.
If the full knowledge of the channel state is known (i.e.,
H(F) ~ H(F), then
X(F)=X(F) (10)

After that, the redundant subcarriers, including the DC
subcarrier and repeated subcarriers, are removed by passing
X(F) through the redundancy removal process. However,
because of the RM process at Tx (i.e., X(F) = [X(F)/
2 X(F)/2] (see shown in Fig.1)), removing these redundant
subcarriers does not cause any loss of information after
compensating the first subcarrier by the middle one. Finally,
the resulting signal from the redundancy removal process
(P(F)) is converted back to the time domain by implementing
an IFFT where the output IFFT vector (p(t)) passing through

Y(F) = X(F)H(F) + N(F) (8) the PAM de-mapping and hard decision processes, to
reconstruct the transmitted bits sequence.
Optical data Recovered bits
[ P/S and PAM De-Mapping, Hard decision & P/S ]
I Optical Reciever l L
y SO -~
nit)
’—’69 [ IFFT l
r(t) T VAS
N P(F)
[ LPF, ADC, CP Removal and S/P J [ Redundancy Removal ]
Y
I dft) T )
Y(F)
[ FFT ]—P{ ZF Equalizer l

FIGURE 2. Block diagram of the DFTS-OPAM Rx.
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lll. SIMULATION RESULTS

The reduction of the PAPR value of OFDM in IM/DD systems
was mathematically established in the previous section by
implementing the FFT and RM processes before the
implementation of the IFFT method. In this section, the
simulation results are presented to establish the PAPR
reduction using the DFTS-OPAM scheme compared to DCO-
OFDM.

To obtain fair comparison between DFTS-OPAM and
DCO-OFDM in terms of the SNR, bit error rate (BER), and
error vector magnitude (EVM) in this section, as well as in the
next section, the PAM symbols of DFTS-OPAM are generated
by separating the real and the imaginary parts of quadrature
amplitude modulation (QAM) symbols [i.e., QAM symbol
(a + ib) is separated into ‘@’ and ‘b’ PAM symbols], where
these symbols are combined at the Rx to reconstruct the QAM.
In this simulation study, 256 IFFT points, 16-QAM
constellation, 1W white LED with PCB (HPB849KxWDx)
that has 1 V linear range, Thorlabs (PDA36A-EC) PD [36],
AWGN channel and 2 psc CP duration are considered.

The PAPR values of the discrete signal is given by:

max |x,|% n=0,.N-1 (12)
E{lxn %}
where x,, max |x,|> and E{|x,|?} are the discrete-time
signal, the peak power of x,, and the average power of x,,,
respectively.

To compare the PAPRs, the complementary cumulative
distribution function (CCDF) of both schemes is simulated
and given in Fig. 3 whereas all the PAPR comparisons are
carried out at CCDF= 10"* (i.e.,Pr{PAPR > PAPR,} =
0.0001) as in other work (e.g., in [37-38]). Fig. 3 plots the
CCDF again the PAPRs of the DFTS-OPAM and DCO-
OFDM schemes. The figure demonstrates that the PAPR of
the proposed scheme is ~ 7 dB lower than the PAPR value of
the DCO-OFDM scheme.

PAPR =

] —DCO-0FDM
L - -DFTS-0PAM

R
=

1nd 1 1 1 1 1
T4 § 10 12 14 16 18
PAPE [dB]

FIGURE 3. CCDF versus PAPR of the DCO-OFDM and DFTS-OPAM
schemes.

Fig.4 depicts the BER performance against the SNR (dB)
for the DCO-OFDM and DFTS-OPAM schemes for 16-
QAM. The figure shows that DCO-OFDM requires ~ 3 dB
more SNR in comparison to DFTS-OPAM to achieve the BER
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value of 10°®. This is because, only the even time-domain
samples carry data in DFTS-OPAM, while all the samples are
used to carry data in DCO-OFDM, making the DCO-OFDM
scheme have double the spectral efficiency of DFTS-OPAM.

—DCO-OFDM
= ‘DFTS-0PAM N

BER

10
SNRindB

FIGURE 4. SNR versus BER for 16-QAM DCO-OFDM and 16-QAM
DFTS-OPAM.

In VLC systems, the average transmitted power (F,,) of the
OFDM scheme is limited by the dynamic range of the LED
where any signal above the LED limited linear range will be
distorted or clipped, which affects the VLC system
performance, since a lower F,,, leads to a lower SNR (i.e.,
leads to a shorter distance between the Tx and the Rx and/or
lower constellation mapping order). Figs. 5-7 depict the
maximum transmitted average power (P,.,) that can be
achieved by the two schemes. Note that F,,,, of both schemes
was varied from 0 dBm to 25 dBm in the simulations, and the
EVM was simulated at each F,,, value, where P, is
predicted to occur for EVM=12.5%, as the system
performance begins to deteriorate after this EVM% value [39-
40].

Figs. 5 and 6 illustrate the 16-QAM constellation points of
the DCO-OFDM and the DFTS-OPAM schemes, respectively
for EVM = 12.5%, where only the clipping noise was
considered (i.e., no AWGN) in the simulations, and the DC-
bias of both schemes was set to be at the center point of the
LED dynamic range (note that, the dynamic range of the LED
in these simulations was 1 V). In these figures, B, of the
DCO-OFDM and DFTS-OPAM schemes are 17.42 dBm and
19.32 dBm, respectively (i.e., DFTS-OPAM provides
approximately 2 dBm more P, in comparison to DCO-
OFDM, when only the clipping noise is considered).
Furthermore, Fig. 6 shows that the clipping noise in DFTS-
OPAM is a linear noise.

Since the AWGN power (P,,,4y) (i.€., the noise power of
the VLC system) increases the EVM, B, will be affected by
the amount of P,,, 4, present in the system. Note in [30-31],
the Py, gnWas set to -10 dBm. However, the noise power in
VLC systems varies within a range as it depends on numerous
parameters [1-3]. In Fig. 7, the P, 4, is varied from -15 dBm
to 0 dBm, and F,,, of both schemes is evaluated at each
PywgnValue to identify Py, which as previously mentioned,
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is achieved when EVM = 12.5%. From this figure, one can
observe that increasing Py, 4, decreases the B,,, value of
both schemes, as the EVM becomes more sensitive to the
clipping noise by increasing the P, 4, level. An additional
observation made from the figure is that for a 1 V LED
dynamic range, the 16-QAM DCO-OFDM signaling scheme
can only be implemented when the F,,,,4,, <-7 dBm, as greater
Pawgn Values result in increasing the EVM beyond the 12.5%
level. However, 16-QAM-DFTS-OPAM can tolerate higher
noise power levels, as it can be implemented using the same
given parameters for P,,, ,,< -1 dBm. Furthermore, the figure
also demonstrates that the 16-QAM DFTS-OPAM scheme
outperforms the 16-QAM-DCO-OFDM scheme for all noise
power levels in terms of transmit power efficiency.

Finally, since LEDs are mainly used for illumination
purposes, controlling the brightness of LEDs should be taken
into consideration in VLC systems. One straightforward
method used to control the brightness of LEDs is to adjust the
DC-bias level [19, 41-42]. However, increasing or decreasing
the DC-bias level results in increasing the upper or lower
clipping noise of the bipolar OFDM schemes respectively.
Note that, in Fig. 7, the DC-bias was set to be at the middle
point of the LED linear range, thus providing a fixed
illumination level. However, to study the effect of the
brightness control on the system performance of 16-QAM
DFTS-OPAM and 16-QAM DCO-OFDM, the DC-bias level
was set at the first and third quarter points of the LED linear
range, thus providing three diming control levels. The effect
of setting the DC-bias at the first and third quarter points of the
LED dynamic range on the system performance of the two
schemes is illustrated in Figs 8 and 9, respectively.

However, as both schemes are bipolar OFDM schemes, in
Fig. 8, the system performance of both schemes is mostly
affected by the lower clipping noise, while in Fig. 9, the upper
clipping noise is the dominant clipping noise for both
schemes. Furthermore, setting the DC-bias at the first quarter
point of the LED linear range provides the same performance
as setting it at the third quarter-point. This is because both
schemes have a normal Gaussian distribution shape (i.e., the
lower clipping noise in Fig.8 is the same as the upper clipping
noise in Fig. 9). In addition, from these figures, it can observe
that setting the DC-bias at these two points of the LED linear
range makes the DCO-OFDM and DFTS-OPAM schemes
only valid (i.e., EVM > 12.5%) for P, 4, <-12 dBmand <-7
dBm, respectively.

Furthermore, increasing of the F,, g, level results in
decreasing P4, from 13.4 dBm to 12.8 dBm, and from 12
dBm to 10.3 dBm, for 16-QAM DFTS-OPAM and 16-QAM
DCO-OFDM, respectively. Note that diming control can also
be achieved in VLC systems by controlling the pulse samples
duration [42]. However, since the odd samples in DFTS-
OPAM do not carry any data, the duration of the even samples
of this scheme have more flexibility to be adjusted according
to the required illumination level, as will be demonstrated in
our future work.
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FIGURE 3. The 16-QAM constellation points of DCO-OFDM, where
Pax = 17.42 dBm, EVM%=12.5%, LED dynamic range = 1V, and
only the clipping noise is considered (i.e., no AWGN).
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FIGURE 4. The 16-QAM constellation points of DFTS-OPAM, where
Poax = 19.32, EVM%=12.5%, LED dynamic range = 1V, and only
the clipping noise is considered (i.e., no AWGN).

in [dBm]

20

18f —DCO-OFDM

il - -DFTS-OPAM
z 16\

14 I I I
-14 -12 -10 P 78m[dBm] -6

awgn

FIGURE 5. P,qx With respect to Pg,,4, of the DCO-OFDM and B-
PAM-FDM schemes, when the DC-bias is set in the middle of the
LED dynamic range.
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FIGURE 6. Ppq, With respect to Pg,,4, of the DCO-OFDM and B-
PAM-FDM schemes, when DC-bias is set at the first quarter of the
LED dynamic range
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FIGURE 7. Pqx With respect to Py, g, of the DCO-OFDM and B-
PAM-FDM schemes, when DC-bias is set at the third quarter of the
LED dynamic range.

IV. EXPERIMENTAL RESULTS
The main aim of this experimental study was to implement the
DFTS-OPAM signaling scheme in real time using the USRP
N210 transceiver, and practically support the illustrated theory
of the proposed DFTS-OPAM by practically proving low
PAPR compared to DCO-OFDM in terms of providing more
P.qx, @nd thus increasing the distance between the Tx and Rx
(de). The P, of the aforementioned two schemes are varied
from 0 dBm to 24 dBm at the Tx side where the effect of this
variations on the system performance was verified at the Rx.
Figs. 10 and 11 illustrate the experimental setup
configuration and the setup hardware, respectively.

15cm
LED |« » PD

|
|
|
1
USRP USRP
| Tc Biase ~| N210 Tx |<7| Gigabit Ethernet switch |<7 N210 Rx

=
|
|

hp SE00L
driver laptop

FIGURE 8. Experimental setup diagram.

FIGURE 9. A photograph of the experimental hardware.
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The USRP transceiver was interfaced and controlled by a
laptop through LabVIEW software where the main Tx and Rx
parameters used are presented in Figs. 12 and 13.

DFTS-OPAM data symbols

DFTS-OPAM-USRP N210
Tx Parameters
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1 " 5
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FIGURE 10. LabVIEW control panel of the USRP Tx of DFTS-OPAM,
where plots (a), (b) and (c) depict the DFTS-OPAM Tx parameters, the
DFTS-OPAM transmitted QAM symbols, and the DFTS-OPAM
transmitted spectrum, respectively.

Recieved DFTS-OPAM Data symbols
3.5

2
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FIGURE 11. LabVIEW control panel of the USRP Rx of DFTS-OPAM.
Note that the 16-QAM constellation points in (b) were captured at
EVM = 10.2%).

At the Tx, 640 and 1280 bits were randomly generated,
separately mapped to 16-QAM, saved and used to implement
one DFTS-OPAM block and one DCO-OFDM block
respectively (i.e., 160 and 320 complex QAM data symbols
for each DFTS-OPAM block and each DCO-OFDM block,
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respectively) where each block consists of 5 different -time
domain OFDM symbols (i.e., 32 and 64-QAM data symbols
used for each DFTS-OPAM time domain -symbol and DCO-
OFDM time domain symbol, respectively). Note that, for
DFTS-OPAM scheme, the imaginary and the real parts of the
QAM data symbols were separated to provide 64 PAM
symbols before applying the FFT process. As in LTE [43], to
practically remove the inter-channel interference (ICI) issue,
the DFTS-OPAM and the DCO-OFDM schemes were zero-
padded (i.e., adding zeros at the edge of the subcarriers, before
being passed to the IFFT process). As illustrated in Fig. 14,
because of this process (i.e., zero-padding process) the DFTS-
OPAM subcarriers are not conjugated subcarriers anymore.
This result in the output IFFT samples of DFTS-OPAM
complex samples. To make all DFTS-OPAM subcarriers are
conjugated after the zero padding a few modifications is been

done as illustrated in Fig 15.
Unmodulated subcarriers

v

oo o] R

FIGURE 12. DFTS-OPAM subcarriers after inserting 8 zeros at both
edges (note that in this figure, the number of subcarriers before ZP
is 8).

©» |eH ¢ || |o|lo|lofo

Conjugate data symbols

FIGURE 13. The DFTS-OPAM subcarriers after shifting the first
subcarrier to the beginning.

A 1 W white LED (HPB8-49KxWDx) introduced in the
simulation section was used in this experiment where its
measured L-1-V curve is shown in Fig. 16. To ensure operation
in the linear region, the LED was biased at the middle point of
its dynamic range (i.e., at 500 mA), providing 1 V peak to peak
voltage.

100
—Voltage, V
-4-LED intensity, cd

s i

ot LED dynamic range (1)

w

150

Voltage, V
LED intesity, cd

v

0
200 400 600 800 1000 1200
DC current, mA

FIGURE 14. Measured L-I-V curves of the 1 W white LED (HPB8-
49KXWDX).
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At the Rx, the light signal was detected and converted back to
an electrical signal by the (PDA36A-EC) PD, which is first
captured by USRP Rx, then transfer to the laptop for
application of signal processing and analysis (see Figs.10 and
11). 1000 OFDM blocks for each scheme were received and
processed online where each block had 5 different OFDM
time domain symbols and the average result was considered.
The maximum likelihood (ML) algorithm was applied in this
experimental work to each OFDM block for synchronization
and frequency offset correction purposes, by investigating the
length of the CP samples [44] (64 samples were used as CP in
this work), as shown in Fig. 17.

Synchronization for 4 OFDM
-
-0.00025-|

Phase-offset correction

-0.0005
)
-EVU‘UOOTS-
:i -0.001 -
] i
1-0‘00115

-0.0015

-0.00175]

-0.002-| L i Lt I -4 | \ \ | ! | \
0 250 500 750 1000 1400 0 200 400 600 800 1000 1200 1400

Length Length

Amplitude
AW b S ok v wasa

FIGURE 15. I\SIEI? algorithm applied to an OFDM blgbgk to achieve: (a)
synchronization estimation, and (b) frequency offset estimation.

Following the implementation of the ML algorithm, each
OFDM time domain symbol was fed to the FFT process,
where the redundant output subcarriers (i.e., the zero-padded
and conjugate subcarriers for the DCO-OFDM scheme and the
ZP and repeated subcarriers for DFTS-OPAM scheme) were
rejected. Note that, because of the RM process, the first DFTS-
OPAM subcarrier affected by DC-bias was replaced by the
middle subcarrier in this work. Since the transmitted bits were
randomly generated, saved and repeatedly transmitted, 8
subcarriers from each OFDM time domain symbol were used
as the data and the pilots were investigated to estimate the
transfer function of the system [3]. After estimating the
transfer function of the system, the ZF algorithm was
implemented to equalize the OFDM data symbols. Finally, the
transmitted bits of DCO-OFDM and DFTS-OPAM were
reconstructed from the equalized data symbols and saved to be
processed offline by a MATLAB program for BER and EVM
assessment. B, of the DCO-OFDM and DFTS-OPAM
schemes was experimentally evaluated by measuring the
EVM at each F,,, value within the range 0 < P,,;, < 24
(note that, Pyqy = Payg When EVM = 12.5%). Furthermore,
the benefit of the B,,, the penalty was investigated by
increasing the distance between the Tx and the Rx.

Fig. 18 plots the EVM versus P, of the 16-QAM DCO-
OFDM and 16-QAM DFTS-OPAM schemes for de = 15 cm.
The figure shows that for P, ; < 18 dBm, the EVM of both
schemes decreased by increasing P,,q, since the SNR is
increased. However, for F,,, > 18 dBm, the EVM of DCO-
OFDM started increasing and the system performance started
to deteriorate, as the linear range of the system was no longer
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applicable at this value. On the other hand, the system
performance of DFTS-OPAM started to deteriorate by the
clipping noise when P,,, > 22 dBm. The figure also
demonstrates that the measured P, of the DCO-OFDM and
DFTS-OPAM was 20.5 dBm and 22.5 dBm, respectively (i.e.,
the DFTS-OPAM provided 2 dB more P,,,, in comparison to
DCO-OFDM). Furthermore, for £,,,;, < 18 dBm, DCO-OFDM
required around 3 dB more SNR in comparison to DFTS-
OPAM to achieve the same EVM % levels, since the odd
samples do not carry any data in the DFTS-OPAM scheme
(see Fig. 3 in the simulation results).

201

—Practical DCO-OFDM
= -Practical DFTS-OPAM

FIGURE 16. The EVM% with respect to P,  for 16 QAM DCO-OFDM
and 16 QAM B-PAM-FDM.

Following the previous discussions, higher P,,, values
result in increasing the distance between the Tx and Rx. To
determine the maximum achievable distance between the Tx
and the RX (d,,q) for both schemes, F,,,, of both schemes is
set at P4, de is increased progressively, and the EVM is
measured at each de value, where d,,,, is achieved when
EVM = 12.5% (Note that B, in Fig 18 occurs for de = 15
cm). However, as already discussed in the simulation results
(see Fig. 7), decreasing the SNR value (i.e., increasing de)
reduces Pp,q,. As such, for de > 15 cm, a lower B, should
be used (i.e., lower than 20.5 dBm and 22.5 dBm for DCO-
OFDM and DFTS-OPAM respectively). In this investigation,
Pyyg Values of 20.25 dBm and 22.25 dBm, which occurred in
Fig 18 for de = 15 cm when EVM = 7.5%, were considered as
the optimum average power (P,,.) levels for the DCO-OFDM
and DFTS-OPAM schemes respectively, as they can be used
for a range of SNR values (i.e., for a range of distances).

In Fig. 19, R, of each scheme was set to its Pop¢, de was
varied within the range 15 cm < de <70 cm, and the EVM was
measured after each 2 cm. From this figure, it can be seen that
the EVM of DCO-OFDM and DFTS-OPAM reach the
threshold value (i.e., EVM = 12.5%) for de = 43 cm and 63
cm, respectively. As such, implementing the proposed scheme
increased de by up to 44% in comparison to the traditional
DCO-OFDM scheme. Note that, in Fig 19, to ensure that the
achieved distance is the maximum one for both schemes, F,,,,
of both schemes was kept around their P,, values, and
dmaxWas achieved when Py, =P
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—Practical DCO-OFDM
= -Practical DFTS-OPAM

P

|
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FIGURE 17. EVM% versus de for the 16-QAM DCO-OFDM and 16 QAM
B-PAM-FDM schemes, where P, of DCO-OFDM and B-PAM-FDM is
20.25 dBm and 22.25 dBm, respectively.

Finally, the BER performance of the two schemes was
investigated experimentally as a function of de, as illustrated
in Fig. 20, where P,,, of both schemes was sgt at their Pope.
The figure demonstrates that for de < 45 cm, both schemes
achieved the same BER performance (i.e., both schemes
reached the noise floor), as the EVM of the two schemes was
less than 12.5% for shorter distances. However, for de > 45
cm, the BER performance of DCO-OFDM is being affected
as its SNR is dropped down and consequently, the EVM
become more than 12.5% while the BER performance of the
DFTS-OPAM scheme is start being affected when de > 65 cm,
which is because the Pavg of the proposed scheme is around 2
dBm more than the P,,,,0f the traditional DCO-OFDM.

—Practical DCO-OFDM
- -Practical DFTS-OPAM

-5 I I I I

15 20 25 30 35 40 45 50 55 60 65 70
de [cm]

FIGURE 18. The BER with respect to de for both 16-QAM DCO-OFDM
and 16-QAM B-PAM-FDM where, Pg,,, of DCO-OFDM and B-PAM-FDM
are 20.25 dBm and 22.25 dBm respectively.

However, in a real scenario, the VLC link distance between
the Tx and the Rx should be > 150 cm [1-2, 19]. In fact, VLC
link distance depends on several parameters such as:
transmitted average power, divergence angle at the Tx, Rx
field of view (FOV), Rx sensitivity, measuring devices,
amplifier at the Rx, optical filter, Rx non-imaging concentrator
internal reflective index, modulation depth, and data rate etc
[2, 45]. Note, because of the limited optical wireless
communication Lab equipment that we have and because the
main reason behind this work is to introduce the new novel
DFTS-OPAM scheme first time and compare it with the
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known DCO-OFDM scheme in term of their PAPR for the
same given parameters, we have by MATLAB simulation
proven that changing few parameters (i.e., LED semi angle at
half-power (01/2), QAM order and Non-imaging concentrator
internal reflective index) on our practical experiment can
increase the maximum achievable distance between the Tx
and the Rx to be more than 150 cm as illustrated in Figures 21,
22 and 23 at the Appendix Section where the VLC simulation
parameters that were used for these plots are also illustrated at
the same Section in Table 1.

VII. CONCLUSION

The proposed DFTS-OPAM were introduced in this paper as
means to significantly improve the PAPR of the OFDM signal
in IM/DD based VLC systems, by making SC-IFDMA
scheme suitable for IM/DD without any HS requirements.
This IM/DD compatibility is achieved in DFTS-OPAM by
replacing the interleaving mapping block in the SC-IFDMA
Tx by the RM block and using PAM as a modulation scheme.
As such, the output time domain samples of the IFFT are
bipolar real samples that have as low PAPR as that of the SCM
scheme.

The simulation results of DFTS-OPAM showed that the
PAPR value of DFTS-OPAM is 7 dB lower than the PAPR
value of the traditional DCO-OFDM scheme. The results also
showed that the DCO-OFDM requires 3 dB more SNR in
comparison to DFTS-OPAM to achieve the same BER
performance. The impact of this PAPR reduction on the
system performance was experimentally investigated, where
the results showed that the maximum achieved distance
between the Tx and Rx was increased by up to 44% when the
DFTS-OPAM scheme was implemented compared to DCO-
OFDM.

APPENDIX

TABLE |
VLC SIMULATION PARAMETERS

Parameters Value
Number of iterations 10
LED Type 1W white LED with PCB
(HPB849KXWDX)
LED bandwidth 2MHz
LED linearity ~1V
Photodetector (PD) Thorlab (PDA36A-EC)
PD bandwidth 10 MHz
PD noise (RMS) 300 puv
PD responsivity 0.65 A/W
PD active area 16 mm?
Rx FOV 20°
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FIGURE 19. dmax versus 61 for 16 QAM B-PAM-FDM, 4 QAM-BPAM-
FDM, 16 QAM DCO-OFDM and 4 QAM-DCO-OFDM
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FIGURE 20. dmax vVersus 6y for 16 QAM B-PAM-FDM, 4 QAM-BPAM-

FDM, 16 QAM DCO-OFDM and 4 QAM-DCO-OFDM when 1.5 Non-
imaging concentrator internal reflective index is used at the Rx.
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FIGURE 21. dmax versus 612 for 16 QAM B-PAM-FDM, 4 QAM-BPAM-
FDM, 16 QAM DCO-OFDM and 4 QAM-DCO-OFDM when 2.4 Non-
imaging concentrator internal reflective index is used at the Rx.
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