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Abstract—Single-carrier frequency domain equalization (SC-
FDE) and orthogonal frequency division multiplexing (OFDM)
are two attractive technologies for visible light communications
(VLC). In this paper, we analyze the two schemes in VLC
system with direct current (DC) biasing. We investigate the bit
error rate (BER) performance of SC-FDE and OFDM schemes
with a memory nonlinear light-emitting diode (LED) model in
a simulated indoor scenario. The system performance between
both schemes and the impact of LED nonlinear distortion are
compared and discussed. We through numerical simulations
found that the OFDM scheme exhibits a better BER performance
compared to SC-FDE scheme although having a higher peak-to-
average power ratio (PAPR).

Index Terms—single-carrier frequency domain equalization
(SC-FDE),orthogonal frequency division multiplexing (OFDM),
visible light communication (VLC), nonlinear LED model

I. INTRODUCTION

The employment of white LEDs enables both illumination
and communications at the same time. High-speed Visible
Light Communications (VLC) based on these mass-market
white LEDs is referred as a promising new green communica-
tion technology because of the numerous advantages, includ-
ing excellent coverage, worldwide available and unlicensed
bandwidth, and zero interference with existing radio systems.
Therefore, it is expected to play an important role in the future
indoor wireless data networks and the coming (beyond) fifth
generation (5G) communication [1], [2].

However, the very limited bandwidth (typical a few MHz)
and the inherent nonlinear characteristics of LED are crucial
factors that affect the practical efficiency of VLC systems
[3], which distort the signal and degrade system performance,
especially affect the BER performance. Fortunately, the feasi-
bility of numerous approaches to enhance the bandwidths [4],
[5] and the modeling of LED nonlinearity [6-8] for mitigat-
ing the distortion has been proposed and some outstanding
performance have been achieved. In order to obtaining a
better performance and high data rates, various methods are
adopted for modulating the optical signals in VLC system.
The amplitude modulation such as On-Off Keying (OOK) and
Pulse-position modulation (PPM) are predominantly used in
VLC for that they are not sensitive to nonlinearity, so they are

regularly used to mitigate the impact of the distortion caused
by nonlinearity but with the disadvantages of inter symbol
interference (ISI) and low data rates [3].

With the problems mentioned previously, paper [9] first pro-
posed the use of orthogonal frequency division multiplexing
(OFDM) for VLC system and which has been recently adopted
as an effective solution to mitigate the detrimental effect of
IST for VLC systems. However, the VLC systems usually
employ intensity modulation and direct detection (IM/DD)
technique for its simplicity : a photo detector (PD) at the
receiver is employed to detect the signal directly and convert
the optical power signal into electrical signals but the signal
transmitted with the form of optical power must be a real and
positive value [10]. Therefore, the classical complex OFDM
signal must be modified and converted into real to be suitable
to VLC systems. Thus, several VLC-OFDM schemes such
as direct current (DC)- biased optical orthogonal frequency
division multiplexing (DCO-ODFM) [11,12] and asymmetri-
cally clipped optical OFDM (ACO-OFDM) [13] have been
proposed in order to meet the requirement. However, OFDM
systems have an inherent high peak-to-average power ratio
(PAPR). Compared with OFDM system, the single-carrier
frequency domain equalization (SC-FDE) system has a much
smaller PAPR of the transmitted signal [14,15], it is regard
as an alternative to OFDM due to the robust to ISI with
low complexity and much smaller PAPR. In this paper, we
will introduce the implementation of basic OFDM and SC-
FDE schemes with DC biasing in VLC systems. Based on
a memory nonlinear LED model and the channel impulse
response (CIR) of a simulated indoor empty room scenario,
we analyze the PAPR theoretically and make a comparison
of BER performance between the two schemes. We also
analyse the impact of LED nonlinear distortion with numerical
simulation results.

The remainder of this paper is organized as follows: Section
II is the basic system model, including the OFDM and SC-
FDE schemes in VLC system, the numerical LED nonlinear
model, channel model and noise model. Section III compares
the PAPR and BER performance and analysis of simulation
results. Finally, we concluded the paper in Section IV.



Data? Out
QAM
Demodulation
IEET}
Operation

P/S ...t
S/p
CP Addition
CP Removal
Frequency Shifting
gy VLC N LD Frequency Shifting
Channel Y

D> é

Fig. 1. Block diagram of the SC-FDE system.
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II. SYSTEM MODEL
A. OFDM system

As a modification of OFDM, Fig. 1 shows the block diagram
of a typical DCO-OFDM in VLC system. Consistent with
classical OFDM system, the binary bit stream is modulat-
ed into symbols firstly via multi-level quadrature amplitude
modulation (M-QAM)) after transmitted from the source. The
generated serial stream of symbols at the modulator output is
mapped into parallel streams and all of them is transmitted on
a separate subcarrier.

IFFT operation of OFDM system can quickly and efficiently
apply the discrete Fourier transform function to generate an
orthogonal carrier for transmission, it modulates and multi-
plexes the subcarriers, the time domain OFDM signal can be
generated as expressed mathematically in (1) by taking the
IFFT of X (k)
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where N is the number of FFT point, x(n) is the n®
time domain sample and n = —T,N...,N — 1, T, is the
percentage of cyclic prefix (CP) over the block, N, is the
number of effective symbols in each data block, X (k) means
the k™ frequency domain sample.

But as aforementioned, any complex values must be avoided
in VLC-OFDM schemes. To get a real output signal required
by IM/DD system, there are two ways of implementation for
it generally. One is the application of Hermitian symmetry on
the input of the IFFT operation, the other one is to directly
employ frequency shift after the IFFT operation. The later way
to ensure a real-valued OFDM baseband signal is used in this
paper and which is given as

(@)

Z(n) = Re {a:(n)ej s } ,

where B is the bandwidth, T is the sampling period.
Usually, after generating the OFDM symbol, we need to

make a serial-to-parallel (S/P) conversion and CP is also added

as a guard interval. Then a continuous bipolar real signal X (¢)
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Fig. 2. Block diagram of the SC-FDE system.

can be obtained through digital-to-analog (D/A) conversion. In
addition, a DC bias is added to ensure the most bipolar OFDM
signals are converted to a unipolar one. The x(¢) is the very
signal transmitted by LED at the transmitter

2(t) = X(t) + L. 3)

After channel transmission, OFDM symbols are obtained
when the optical signal is captured and converted by a photo-
electric detector (PD). The processing of signals at the receiver
in a DCO-OFDM system is similar to traditional OFDM.

B. SC-FDE system

Single-carrier frequency domain equalization (SC-FDE) is
a technology which uses a single carrier to transmit data
while reserving the signal processing method of a multi-carrier
system. Fig. 2 shows the block diagram of a basic SC-FDE
system.

At the transmitter, the input binary data is sent to the channel
in the form of data blocks after modulation and CP insertion,
the transmitted SC-FDE signal z(t) in the time domain can
be expressed as

N.—1
Z X (K%N,) g (tT, — kT, “

k=—N.T,

z(t) =

where X is modulated N, symbols and the symbol % stands
for the remainder operation, 7" is the symbol period, g(.) is the
impulse response of the shaping filter. The frequency shifting
operation of SC-FDE is the same as OFDM.

At the receiver, the FFT and IFFT operations are used to
achieve a conversion of received data in the time and frequency
domain. Frequency domain equalization is to estimate the fre-
quency response of the channel and then use the equalization
coefficient to compensate the influence of the channel.

Provided that the received time domain signal at the receiver
is y(t), v(t) is the additive white Gaussian noise and the
channel impulse response is i(t), then the received signal can
be expressed as

y(t) = a(t) @ h(t) + (1), )
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Fig. 3. The block diagram of the memory nonlinear LED model.

where the symbol & denotes convolution.
The frequency domain signal after FFT operation can be
expressed as

V(k) = X(k)H (k) + V (k). (6)

Zero-forcing (ZF) equalization is considered for signal de-
tection. Assuming the channel frequency response is H (k), the
tap coefficients W (k) in the single carrier frequency domain
ZF is given by

@)

Then the signal after frequency domain equalization can be
as
X(k) = W(k)Y (k). ®)

Finally, the signal after equalized in the time domain can
be obtained by performing the IFFT operation.

Comparing Fig. 1 and Fig. 2, it can be found that there are
many similarities between OFDM and SC-FDE systems: the
data are all transmitted on a block-by-block basis and both
of them also use FFT and IFFT operations to implement the
conversion between frequency domain and time domain. The
main difference between them is the position of FFT and IFFT.

C. LED nonlinear model

Modeling of LED nonlinearity has gained significant atten-
tion and some models have been developed. Volterra model is
one of the most popular types of these models, which is very
convergent to the actual LED and has already been used for
LED nonlinearity identification. However, the measurement
of the series coefficients of Volterra model [16] is highly
complicated.

A numerical nonlinear model based on the physical mech-
anism of LEDs is proposed in [7] , which can describe LED
well but without the drawback of a great complexity like
Volterra model. The block diagram of the model is shown
in Fig. 3.

Table I lists the specific composition of the coefficients ag-
as, which are based on the physical mechanism of LEDs and
are used to describe the nonlinear characteristic of LED: ag-as
are used to describe memory rate equation and a4-as describe
the memoryless optical transform. In addition, the input I(t)
and output P(t) represents the input current, the output optical
power from LED, respectively.

TABLE I
PARAMETERS OF THE MEMORY NONLINEAR LED MOEL

Parameters Coefficients Composition

Charge of electron(q)
Active layer thickness(t.)
Active layer area(Aq)
Sampling period in simulation(7%)

ag = Ts/ (thAw)
a1 =1— BrpoTs — AprTs

Radiative recombination coefficient(B,) as = —B,Ts
Doping concentration(pg) a3 = —ChnrTs
SRH recombination coefficient( Ay, ,) as = (Ep) AwtwBrpo

Auger recombination coefficient(Cly,,)
Energy of photon (650nm)(Ep)

as = (Ep> AwtwBr

D. VLC channel model

In an indoor VLC system, the physical channel model
includes both the line of sight (LoS) and the non-line of
sight (NLoS) communication components. Compared with
the NLoS component, the LoS component is a dominate
components in an optical link. In general, we hold that the
LED conforms to Lambert emission rule, so the VLC channel
can be described as a flat fading channel model [17], and the
channel DC gain from the transmitter LED to the PD can be
expressed as

b { (02 cos™ (0) T (1)g (1) cos(4),
0,

0<¢ <Y,
0>V,

)
where, A is the effective detection area of the PD, # and v
represent the angle of irradiance and incidence from the LED
to the PD respectively, D;, means the distance between the
transmitter (Tx) and receiver (Rx), Ts(v) is the gain of an
optical filter, ¥, is the field-of-view (FOV) of the receiver,
g(1) is the gain of an optical concentrator,

g(w)={ swtrovy V=V STOV: )

0, 1 > FOV,

where n denotes the refractive index, m is the Lambertian
order, which is related to the semi angle at half-power of the
transmit LED,

—In2

= - 11
T (cos ®q5) an

This model is a simple but important model for it gives
the coefficients of the LoS path. In fact, there exist several
investigations and studies were built on the assumption of ideal
additive white Gaussian noise (AWGN) channels.

In order to modeling a more practical VLC channel with
considering both the LOS and NLOS components, a channel
model based on Monte Carlo Ray Tracing was was proposed
[18] and the multipath CIR is given as

N,.
h(t) =Y Epid(t—mi), (12)
i=1

where Ep; is the power of the ith ray, 7; stands for the
propagation time of the i ray, §(¢) is the Dirac delta function
and N, presents the number of rays received at the detector.
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Fig. 4. CIR of the test points C12 and dector location D2.

Fig. 4 shows the multipath CIR of the test points C12 and
dector location D2.

E. Noise model

In an optical channel, the signal-to-noise ratio (SNR) can
express the quality of communication. The signal component
S is given as

S = RP,, (13)

where the R means the responsivity of PD, P. (W/m?) is
the received power which can be defined as (14) when the

transmitted optical power is P,
P.=HxPF, (14)

The noise is composed of shot noise and thermal noise. The
shot noise variance is given by [17]

0o = 20RBB + 2q1,y I B. (15)
The thermal noise is given by
8wkT 16m2kTxT
Ut%lermal = JWAIZBQ + 71{772142[333. (16)
Thus, the electrical SNR can be defined as
2 2 p2
SNR(dB) = 10log;, <§1V) = 10log;, <2Rr)
g,

2
shot + O therma
17

III. PERFORMANCE ANALYSIS AND SIMULATION RESULTS

This section will further to verify and discuss the PAPR and
BER performance between OFDM and SC-FDE systems with
numerical simulation results.

A. Peak to Average Power Ratio (PAPR)

The peak-to-average power ratio (PAPR) is defined as the
maximum power of transmitted signal divided by the average
power, which is an important indicator to measure the dynamic
change of the signal and can be expressed as

Pmax

PAPR(dB) = 10log,, (18)

mean

TABLE 11
PARAMETERS OF OFDM AND SC-FDE SYSTEMS

Parameters OFDM SC-FDE
Cyclic Prefix(1y) 1/8 1/8
Effective symbols(/Ve) 62 64
Sampling rate 480MHz 480MHz
Block length 0.6us 0.6us
Oversampling factor 4 4
Bandwidth ~160MHz 162MHz
Subcarrier bandwidth 1.875MHz —
Shape filter — root raised cosine
Rolloff factor - 0.35
Symbol rate — 120MHz
Theoretical PAPR with 16-QAM 23.48dB 9.15dB
Theoretical PAPR with 64-QAM 24.60dB 10.28dB

Specifically, the PAPR of the SC-FDE system can be
expressed as the following mathematical expression

Nt

S |g<ZaTS>|> ,

I=—Nr
19)
where « is the oversampling factor, Np is the number of
symbols in half length of filter.

For OFDM system, the signal is the sum of the N sub-
channel signals, it can be considered that the peak power of
the signal is increased by N times, the PAPR of the OFDM
system can be expressed as

PAPRorpuy(dB) = 10log,, 26° K,

PAPRsc_rpr(dB) = 10log,, 253> (

(20)

where 232 is the peak power when the average power of
the modulation symbol is 1 and § equals \/% and \/%
for 16-QAM, 64-QAM modulation, respectively. In fact, we
generally prefer to approximate PAPR as 10log;, K for that
the probability of PAPR in (20) is extremely small.

Table II lists the parameters and PAPR values of OFDM
and SC-FDE systems. It can be seen that the PAPR value of
OFDM is significantly greater than SC-FDE, which is caused
by the subcarriers superposition of OFDM. In addition, the
theoretical calculation results indicate that the effect of the
modulation order on PAPR is not very obvious.

B. BER performance simulation and discussion

For both SC-FDE and OFDM system, we set a unified
parameter in order to ensure the fairness of the comparison.
We adopt a realistic simulation environment: an indoor empty
room scenario with dimensions of 6 x 6 x 3m, nine luminaires
are fixed on the ceiling with equidistance spacing act as Tx
and the arrangement of luminaires and illuminance distribution
of this scenario is shown in Fig. 5. The cell phone is equipped
with a single PD as Rx and there are seven potential locations
for the PD. We consider 100 test points for Rx with equidistant
spacing of 0.6 m in x and y directions after selecting the
PD location. Then the CIR corresponding to these different
positions can be obtained. The numerical results to show the
system performance are based on these CIRs.

The inherent nonlinear characteristics of LED are the most
crucial factors that affect the practical performance of VLC
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Fig. 5. The arrangement of luminaires and illuminance distribution of the
indoor empty room scenario. Figure reproduced from [18].

(a) (b)

(© (d)
Fig. 6. Received constellation diagrams of OFDM and SC-FDE with 16-QAM
modulation. (a) and (b) OFDM, working in the LED linear and nonlinear
region respectively. (c) and (d) SC-FDE, working in the LED linear and
nonlinear region respectively.

systems. In specifically, both the voltage-current (V-I) rela-
tionship and the current-optical power(I-O) relationship in the
LED are nonlinear. We add a DC biasing I;. = 350mA to
ensure that the LED can meet the illuminance requirements
and that the LED works in the operable linear region by
adjusting the signal amplitude. While the input signal is too
large, the LED will enter the nonlinear region and cause
nonlinear distortion in the I-O conversion, which will signifi-
cantly reduce the performance of the VLC system, especially
affecting the BER.

Fig. 6 gives the constellation diagrams of 16-QAM modula-
tion system working among the linear region and the nonlinear
region. In addition, to further illustrate the impact of nonlinear
distortion, Fig. 7 gives the BER curves and shows a very
abnormal phenomenon: due to severe nonlinear distortion, the
BER of both 16-QAM and 64-QAM systems increases as the
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Fig. 7. BER performance of system with nonlinear distortion.

Cells in Y Direction
1 2 3 4 5 6 7 8 9 10
T T T T T 5

Cells in X Direction

Fig. 8. The SNR distribution of the 100 different test positions in the indoor
empty room scenario.

input signal increases.

Each LED chip has an optical power of 0.67 W at the
current is 350 mA and we use 16 chips for each TX position.
Thus, the optical power of LED L1-L9 is 11 W. We ensure
the LED works normally in the linear region by changing
the amplitude of the input signal power and then make a
performance comparison of OFDM and SC-FDE schemes.
Fig. 8 shows the SNR distribution of the 100 different test
positions, where the L1-L9 means the location of LEDs.

The performance of 16-QAM modulation system is inves-
tigated and compared with 64-QAM modulation in Fig. 9 and
the bright color area represents a higher BER value. According
to the statistics of the simulation results, the BER performance
of OFDM and SC-FDE system with 16-QAM modulation did
not show much difference, the BER values below 3.8 x 1073
(limitation of pre-forward error correction [5]) in the 100
test points of the two systems accounted for 46% and 31%,
respectively. For higher modulation orders, such as in 64-QAM
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Fig. 9. The BER comparison of the 100 different test positions between
OFDM and SC-FDE in the indoor empty room scenario. (a) OFDM with 16-
QAM modulation. (b) OFDM with 64-QAM modulation. (¢) SC-FDE with
16-QAM modulation. (d) SC-FDE with 64-QAM modulation.

systems, there are still 16 test points in OFDM system have a
BER value lower than 3.8 x 1073, but the minimum value of
SC-FDE system has reached 7.6 x 1073, It can also be verified
through Fig.9 that decreasing the QAM order improving the
BER performance obviously for both the two systems and
the overall BER of OFDM system is significantly lower than
that of SC-FDE, which can be clearly seen from the color
distribution. In addition, we can note that the BER of the
system directly below the LED is not optimal absolutely since
the light from Tx is blocked by the human head.

IV. CONCLUSION

VLC system based on OFDM and SC-FDE under a memory
nonlinear LED model has been studied and compared in this
paper. We analyzed the BER and PAPR performance of these
two systems in a simulated VLC channel scenario furtherly.
Simulation results indicate that OFDM scheme exhibits a
lower BER value than that of SC-FDE schemes under the
same experimental condition. In addition, we discussed the
impact of LED nonlinear characteristic and verified that the
distortion of signal caused by the inherent nonlinearity of LED
will deteriorate the system BER severely.
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