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Abstract— This paper studies the performance degradation
caused by optical Doppler shift induced by frequency offset in
traffic systems which integrate visible light communication
(VLC). Through computer simulations the bit error rate (BER)
has been derived for the system, and we can observe that
frequency offset plays a significant role in the communication
performance deterioration due to inter-carrier interference
(ICI). Therefore, a scheme to correct the frequency offset by
using forward error correction (FEC) was proposed. The main
idea in this approach is to compare and analyze two channel
codes: convolutional code and BCH code. The system using
convo- lutional code shows better performance than its BCH
code counterpart.
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I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is a
robust and effective technique for suppressing the inter-
symbol interference (ISI) due to multipath propagation [1].
Diversity techniques such as maximum ratio combining (MRC)
and multiple-input multiple-output (MIMO) can further
enhance the performance of the system, though increasing the
costs due to multiple transmitters and/or receivers. In addition,
optical multipath dispersion exists in outdoor environment
inevitably; therefore, MIMO techniques are used to turn
multipath propagation into the user’s benefit. Space-time
block coding (STBC) scheme is a MIMO technique that is
able to enhance reliability [2] and increase the capacity of
diffuse optical data transmission systems [3]. Consequently,
the incorporation of STBC with orthogonal frequency division
multiplexing, termed as STBC-OFDM, has been proposed as
an effective solution to offer high throughput and reliability
for communication systems.

STBC-OFDM is an important technique that has been
widely used in radio frequency (RF) communication systems
and adopted in 3.9G long term evolution (LTE) criteria.
Recently, with the increasing interest in visible light
communication (VLC), both the industrial and scientific
communities have recognized that STBC-OFDM applied in
VLC is an interesting research topic, and several related
studies exist in [3]. When VLC is applied in an outdoor
environment intelligent transportation system (ITS), we
should take into account much more complicated channel
models. If the STBC-OFDM technique is applied in outdoor

VLC, the system can obtain diversity gain and degrade the
multipath induced ISI, but a major drawback of the OFDM
system can’t be ignored; the sensitivity to frequency offset due
to the Doppler shift which is caused by a moving receiver or
transmitter. The destruction of orthogonality between sub-
carriers leads to inter-carrier interference (ICI) which causes
significant performance degradation. Actually, an OFDM
system is more sensitive to frequency offset than its single
carrier system counterpart, especially, when the number of
subcarriers or the value of Doppler shift is large, the effects of
ICI will become severe. For a VLC system, due to the high
carrier frequency of at least 10" Hz, which means a slow
moving speed, also causes a high degree of optical Doppler
shift, however, few studies of VLC-traffic systems [4] noticed
that the solutions for the optical Doppler shift are much
related to practical applications.

In this paper, we simulated the BER performance
degradation caused by optical Doppler shift and propose an
effective scheme using FEC for Doppler shift induced by
frequency offset. We focus on the performance of two channel
codes; convolutional code and BCH code which are applied in
the STBC-OFDM system. In addition, we model the outdoor
environment optical channel as a Rician fading channel and
obtained the corresponding Rician factor. Jakes model is used
in such fading channel to describe the impacts of Doppler shift.

The remainder of this paper is organized as follows. In
section 2, the outdoor environment traffic system using VLC
is described. Our proposed system model and simulation
results are presented in section 3. Finally, section 4 provides
concluding remarks.

II. SYSTEM MODEL DESCRIPTION

A. ITS Platform Illustration

A simplified framework of ITS is illustrated in Figure 1.
The traffic control centre extracts and analyses the useful
traffic information, vehicle information, and characteristics
from these composite images. After the real-time traffic
information is processed, the useful message will be
transmitted through the LED traffic light to the receiver on the
vehicles. We proposed a high-speed photo detector (PD) used
as a receiver that processes optical signals and collects the
real-time traffic data.



Parameters for ITS simulation platform
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Figure 1. A simplified ITS platform.

As shown in Figure 1, we assume that there are two LED
traffic lights at the crossing, where one is pointed toward the
road, and the other is pointed toward the zebra crossing. The
length of the arm of LED traffic light A is assumed to be 0,
and its location is coordinate (0,0). The height of traffic lights,
A and B are H,; and Hy, respectively. These parameters are
indicated in Figure 1. The position of a vehicle is expressed in
coordinates (x,y), where x is the distance in the lane direction,
and y is the distance in the width direction. The term d in
Figure 1 means the line of sight (LOS) distance between the
LED traffic light and the receiver, and it is given by:

di= \/)612 + v’ +(Ho— He)?

d2= x> + (2= W)’ +(Hi— H.)’ "
where W is the width of the road. Moreover, the angle with
respect to the transmitter, @, is given by:

X
P=arccos(— 2
( d) )

v is the incidence angle at the receiver, and the outdoor space
is much larger than the receiver, therefore the receiver looks
like a small point compared with the outdoor space, so we
maintained y= @. These angles vary according to the position
of the vehicle (x, y). In addition, the service area mentioned in
Figure 1 is a communication area that provides a threshold
SNR for a target BER. Usually, a BER under 10 is necessary
for successful VLC.

B. Optical Propagation Gain
Ambient illumination noise is a major factor that limits the

data rate in a VLC system. In most VLC systems, the PD is
exposed not only to the optical radiation emitted by the

transmitter, but also to ambient illumination. Such ambient
illumination is known as unwanted optical noise in VLC. In
[5], ambient light noise is modeled as a Gaussian process.
Accordingly, the optical wireless channel model is described
by the following general expression:

Y(t) = ¥X (1) ® h(1) + n(t) o)
where X(t) and Y(t) represent the transmitted optical pulse and
received signal current, respectively, n(t) is the Gaussian noise,
h(t) is channel impulse response, y is the O/E conversion
efficiency, and the symbol ® denotes convolution. We assume
a non-directed line of sight (LOS) path, and h(t) can be equal
to the channel DC gain [6], and it is given [7] as:

m+1
H(0), 45 = (z=—=)Acos™ ¢Ts(y)G cosyr “4)
27d
where A is the physical area of PD, d is the distance between

the emitter and the receiver, y is the angle of incidence, @ is
the angle from the receiver to the transmitter, and the order m

is related to the transmitter semi-angle @, (at half
illuminance), given by:
In2
m=—-————— (5)

- In(cos @1/2)

For example, @, of a typical directed transmitter is 15°,
which corresponds to m = 20. In addition, Ty(?) is the gain of
the optical filter, and G is the optical concentrator gain given

as follows:
2

_n
sin® YWe

where n is the material refractive index and Wc denotes the

(6)



TABLE 1. PARAMETERS FOR TRANSMITTER/RECEIVER.

Semi-angle at half power, @), 60 [deg.]
Number of LEDs light 2
Detector physical area, A 1 [em’]
Gain of the optical filter, Ty(¥) 1
Concentrator FOV, WYc¢ 30 [deg.]
Refractive index, n 1.5
O/E convert efficiency, y 0.53 [A/W]

half field of view (FOV) of the concentrator. The high
speed PD is designed to obtain a large gain, however, at
the expense of a smaller FOV. Additionally, high-power
(>1W) LEDs are necessary for practical applications. The
parameters of our proposed transmitter and receiver are
listed in Table 1. We suppose that the transmitted optical
power of each LED traffic light is 1200 [mW], and
Figure 2 shows the simulation result of the received
power distribution. From Figure 2, we can observe that
there is a large optical path loss with an increasing
distance; the received optical power goes from -62.5
dBm to-22.8 dBm. Within 3 meters of the X axis there is
no optical power because the area is out of the LED
lights irradiance range. Moreover, at least a BER of 10
is desired for a successful optical wireless commu-
nication, thus, a minimum threshold received power (or a
minimum SNR) should be obtained to maintain a stable
communication link. Consequently, in order to extend the
information transmission coverage, we should find some
techniques to satisfy the target BER, even in a small SNR
scenario. Obviously STBC-OFDM seems to be an
optimum technique for such a requirement, however, it
introduces unwanted ICI due to its sensitivity to
frequency offset.

Therefore, the received electrical SNR from [7] is:

P 2
SNR = rPr

ReNo (7)
where P, is the average optical power received, and
Ry, is the bit rate. Ny is power spectral density given by the
optical power of the background light Py, [7] as follows:

NO = Yqug (8)
where q represents an elementary charge (1.6x10™"° C).

C. Optical Channel Model

In our proposed system, the information carrier is a visible
light with a frequency of approximately 10"° Hz, and for
indoor environment applications, the multipath fading can be
ignored [6]. However, VLC applied in an outdoor enviro-
nment faces much more complicated channels, including
atmospheric attenuation, and optical multipath propagations.
Artificial materials such as buildings, infrastructure, and
moving vehicles exist inevitably, and their surfaces are treated
as reflected planes. Numerous signal reflections from the
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Figure 2. The distribution of received power. Max. -22.8 dBm, Min. -62.5
dBm.

surfaces will cause multipath dispersion.

In order to analyse the optical channel model, we chose the
Rayleigh fading channel model, Rician channel model, and
Nakagami-m channel model for a comparative simulation.
The Rayleigh distribution is frequently used to model
multipath fading without an LOS path, and the probability
density function (PDF) of the amplitude of the Rayleigh
distribution is given by:

2
r
9
202) ®
where r is the envelope, and o is the average variance.

The Rayleigh distribution is a special case of the
Nakagami-m distribution, and the PDF of the amplitude of the
Nakagami-m distribution is:

P(r)= éexp(-

2
P(r) = —2— (™2 exp( ") a0

T(m) Q

where m is the fading figure, m > %, and I'(.) is the Gamma
function. The Nakagami-m distribution depends on two
parameters, Q and m. For m=1, the PDF (10) decreases
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Figure 3. The normalized PDF for different fading channels and simulated
optical wireless channel.
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Figure 4. Simplified Block Diagram of Optical Wireless Link Combining with FEC

compared with the Rayleigh distribution. If 1/2 < m <1, the
tail of the Nakagami-m PDF decays more slowly than the
Rayleigh distribution. For m > 1, the decay becomes faster, so
the Nakagami-m distribution can model fading conditions that
are either more or less severe than Rayleigh fading
Unlike the Rayleigh distribution, which models a complex

fading channel with no LOS propagation, Rician distribution
is used to describe a case of existing strong nonfading, such as
LOS propagation paths. The PDF of the amplitude of the
Rician channel is given by:
st s

Py ), (g)
where s is the peak amplitude of the dominant nonfading
component, and I0(.) is the zero order modified Bessel
function. The Rician factor K corresponds to the ratio of the
power of the deterministic component to the average power of
the diffuse components.

P(r) =~ exp(- (1)
o

2
K=10log,(—) (dB)
20 (12)
When s — 0, (K — —»), the power of the dominant path
diminishes, and the Rician PDF converges to the Rayleigh
PDF. If K » 1, the Rician distribution approximates the
Gaussian distribution.

In optical wireless propagation paths, the LOS links always
have a dominant and significant influence on the communi-
cation performance. In our simulations, the frequency of the
visible light is 10"° Hz, and a moving speed is not considered.
We assume that there are 5 propagation paths. After
propagating over the outdoor environment optical channels,
the optical signals arrive at the receiver. We detect and
analyse the envelopes of the received signals, and the related
normalized PDF is depicted in Figure 3. From Figure 3, we
can see that the simulated channel has a distribution that more
closely resembles the Rician distribution than the Rayleigh
distribution. Although the tail of the distribution of the
simulated optical channel approximates a Nakagami-m
distribution, there is a distinct difference at the beginning. We
can conclude that the outdoor environment optical channels

can be approximately modelled as Rician channels.
Additionally, we have derived the Rician factor K of a Rician
distribution with a value 26 dB, and this value would be
considered as a simulation parameter in the following sections.

III. PROPOSED SYSTEM MODEL

A. Proposed System Description

The proposed system is shown in Figure 4, the information
bits are first FEC encoded and then modulated using a binary
phase shift keying (BPSK) modulation scheme. The STBC
encoder then takes a block of two modulated symbols S;; and
Si, in each encoding operation and gives it to the OFDM
operation according to the following matrix,

{Sll -Sip* }

Stz Su*

S, is the complex conjugate of S;;. Space-time coding
implies that the symbols are transmitted both in space (each
row corresponds to the symbols transmitted from respective
transmitter) and time (different column represents the different
transmission interval). The encoded sequences in each row
then undergo a serial/parallel conversion for preparation for
the inverse fast Fourier transform (IFFT) operation. The IFFT
operation is used to modulate the sub-carriers and to transform
the data sequence into complex time domain signals. N, is the
number of parallel subcarriers. These parallel subcarriers are
essentially low data rate and narrowband channels. Cyclic
prefix (CP) is inserted to the IFFT output to suppress
multipath induced ISI. Finally, the OFDM signals of each
STBC row encoder are passed through a parallel/serial (P/S)
converter to generate a serial OFDM signals sequence. After
completing the conversion between the electrical signals and
the optical signals, the optical signals are transmitted through
the corresponding LEDs light.

After undergoing optical fading and ambient light
interference, the optical signals were received by the PD and
translated into an electrical current. Because the PD is also
sensitive to ambient light, an optical filter to reduce the
influence of background light noise was required before the
optical signals reached the PD. A concentrator was used for



optical gain without increasing the collection area. Then the
electrical signals are converted from serial to parallel, and the
CP should be removed before operating FFT modulation.
STBC decoder is used to decode the FFT output. After BPSK
demodulation and FEC decoding, the user can get the
available information.

B. Channel Coding

BCH codes form a large class of multiple random error-
correcting codes. For any integer m = 3 and t < 2m—1 there
exists a primitive BCH code with the following parameters:

n=2"-1
n—k <mt (13)
d. =2t+1

This code can correct fewer random errors over a span of 2™
bit positions. The code is a z-error-correcting BCH code. The
generator polynomial g(x) of a t-error-correcting primitive
BCH codes of length 2™ —1 is given by:

g(X) = LCM{ml(X)’mS (X)""mzt—l(x)} (14)

where LCM means least common multiple.

The main property of convolutional code is that it
introduces redundant bits into the data stream through the use
of linear shift registers. The information bits are inputted into
shift registers, the output encoded bits are obtained by
modulo-2 addition of the input information bits and the
contents of the shift registers.

The code rate r for a convolutional code is defined as r=k/n,
where k is the number of parallel input information bits and n
is the number of parallel output encoded bits for one interval
time. Moreover, L represents the constraint length which is
defined as:

L=m+1 (15)
where m is the maximum number of stages (memory size) in
any shift register. The shift registers are usually used to store

TABLE 2. PARAMETERS USED IN THE SIMULATIONS OF PROPOSED SYSTEM.

Tx and Rx devices 2x1 (Alamouti)

Modulation BPSK

Carrier Frequency 5%10' [Hz]

FFT Size 256

Useful Subcarriers 240

Cyclic Prefix Length 64

Original Data Rate 100 [Mbit/s]
Sampling Frequency 100 [MHz]

FEC Code Rate R=1/3
Background Light Noise 0 [dBm]
Optical Channel Model Rician Fading Channel

with K=26dB

—8—BCH Code
—— Convolutional Code
—w— Without FEC

Bit Error Rate

2| L =6 paths
Delay Time = 20 ns
FEC Coding Rate R=1/3
Maoving Speed = 1 Kmih
Rician Fading Channel
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Figure 5. The comparison of BER performance of FEC scheme and no FEC
scheme with a slow moving speed
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Figure 6. The comparison of BER performance of FEC scheme and no FEC
scheme with a high moving speed

the state information of the convolutional encoder and the
constraint length is related to the number of bits upon which
the output depends.

C. Simulation Results

In the following simulations, based on the parameters listed
in Tables 1 and 2, we considered the effect of optical Doppler
shift caused by a moving speed of 1Km/h and 5Km/h,
respectively. Multipath propagation has also been taken into
account in our simulations. We assume that there are 6
propagation links with a delay time of 20ns, which is a
reasonable value in simulations. As it was analysed in section
2, a Rician fading channel with a Rician factor K of 26dB is
modelled as our simulated optical channel environment.
Figures 5-6 show the simulation results.

By comparing the BER performance of high speed induced
Doppler shift and relatively slow speed induced Doppler shift,
as shown in Figure 5 and 6, we can see that severe ICI
degrades BER performance distinctly in both FEC scheme and
without FEC scheme, however, STBC-OFDM using FEC
scheme exhibits an excellent BER performance compared to



its no FEC counterpart. Figure 5 illustrates that the FEC
scheme can tolerate a higher effect of Doppler shift which
induces ICI compared to a scheme without FEC, and Figure 6
further demonstrates this point. Moreover, with a higher total
received optical power, the convolutional code system can
compensate for performance degradation due to severe
Doppler shift even though the moving speed is much larger
(moving speed = 5Km/h), as shown in Figure 6. Additionally,
the performance of BCH code and no FEC scheme both fail as
the BER curve shows in Figure 6. Therefore, it is illustrated
that the convolutional code has a much better ability to
tolerate the high degree Doppler shift than the BCH code.

IV. CONCLUSIONS

This paper clarifies the basic structure of an outdoor
environment VLC-traffic system which uses STBC-OFDM
technique and solves problems associated with optical
Doppler shift. Our simulation results show that an FEC
scheme provides an excellent performance compared to the
system without FEC scheme. In Particular, the convolutional
code shows much better performance than its BCH code
counterpart when the moving speed is large, or rather, the
effect of optical Doppler shift is severe. The results from the
simulations validate our claim that VLC, when used in
conjunction with an FEC scheme, can alleviate severe optical
Doppler shift induced ICI.
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