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57) ABSTRACT

A visible light communication method. Firstly, a plurality of
binary logic streams is sequentially received and a serial-to-
parallel conversion is performed on them to obtain a plurality
of binary signal sets corresponding to each binary logic
stream. Then, all the binary signal sets are respectively
mapped to obtain the first OFDM symbols in frequency
domain. The first OFDM symbols are respectively trans-
formed into the second OFDM symbols in time domain.
Then, a parallel-to-serial conversion is performed on the sec-
ond OFDM symbols. Adequate cyclic prefix is added in each
of the second OFDM symbols. Next, the relative intensity of
each of the second OFDM symbols is regulated, and then a
digital-to-analog conversion is performed on the second
OFDM symbols to obtain analog electrical signals. Finally,
visible lights respectively corresponding to the analog elec-
trical signals are generated.
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VISIBLE LIGHT COMMUNICATION
METHOD

[0001] This application claims priority for Taiwan patent
application no. 103114161 filed at Apr. 18,2014, the content
of which is incorporated by reference in its entirely.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] The present invention relates to a communication
method, particularly to a visible light communication
method.

[0004] 2. Description of the Related Art

[0005] Visible light communication (VLC) generally refers
to short distance communication using a visible light wave-
length of 380~780 nm. Compared with ordinary light
sources, light emitting diodes (LEDs) feature high lighting
efficiency, high modulation speed, long life, etc. As a result,
LEDs are viewed as main stream illumination sources in next
generation. VLC can transmit data using the existing illumi-
nation and display equipments; hence it is fascinating for its
additional economical value. Moreover, high-speed modula-
tion capability of LEDs also urges VLC into a studying issue
which is highly concerned.

[0006] According to the CIE1931 model, a specific color
can be generated by mixing a specific intensity ratio among R,
G and B lighting colors. Let the total power of the R, G, and
B sources be fixed under a specific value. The relative inten-
sities of the R, G, and B sources are then normalized by this
total power. The final output color composed by the three
colors is defined on a 2-dimension plane. By controlling the
relative intensities among the three color sources, any color
can ideally be obtained. Dimming refers to modulating the
brightness of an illumination source. Dimming technique is
especially beneficial for the illumination and display systems
for it can provide high illumination/display qualities, such as
color uniformity and color precision. Moreover, dimming can
also be used to more efficiently using energy. Hence, high-
speed and precise dimming methods are prosperously pur-
sued.

[0007] Analog modulation and pulse-width modulation
(PWM) are two common dimming methods. Analog modu-
lation refers to modulating the brightness of a LED by adjust-
ing the injection current of the LED. By moderately adjusting
the relative intensities of the three color LEDs, arbitrary color
can be obtained according to the CIE1931 model. However,
analog modulation suffers from low illumination/display
quality for its gradual color transition appears while any two
specific colors are switched from each other. Consequently,
dimming by analog modulation can not satisfy the require-
ment for the high-quality illumination and display systems.
On the other hand, according the human sensation mecha-
nisms, the color and brightness perceived by a human eye are
determined by the total received energy of light within a
specific interval. Based on this principle, PWM divides the
light irradiated by each LED into several discrete pulses with
different pulse widths. Hence, the total light energy received
by a human eye can be adjusted by moderately controlling the
widths and the amount of the pulses within the sensation
interval (integration time of a human eye). Dimming using
PWM can reduce color shift due to analog variations. Dim-
ming using PWM can also use energy more efficiently
because light is radiated only while the discrete pulses are
sent.
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[0008] Inthe applications of VLC, a LED itselfis an inco-
herent source. Thus, only the amplitude of light can be modu-
lated for transmission signals. As mentioned above, control-
ling the color and brightness of light also relates to modulate
the amplitude of Tight. It is difficult for a receiver to distin-
guish a signal from its receiving power level because the
power of the discrete pulses should not be changed or the
brightness and color of the output light may be varied. The
receiver will always receive the power level determined by
the dimming requirement. Variable pulse position modulation
(VPPM), PWM-based PPM, etc. are proposed to mitigate this
dilemma to realize simultaneous dimming and signal trans-
mission. Nevertheless, it is impractical to realize high-speed
VLC using the abovementioned modulation formats. The
reasons are described as the following: (1) Transmission sig-
nals cannot most efficiently use the bandwidth of a LED
because in a PPM and PWM system, data can only be loaded
while the PWM pulses are sent. (2) The jitter and multipath
will decrease the signal performance. As a result, the signal
speed cannot be too fast (the lower the data speed is, the lower
the demands for precision of locating data time are) lest bit
error occur. (3) The data allocation for different transmission
channels cannot be optimized.

[0009] To overcome the abovementioned problems, the
present invention provides a VL.C method, so as to solve the
afore-mentioned problems of the prior art.

SUMMARY OF THE INVENTION

[0010] The primary objective of the present invention is to
provide a VLC method, which can simultaneously realize
high-speed VLC, brightness and color control of LEDs, and
real-time continuous data transmission. A new coding tech-
nique cooperating with orthogonal frequency division multi-
plexing (OFDM) modulation is proposed to realize the pur-
poses. The proposed method is beneficial for the high-speed
VLC because it can more efficiently use the limiting band-
width of LEDs.

[0011] To achieve the abovementioned objectives, the
present invention provides a VL.C method. Firstly, a plurality
of binary logic streams is sequentially received, and a serial-
to-parallel conversion is performed on each binary logic
stream to obtain a plurality of binary signal sets correspond-
ing to each binary logic stream. Then, the binary signal sets
corresponding to each binary logic stream are respectively
mapped to a plurality of sub-carrier symbols of a first
orthogonal frequency-division multiplexing (OFDM) sym-
bol in frequency domain, thereby obtaining a plurality of the
first OFDM symbols, and some specific sub-carrier symbols
are assigned to the reserved sub-carriers of each first OFDM
symbol. The specific sub-carrier symbols for the reserved
sub-carrier are known by the transmitting terminal and the
receiving terminal to perform equalization at the receiving
terminal. Then, the first OFDM symbols are respectively
transformed into a plurality of second OFDM symbols in time
domain. Then, a parallel-to-serial conversion is performed on
the second OFDM symbols. A cyclic prefix (CP) with a spe-
cific length is added in each second OFDM symbol to reduce
inter-symbol interference (ISI) degradation to signals. Each
of the second OFDM symbols is normalized in its average
power. After normalizing power of the second OFDM sym-
bols, the relative intensity of each of the second OFDM sym-
bols is respectively regulated according to intensity and color
requirements. A plurality of third OFDM symbols is gener-
ated after the second OFDM symbols are normalized and
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regulated in power. Then, a digital-to-analog conversion is
performed on the third OFDM symbols to respectively obtain
a plurality of electrical analog signals. Finally, visible light
signals are respectively generated according to the electrical
analog signals.

[0012] Below, the embodiments are described in detail in
cooperation with the drawings to make more easily under-
stand the technical contents, characteristics and accomplish-
ments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG.11isablock diagram showing a communication
device performing a VL.C method according to an embodi-
ment of the present invention;

[0014] FIG. 2 is a flowchart diagram showing an encoding
method according to an embodiment of the present invention;
[0015] FIG.3 (@)isadiagram showing the relative intensity
of the fourth orthogonal frequency-division multiplexing
(OFDM) symbols according to an embodiment of the present
invention;

[0016] FIG.3 (b)isa diagram showing the relative intensity
of the third OFDM symbols according to an embodiment of
the present invention;

[0017] FIG. 4 is a flowchart diagram showing a decoding
method according to an embodiment of the present invention,
[0018] FIG. 5 is a diagram schematically showing an
experimental architecture according to an embodiment of the
present invention;

[0019] FIG. 6 is a diagram schematically showing a com-
parison of § to bit error rates of visible light signals of the
present invention; and

[0020] FIG. 7 is a diagram schematically showing a com-
parison of transmission distance to bit error rates of visible
light signals of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0021] TheVLC system comprises an electrical signal gen-
erator, a red light LED, a green light LED, a blue light LED,
a red light filter, a green light filter, a blue light filter, three
light receivers, and two processors. The LEDs respectively
receive three electrical signals generated by the electrical
signal generators to respectively red light, green light and
blue light. The red light, the green light and the blue light
respectively are transmitted towards the light receivers
through the filters. The light receivers convert the red light,
the green light and the blue light into three electrical signals
processed by the processor.

[0022] The light perceived by a human eye is an average
light power received within a specific interval. As a result, if
the human eye is viewed as a light receiver, the light energy 1
perceived by the human eye from t=t, to t=T is expressed by
equation (1):

. 1 o
I=lim P(t)d1
T->00 T — 1 i

[0023] P(t)is the light power perceived by the human eye at
timet. Let the signals transmitting from an arbitrary LED are
composed of sequential pulses, which have arbitrary shapes
according to the signal transmitted at the corresponding inter-
val. Each pulse has the same pulse width. Here, the pulse
width refers to the time duration a pulse is transmitted. If each
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pulse is normalized in power, such that all pulses have the
same average power, the present invention can express the
light intensity perceived by a human eye as equation (2):

1= Pusg_puises @

k

[0024] P, .. 18 the average power of the kth pulse. As
described above, each pulse with arbitrary shape has the same
pulse width that is transmitted within a specific time interval.
Hence, each OFDM signal, obtained after digital-to-analog
conversion of a OFMM symbol, can be viewed as an above-
mentioned pulse. An OFDM signal S,.,,(1) can be
expressed as equation (3):

N-L k (3)
Sorpu (1) = Z-’Ck SRR e [0, N-A),
=

[0025] where At is the sampling time interval of the digital
OFDM signal in time domain, N is FFT (Fast Fourier Trans-
form) size, x, is a sub-carrier symbol assigned to each sub-
carrier of the OFDM symbol, and k is the index denoting
different sub-carriers. NAt is a total time length of an OFDM
symbol. Each OFDM symbol may further be normalized as
equation (4):

1 .
m\/foN ArlsOFDanom'lalize([)‘zd[ = Ca

where C is a constant, Soppas ormaize(t) 15 the normalized
OFDM signal. Within NAt, the transmitted signal S(t), which
can simultaneous dimming and communication, is expressed
as equation (5):

S84 Sorpat_normatizeD), 1€[O,NAD, &)
where g is a specific constant. If each OFDM symbol is

sequentially labeled by a unique index g, according to equa-
tions (2)-(5), equation (6) can be obtained:

I= Z Pavgfpube,k = (6)

k

1 A Q 2
m\/fo r|SOFDMJLorrmzlsz([)l2 -dt Z gq =C Z gqa
e a1

where Q is the amount of the OFDM symbols within the
integration time of the human eye. Since the final perceived
power can be adjusted by synchronously tuning the output
power of the R, G, and B LEDs, only a case involving one
specific total power is considered here. Once the total power
is fixed, a specific color can be obtained by moderately adjust-
ing the relative intensity among the R, G, and B LEDs. Con-
sequentially, the received light power is normalized, and can
be expressed as equation (7):
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4 M
Inormatize = Z &
e}

[0026] The power of each OFDM symbol is changed via
adjusting € to determine the relative intensity of the received
R, G, and B LEDs. Taking consideration of linear approxi-
mation, each OFDM symbol cannot be distorted due to &,
Thus, the OFDM symbol and £, should be viewed as two
independent components. Hence, high speed, high spectrum
efficiency, and anti-multipath fading of the OFDM technol-
ogy are efficiently used to realize a high speed visible light
communication (VL.C). The present invention provides the
special modulation method as equation (5) to realize the high
speed VLC with dimming function. In the present invention,
communication data can be efficiently transmitted at the high-
est speed without distorting signals, which is not disclosed in
any present technology.

[0027] The light brightness perceived by a human eye is
mainly determined by the average of lighting intensity of a
LED within a specific interval. Let 1 denote the brightest light
that the human eye able to perceive. Let O denote full black.
Suppose that the OFDM symbols have the maximum of aver-
age power when £ _=1. The dimming range D realized can be
expressed as equation (8):

Brin + [ +Eq_min ®)

De|————,1
Bmax +f 'gquax

[0028] B,,,.andB, . arerespectively the maximumand the
minimum of DC bias of the electrical signal generator. fis a
root-mean-square value of AC voltage or AC current corre-
sponding to the maximum of average power of the encoding
signal. §, .. and §, ., are respectively the maximum and
the minimum of §, making the OFDM symbol achieve the
threshold of bit error rate (BER). Besides, &, ,,..=1.

[0029] Suppose that the LED always operates at forward
bias. Fix the ratio of DC bias to a root-mean-square value of
AC average power. The maximum of the ratio is v2 and let
£, nin be 0.3. After estimation, the ideal dimming range D
can be

VZ £ 034703
V2 fegl

L1 ~[03,11.

[0030] Referto FIG. 1 and FIG. 2. The encoding process of
the present invention is introduced. A communication device
of the present invention comprises a first processor 10
coupled to a digital-to-analog conversion device 12 and a
light-emitting-diode device 14 in order. A light receiving
device 16 is sequentially coupled to an analog-to-digital con-
version device 18, a synchronization device 19 and a second
processor 20. Firstly, in Step S10, the first processor 10
sequentially receives a plurality of binary logic streams B,
and performs a serial-to-parallel conversion on each binary
logic stream B to obtain a plurality of binary signal sets
corresponding to each binary logic stream B. Then, in Step
S12, the first processor 10 respectively maps the binary signal
sets corresponding to each binary logic stream B to a plurality
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of sub-carrier symbols of a first orthogonal frequency-divi-
sion multiplexing (OFDM) symbol in frequency domain,
thereby obtaining a plurality of the first OFDM symbols. The
sub-carrier of high order can provide higher spectrum effi-
ciency, and some specific sub-carrier symbols are assigned to
the reserved sub-carriers of each first OFDM symbol. The
transmitted first OFDM symbols are sequentially divided into
a plurality of groups. Each group has the specific amount of
the first OFDM symbols. In each group, some first OFDM
symbols are reserved, and some specific OFDM symbol are
assigned to the reserved first OFDM symbols. The specific
sub-carrier symbols for the reserved OFDM symbols are
known by the first processor 10 of the transmitting terminal
and the second processor 20 of the receiving terminal, so that
the second processor 20 can perform equalization and power
compensation of the symbols. Then, in Step S14, the first
processor 10 respectively transforms the first OFDM symbols
into a plurality of second OFDM symbols in time domain
using Inverse Fast Fourier Transform. Then, in Step S16, the
first processor 10 performs a parallel-to-serial conversion on
all the second OFDM symbols. Then, in Step S20, the first
processor 10 respectively adds a plurality of cyclic prefixes
(CPs) in the second OFDM symbols according to the trans-
mission speeds and the channel properties of the second
OFDM symbols to respectively obtain a plurality of fourth
OFDM symbols. The CPs can reduce inter-symbol interfer-
ence (IST) degradation to signals. In order to simplify the
concept, the CP is not shown in equation (5). Then, in Step
S22, the first processor 10 normalizes the relative intensity of
each fourth OFDM symbol whereby each fourth OFDM sym-
bol has the same average power, as shown in FIG. 3 (a).
Afterwards, in Step S24, according to the requirement for
color and brightness of light, the first processor 10 multiplies
the relative intensity of each fourth OFDM symbol by a ratio
to generate a plurality of third OFDM symbols F, as shown in
FIG. 3 (b). The ratio is § .. Finally, in Step S26, the digital-to-
analog conversion device 12 receives the third OFDM sym-
bols F, and performs a digital-to-analog conversion on the
third OFDM symbols F to respectively obtain a plurality of
electrical analog signals A. The light-emitting-diode device
14 receives the electrical analog signals A to respectively
generate visible light signals [ according to the electrical
analog signals A.

[0031] Referto FIG. 4. The decoding process of the present
invention is introduced. Firstly, in Step S28, the light receiv-
ing device 16 receives the visible light signals [ and converts
the visible light signals L into the electrical analog signals A.
The analog-to-digital conversion device 18 receives the elec-
trical analog signals A and performs an analog-to-digital con-
version on the electrical analog signals A to obtain digital
electrical signals D. Afterwards, the synchronization device
19 receives the digital electrical signals D and synchronizes
the digital electrical signals D to obtain the third OFDM
symbols F. Then, in Step S30, the second processor 20
receives the third OFDM symbols F and removes the cyclic
prefixes whose relative intensity is regulated in the third
OFDM symbols F to respectively obtain a plurality of fifth
OFDM symbols. Then, in Step S32, the second processor 20
performs a serial-to-parallel conversion on the fifth OFDM
symbols. Then, in Step S34, the second processor 20 respec-
tively transforms the fifth OFDM symbols into a plurality of
sixth OFDM symbols in frequency domain using Fast Fourier
Transform. Then, in Step S36, the second processor 20 esti-
mates the §, multiplied by the fourth OFDM symbols accord-



US 2015/0304030 Al

ing to the specific sub-carrier symbols, thereby compensating
the relative intensity of each sixth OFDM symbol. Then, the
second processor 20 performs power and phase equalization
on the sixth OFDM symbols to obtain the first OFDM sym-
bols. Then, in Step S38, the second processor 20 respectively
maps the sub-carrier symbols of each first OFDM symbol to
the binary signal sets corresponding to each binary logic
stream B. Finally, in Step S40, the second processor 20 per-
forms a parallel-to-serial conversion on all the binary signal
sets corresponding to each binary logic stream B to obtain all
the binary logic streams B, thereby achieving high speed
VLC.

[0032] In the visible light communication method, Steps
S20-S24 are replaced with a regulation step of using the first
processor 10 directly regulating the relative intensity of each
second OFDM symbol to generating the third OFDM sym-
bols F. Besides, the present invention only performs the
encoding process and the decoding process is omitted,
whereby VLC is also achieved.

[0033] The present invention experiments with the archi-
tecture of FIG. 5. The encoding signals generated by a com-
puter are respectively transmitted to arbitrary waveform gen-
erators (AWGs) 22. DC power supplies 26 respectively bias
LEDs 24. Aninput signal of the LED 24 is an output AC signal
of the AWG 22 plus a DC signal of the DC power supply 26.
The AWG 22 and the DC power supply 26 are coupled to the
LED 24 through abias device 28. A receiving terminal uses an
optical receiver (photo-diode, PD) 30 to convert a light signal
into an electrical signal. A real-time sampling scope 32
receives the electrical signal and the computer demodulates
it. Red light, green light and blue light are respectively
received and emitted. The value read by the real-time sam-
pling scopes 32, the spectrums of the optical signals of the
LEDs 24, the response spectrums of the electrical signals of
the optical receivers 30 and the color matching function of the
CIE 1931 model are used to determine light colors. The
experiment results are shown in FIG. 6 and FIG. 7. A circle, a
square and a triangle respectively denote the datum of red,
green and blue light. FIG. 6 is a diagram schematically show-
ing a comparison of §, to bit error rates of the visible light
signals of the present invention. FIG. 7 is a diagram schemati-
cally showing a comparison of transmission distance to bit
error rates of the visible light signals of the present invention.
From the experiment, when FFT size is 128, the performance
of the visible light signal of the present invention is the best,
and §,_,,, can reach less than 3.8x107, and the data rate is
32.5 M bit/s, and the mixed color of the three color LEDs has
a coordinate of (x, y)=(0.26, 0.27) in the CIE 1931 model.
[0034] In conclusion, the present invention specially
encodes OFDM signals to simultaneously achieve high speed
visible light communication, brightness and color control of
LEDs, and real-time continuous data transmission.

[0035] The embodiments described above are only to
exemplify the present invention but not to limit the scope of
the present invention. Therefore, any equivalent modification
or variation according to the shapes, structures, features, or
spirit disclosed by the present invention is to be also included
within the scope of the present invention.

What is claimed is:

1. A visible light communication method comprising steps
of:

sequentially receiving a plurality of binary logic streams,
and performing a serial-to-parallel conversion on each
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said binary logic stream to obtain a plurality of binary
signal sets corresponding to each said binary logic
stream;
respectively mapping said binary signal sets corresponding
to each said binary logic stream to a plurality of sub-
carrier symbols of a first orthogonal frequency-division
multiplexing (OFDM) symbol in frequency domain,
thereby obtaining a plurality of said first OFDM sym-
bols, and said sub-carrier symbol is assigned to sub-
carriers of each said first OFDM symbol;
respectively transforming said first OFDM symbols into a
plurality of second OFDM symbols in time domain;

performing a parallel-to-serial conversion on said second
OFDM symbols;

respectively regulating relative intensity of each of said
second OFDM symbols to generate a plurality of third
OFDM symbols; and

performing a digital-to-analog conversion on said third
OFDM symbols to respectively obtain a plurality of
electrical analog signals, and respectively generating
visible light signals according to said electrical analog
signals.
2. The visible light communication method according to
claim 1, wherein in said step of respectively transforming said
first OFDM symbols into said second OFDM symbols, said
first OFDM symbols are transformed into said second OFDM
symbols using Inverse Fast Fourier Transform.
3. The visible light communication method according to
claim 1, wherein in said step of respectively regulating said
relative intensity of each of said second OFDM symbols to
generate said third OFDM symbols, a plurality of cyclic pre-
fixes are respectively added in said second OFDM symbols
according to transmission speeds of said second OFDM sym-
bols to respectively obtain a plurality of fourth OFDM sym-
bols, and then relative intensity of each of said fourth OFDM
symbols are respectively regulated to generate said third
OFDM symbols.
4. The visible light communication method according to
claim 3, wherein said step of respectively regulating said
relative intensity of each of said fourth OFDM symbols to
generate said third OFDM symbols further comprises steps
of:
normalizing said relative intensity of each said fourth
OFDM symbol; and

multiplying said relative intensity of each said fourth
OFDM symbol by a ratio to generate said third OFDM
symbols.
5. The visible light communication method according to
claim 4, further comprises steps of:
receiving said visible light signals and converting said
visible light signals into said electrical analog signals,
and then sequentially performing an analog-to-digital
conversion and a synchronization process on said elec-
trical analog signals to obtain said third OFDM symbols;

removing said cyclic prefixes whose relative intensity is
regulated in said third OFDM symbols to respectively
obtain a plurality of fifth OFDM symbols;

performing a serial-to-parallel conversion on said fifth

OFDM symbols;
respectively transforming said fifth OFDM symbols into a
plurality of sixth OFDM symbols in frequency domain;
compensating relative intensity of each said sixth OFDM
symbol according to said sub-carrier symbol to obtain
said first OFDM symbols;
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respectively mapping said sub-carrier symbols of each said
first OFDM symbol to said binary signal sets corre-
sponding to each said binary logic stream; and

performing a parallel-to-serial conversion on said binary
signal sets corresponding to each said binary logic
stream to obtain said binary logic streams.

6. The visible light communication method according to
claim 5, wherein in said step of respectively transforming said
fifth OFDM symbols into said sixth OFDM symbols, said
fifth OFDM symbols are transformed into said sixth OFDM
symbols using Fast Fourier Transform.
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